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Abstract: Although the effect of thermal modification (TM) on teak wood color is well documented, a few
studies were carried out in closed system processes, as well as it remains unclear the effect of different processes
on the same material. This work aimed to verify the effect of closed and open system processes of TM on the
color of fast-growing teak wood. Thermally modified wood was evaluated in a closed system at 160 °C (CS160)
and in an open system at 185 °C and 210 °C (OS185 and 0S210). We measured the moisture content (initial and
final) of wood, and the corrected mass loss (CML). The chemical analyses encompassed the contents of alpha-
cellulose, hemicelluloses, lignin, and extractives (total, in acetone and dichloromethane). Wood color was
measured before and after TM according to the CIEL*a*b* color space. It was possible to achieve the same color
using different processes of thermal modification (CS160 and OS210). TM reduced wood lightness (L*), red-
green chromaticity coordinate (a*), and yellow-blue chromaticity coordinate (b*). L* and a* had the bigger and
lower variations, respectively. The color of thermally modified wood was significantly changed, even at the
mildest condition tested (OS185, 0.33% CML).

Keywords: teak wood; closed system; open system; chemical analyses; CIELab

1. Introduction

Thermal modification (TM) is a suitable industrial process for improving the properties of wood
from planted forests, which is composed basically of lower-quality juvenile wood [1]. The main
industrial processes of wood modification are in operation in Europe, where thermal modification
dominates this market, with a production of 1.1 million m? [2].

The high temperatures used in thermal modification (140 °C to 230 °C) degrade its fundamental
chemical constituents, mainly hemicelluloses, which are among the most labile to heat. As a product,
thermally modified wood (TMW) has properties that are different from the original (greater
dimensional stability and greater durability against microorganisms), which can be useful in
diversifying wood applications [1-4].

ThermoWood?® is the leading commercial process of TMW, with a production of around 240,00
m?in 2020. Itis carried out in kilns, at atmospheric pressure (ca. 0.101 MPa) and temperatures ranging
from 185 °C to 212 °C [5], then, regarding the pressure inside the equipment, it is classified as an open
system process [1,6]. On the other hand, processes carried out at superatmospheric pressure are
classified as closed systems [1,6]. Batista and Bernadi [7] compared four closed system industrial
processes and reported pressures from 0.3 MPa to 2.0 MPa and temperatures from 140 °C to 190 °C.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Wentzel et al. [6,8] pointed out that even at lower temperatures and cycles, closed system processes
can have higher effects on wood properties than open system ones.

Regarding the process, besides pressure, the combination of temperature and duration will play
key roles in different levels of alteration in the chemical composition of TMW [1]. In turn, these
chemical changes [1,2,4,6,8] will be responsible for the altered properties of TMW, where the most
important are enhanced dimensional stability and biological durability, as well as control of color
changes [1,2].

Comparing the results of different TM processes is difficult because of the interpretation of the
interaction of many variables altogether. Another factor that makes comparisons difficult is the
heterogeneity of the wood material itself, even from the same species. This is because complex
external factors (climate, soil, planted vs. natural forests) will produce wood with different qualities
[9,10] resulting in an effect greater than that of the process itself. To overcome this difficulty, the
corrected mass loss (CML) has been suggested as a quality control marker to compare the effect of
different processes on TMW properties [6,8,11,12].

The difference between mass loss and CML is that the latter discounts the extractives content in
TMW, which is particularly suitable when comparing open and closed system processes. That is
because in closed systems condensable (volatiles and water) and thermally degraded products are
accumulated in the TMW, whereas in open systems these products are removed from the atmosphere
[1,6,11].

Teak (Tectona grandis L.f.) has one of the most valued woods in the international market because
of its excellent characteristics such as durability, dimensional stability, and color (heartwood). This
has led many countries, on all continents, to plant teak forests, resulting in around 7 million hectares,
mainly in India (37%), Indonesia (21%), and Thailand (12%) [13]. However, Silva et al. [10]
highlighted that teak wood from fast-growing forests underaged 10 years old can be unsuitable for
solid products.

Regarding teak wood color, it was revised that young trees have a larger proportion of sapwood
[10], which is yellowish, clearly demarked from the heartwood, and has a lower market value. It has
led some researchers to study the suitability of TM to darken and homogeneize the color of teak wood
from fast-growing plantations as a means of its valorization [14,15]. Since color is one of the most
important wood properties for the wood market, other authors also studied the effect of TM on the
teak wood color [16-21]. However, the majority of the studies used open system processes [15-20],
whereas few studies used different processes, such as thermo-vacuum [14] and pressurized closed
system [21].

As mentioned before, it is difficult to compare the effect of different TM processes from different
studies because of the different materials tested, even from the same species. To solve this difficulty,
we designed this work, that aimed to verify the effect of closed and open system processes of TM on
the color of fast-growing teak wood.

2. Materials and Methods

2.1. Wood sampling and treatments

We tested juvenile teak wood (Tectona grandis L.f.) from the first thinning (six years old) of a
planted forest in Caceres, Mato Grosso, Brazil. The material was supplied by the company TWBrazil,
Ponta Grossa, Parana, Brazil, where the industrial process of thermal modification was carried out.
We sampled 15 tangential battens (25 x 90 x 2,250 mm), from the company’s stock, composed of
heartwood and without pith.

Each batten was planed and then trimmed into three samples of 500 mm (longitudinal), which
were equally distributed among three groups (Figure 1), corresponding to the thermal modification
treatments that were assessed (Table 1). The objective of this sampling scheme was to minimize the
effect of the material on the results. Specimens were produced for moisture content (MC)
determination by the oven-drying method (Figure 1), and the mean initial MC was 12.8% (+0.77%),
suitable for thermal modification.
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Table 1. Treatments” description.
Treatment Process Temperature Observation
1 T h
CS160 Closed sy'stem, 160 °C emperature adopted by the company
pressurized where the process was carried out
05185 Open syste'm, non- 185 °C Temperature similar to the ThermoWood
pressurized process for hardwoods: Thermo-S
0S210 Open syste@, non- 210 °C product (185 °C) and Thermo-D (210 °C)
pressurized [9]

2250

@ NOT USED |H €S160.1 g 05185.1 g 0s210.1 Sl NOT USED '8
325 500 500 500 325
@ NOT USED 03210 1 o [ Cs160.2 | 0 os1ss 2 o NOT USED
>

5 5 25

@ NOT USED 08185 3 08210 3 CS160 3 NOT USED
@ NOT USED 08185 15 08210 15 CS160 15 NOT USED

Figure 1. Sampling scheme; MC: moisture content specimens; units in millimeters.

2.2. Thermal modification

TMW of the CS160 treatment was produced in an industrial autoclave with a capacity of 6 m?
and the samples of this treatment were loaded along with the company's process wood. The process
lasted around 720 minutes and was carried out according to a schedule developed by the company,
as follows: i) initial heating up to 110 °C at 1.30 °C min*; ii) holding 110 °C for 30 minutes; iii) heating
up to 140 °C at 0.50 °C min; iv) holding 140 °C for 30 minutes; v) heating up to 160 °C at 0.60 °C min-
1; vi) holding 160 °C for 90 minutes; vii) cooling down to 60 °C at 0.25 °C min’!, when the process is
finished.

TMW of the treatments OS185 and OS210 was produced in a 250 L electrical oven (Linn Electro
Therm, Germany) and we adopted a similar schedule to the one used by Lopes et al. [15,18], who
worked with the same wood species and used equipment of the same model. The schedule was: i)
initial heating up to 100 °C at 0.50 °C min‘; ii) heating up to the target temperature (185 °C or 210 °C)
at 2.60 °C min”; iii) holding the target temperature for 180 minutes; iv) switching off the heating
system and consequent cooling down to 60 °C. The complete process took 362 minutes and 372
minutes, respectively for OS185 and OS210.

For the quality control of thermal modification, we measured the initial MC (before the process),
the final MC (after the process), and the corrected mass loss (CML, %). These analyses were
performed according to the method adopted by Wentzel et al. [6], with all 15 samples of each
treatment, described as follows.

Moisture content was measured with the oven-drying method and the initial moisture content
(MCi, %) of each sample was estimated based on the mean MC between specimens A and B (Figure
2). Specimens C were used for chemical analyses. Then, the sample D (Figure 2) was weighed to the
nearest 0.01 g, resulting in the initial mass (Mi, g). Based on Mi and MCi it was possible to calculate
the estimated initial oven-dried mass (Mo%) of the sample D — Equation 1.
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_ (100. Mi)
Mo = oosmcn 1

After thermal modification, the samples were immediately weighed (Mf, g) and other
A and B specimens (Figure 2) were taken for calculation of the final moisture content (MCf,
%). Based on Mf and MCf it was possible to calculate the estimated final oven-dried mass
(Mfo%) — Equation 2.

_(100.M)
Mfos, = (100+MCf) (1

500

Thermal modification

~425
Ml A E Blc
> > >
20 20 20

Figure 2. Representation of an individual sample: before (upper) and after (lower) thermal
modification; units in millimeters.

The mass (ML, %) loss caused by the process of thermal modification was calculated with
Equation (3).
ML = Ee M) 499 (3)
Moy,

2.3. Chemical analyses

For chemical analyses (Table 2) we used specimens C (Figure 2). These specimens were
transformed into chips in a hammer mill, and ground into sawdust in a Wiley mill. The sawdust
passed through two sieves (40 and 60 mesh) and the latter portion was conditioned (25 + 2°C and 65
+ 5% relative humidity - RH) for two weeks before analyses. The chemical analyses were performed
in triplicate, except for extractive analyses, which were performed in five replicates.

Table 2. Summary of chemical analyses.

Chemical characteristic

Observation Reference
evaluated
Use of tol instead of
Total extractives se ot tottiene mstead o T 264 cm-97 [22]
benzene
Extracti ith t d
Extractives xraction with acetone an T 204 cm-97 [23]
dichloromethane

Insoluble Lignin Insoluble Klason lignin Gomide e Demuner [24]

Soluble Lignin Acid soluble lignin Goldschmid [25]
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Holocellulose Reaction with so,dlur,n chlorite Wise, Murphy e Daddieco [26]
and acetic acid
Reaction with 17.5% sodium
hydroxide
Obtained by the difference
Hemicellulose between holocellulose and -

alpha-cellulose

Alpha-cellulose T 203 cm-99 [27]

The corrected mass loss (CML, %) was calculated with Equations 4 to 6.

cMmL = o= Miow) 199 (4)
CMgoy,

In which — CML: corrected mass loss (%); CMox: corrected estimated initial oven-dried mass (g);

CMiox: corrected estimated final oven-dried mass (g).
CMo%= Mo - (Mo% . Eu) ()

In which - CMo%: corrected estimated initial oven-dried mass (g); Mow: estimated initial oven-

dried mass (g); Eu: mean total extractives content of untreated wood (%).
CMfo%= Mfox - (Mfo% . Eimi) (6)

In which - CMfo%: corrected estimated final oven-dried mass (g); Mfox: estimated final oven-dried

mass (g); Emi: mean total extractives content of thermally modified wood of treatment i (%).

2.4. Color measurements

The evaluation of the colorimetric parameters was performed according to the CIEL*a*b* color
space. The colorimetric parameters L* (lightness), a* (red-green chromaticity coordinate), and b*
(yellow-blue chromaticity coordinate) were measured using a Konica-Minolta (model CM2500D)
portable spectrophotometer. The chroma (C* coordinate, or saturation) and the hue angle (h°) were
calculated, respectively, with Equations 7 and 8 [28]. The five colorimetric parameters were used to
classify the wood color according to the cluster classification proposed by Camargo and Gongalez
[28].

¢ =[(@)?+®)*° (7)
h° = tan"'(%) (8)

The samples were measured before (D, Figure 2) and after (E, Figure 2) thermal modification,
where the former measurements represented the untreated treatment. The readings were taken at
three points of each sample (Figure 4) on the tangential surface closer to the bark.

Middle
25 25

A C

Figure 4. Positioning scheme for colorimetric readings; units in millimeters.

The variation of the colorimetric parameters (AL, Aa*, and Ab*) was calculated based on the
deduction of the readings before and after the thermal modification, and the total color difference
(AE*) was calculated with Equation 9, modified from [29]. AE* was qualitatively classified according
to Toyoda et al. [29], representing levels of visual perception (Table 3).
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AE* = \[(AL)2 + (Aa*)? + (Ab*)Z (9)

Table 3. Perceived difference after thermal modification (AE*) [29].

Total color variation (AE¥) Classification
0.0-0.5 Trace
06-15 Slight
1.6-3.0 Noticeable
31-6.0 Appreciable
6.1-12 Much

2.5. Statistical analyses

Statistical analyses were performed in a completely randomized design and the significance
level adopted was up to 5% probability for all tests. Initial and final moisture contents and corrected
mass loss results were compared and discussed based on the mean and standard deviation of the
treatments.

The analysis of variance (ANOVA) was adopted to verify the effect of treatments on the results
of chemical analyses. For the validation of the ANOVA, the tests of Bartlett and Shapiro-Wilk were
previously applied to verify, respectively, the homogeneity of the variances and the normal
distribution. In cases of rejection of the null hypothesis, the Tukey test was applied (p<0.05) to
differentiate the means.

For cases in which there was no homogeneity of variances and data normality, the H-test of
Kruskal-Wallis was applied, which provides a non-parametric method for ANOVA. In cases of
rejection of the null hypothesis, the Bonferroni test was applied (p<0.05) to differentiate the mean
scores.

The linear coefficient of correlation (r) was calculated between the corrected mass loss and the
results of the chemical analyses. The significance of r was tested with the Student t-test.

3. Results and Discussion

3.1. Moisture content (MC) and corrected mass loss (CML)

The mean initial moisture content ranged from 12.51% (CS5160) to 11.40% (OS210) resulting in a
mean amplitude of only 1.11 percentage points (p.p.) (Figure 5). This indicates that the initial MC of
the samples of the different treatments was homogeneous and had no impact on further processing.
For all treatments, the final MC was lower than the initial MC, indicating the effect of the drying steps
during thermal modification in both closed and open systems.
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Figure 5. Initial and final moisture content of wood by treatment.

The most remarkable result in Figure 5 is that different processes caused different effects on the
final MC. C5160 had the highest final MC, reaching 9.09%, which represents a drying of only 3.42 p.p.
compared to the initial MC. In contrast, open system treatments resulted in a final MC close to 0%.
This discrepancy is mainly due to the types of heating and equipment used. In the CS160, the system
is closed, which prevents the elimination of gases generated in the thermal modification process. In
addition, heating is performed by injecting steam into the autoclave, which increases the availability
of water in the system. On the other hand, in the OS185 and 0S210, the gases generated during the
thermal modification are continuously eliminated. Wentzel et al. [11] also reported this same pattern
for thermally modified Eucalyptus nitens in closed and open systems

It is also noted that, for the open system treatments, the final MC were similar, regardless of the
final temperature (185 °C and 210 °C). This indicates that the 25 °C temperature difference had no
significant impact on final MC and the equipment worked similarly to a dry kiln.

For Boonstra et al. [30], the lower final MC is considered a positive effect for the open system
process, because the wood can have a higher mechanical resistance, which can compensate, in part,
its reduction caused by the mass loss imparted by the process. However, the same effect will result
in wood more difficult to machine.

The results of CML per treatment are shown in Figure 6. During thermal modification, cell wall
constituents are degraded and can be accounted for as extractives during Soxhlet extraction.
Furthermore, depending on the type of process, thermal modification can cause volatilization of
extractives and other molecules resulting from cell wall degradation. Thus, CML is a useful tool for
neutralizing the effect of wood extractives on mass loss results.
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Figure 6. Corrected mass loss (%) per treatment.

It is clearly noted in Figure 6 that the different processes of thermal modification influenced the
CML results. CML was close to zero (0.33%) for OS185, indicating that this treatment did not affect
the wood constituents, even the most thermally labile ones. This suggests that the OS185 treatment
was ineffective, basically resulting in a drying process of the wood.

05210 showed a slightly higher CML (2.44%) than OS185, showing the effect of increasing
temperature on mass loss for the same kind of process (open system). Open system processes carried
out at atmospheric pressure, depend mainly on heat to induce mass loss. Despite the high
temperatures (185 °C and 210 °C), the low mass losses may be related to the overall short cycles of
thermal modification in laboratory scale equipment, including the duration of maintaining the
maximum temperature. These CML results raise doubts about the effectiveness of the adopted
schedules since the main benefits of the process are associated with mass loss, such as reduced
hygroscopicity and increased resistance to biodeterioration by fungi [11].

In contrast, C5160 had the highest CML, reaching 18.47%. In addition to heat, the closed system
process uses pressure and a saturated atmosphere as mass loss inducers, which explains the higher
CML, even at a lower temperature. This result was also observed by Wentzel et al. [6] on the thermal
modification of eucalyptus wood in closed and open systems.

Studies argue that the behavior of wood degradation varies according to the heating medium
used, due to the surrounding atmosphere [31]. The closed system (such as CS160) allows for the
presence of steam, facilitating wood degradation compared to using temperature alone. In this
process, hemicelluloses and cellulose are depolymerized by hydrolysis, in the presence of water,
which is the main cause of the loss of resistance to degradation of these polymers. Both Modes et al.
[31] and Severo and Tomaselli [32] stated that wood exposed to high relative humidity degrades
predominantly by acid hydrolysis, with a higher degradation rate than thermal or pyrolytic
degradation. Water is responsible for the breakdown of acetyl groups, with the formation of acetic
acid, which is responsible for wood degradation.

According to the CML results, a greater effect on chemical composition and wood color is
expected for CS160, followed by OS210. On the other hand, OS185 should show similar results to the
untreated wood.
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3.2. Chemical composition

The results of the chemical analyses of the structural components of the cell wall are shown in
Table 4. The results of alpha-cellulose revealed that CS160 had a higher absolute mean than untreated
wood, while for the open system treatments (OS185 and 0S210) it was lower than untreated wood.
Despite this, none of the means differed significantly from untreated wood, which suggests that the
thermal modification did not have a significant effect on the alpha-cellulose content. This result
reinforces the high thermal stability of this cell wall constituent [33].

Table 4. Mean results of structural components of wood per treatment.

Treatme Alpha- Hemicelluloses Insoluble Soluble lignin  Total lignin
nt cellulose (%) (%) lignin (%) (%) (%)
Untreate 48.21 AB 2424 a 3234 A 1.89a 3423 A
d (0.74) (2.10) (2.48) (0.45) (2.34)
53.01 A 8.89 ¢ 33.36 A 1.61b 34.97 A
CS160
(4.15) (6.36) (9.76) (5.40) (9.57)
46.04 AB 24.55a 3229 A 1.88a 3417 A
05185
(0.27) (1.57) (0.52) (2.32) (0.42)
45.72 B 21.20b 33.554A 1.72b 35.27 A
05210
(0.59) (4.93) (1.26) (3.32) (1.32)
Shapiro-
0.0065* 041 ns 0.0356* 0.8384 ns 0.0359*
Wilk test
Bartlett
0.0034* 0.59 ns 0.0058* 0.0642 ns 0.0046*
test
F-test - 239.3* - 14.94* -
H-test 9.84 - 3.20 - 3.21
r 0.909ns -0.996* 0.580ns -0.880ns 0.487ns

Means followed by the same lowercase or uppercase letter in the columns do not differ (p<0.05), respectively,
according to the Tukey and Bonferroni tests. n.s.: not significant (p>0.05). *: significant (p<0.05). Results in
parentheses are the coefficient of variation (%).

Thermal modification had varying effects on hemicellulose contents, where CS160 had the
lowest mean (8.90%). OS185 did not differ statistically from untreated wood, while OS210 was 3 p.p.
lower than untreated, but with statistical significance. The coefficient of linear correlation between
CML and hemicelluloses content was very high, negative, and significant (r=-0.996), indicating that
the higher the CML the lower the hemicelluloses content. Indeed, the correlation between CML and
the structural components of the cell wall was significant (p<0.05) only for the hemicelluloses content.

Hemicelluloses are the most fragile components of the cell wall due to their thermal sensitivity
[3,20-22]. The CS160 treatment showed a higher CML (Figure 6) due to the greater degradation of
hemicelluloses (Table 4). In contrast, OS185 had a CML close to zero, indicating low thermal
degradation, with a non-significant difference in the hemicelluloses content compared to the Control.
These results confirmed what had been forecasted in the previous discussion of the results of CML.

Teak wood contains several substances in its vessels, which are solubilized during chemical
analyses. In thermal modification, especially the most volatile extractives tend to disappear or
degrade, as pointed out by Lengowski et al. [21]. However, during the degradation of the structural
components of the cell wall, new compounds are formed and can be extracted from the wood. The
application of high temperatures degrades the hemicelluloses, resulting in the formation of acetic
acid, which acts as a catalyst for depolymerization and increases polymer breakdown. This leads to

doi:10.20944/preprints202309.1960.v1
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the formation of formaldehyde, furfural, and other aldehydes. In addition, part of the organic
material can also be degraded and solubilized, justifying the reduction in the hemicelluloses content
after thermal modification at 160CS and 2100S.

There was no statistical difference among the treatments for total lignin and insoluble lignin
contents and, along with the results of alpha-cellulose, it indicates that the mass loss was mainly due
to the degradation of hemicelluloses. Accordingly, the values (Table 4) of r for CML and total and
insoluble lignin were low and non-significant.

Some studies [21,34] mentioned an increase in the lignin content, but there is no formation of
this polymer during the treatment, but a condensation of the lignin structure due to the degradation
of other wood components, mainly hemicelluloses. Temperatures above 200 °C result in greater
availability of hemicelluloses degradation products, which can contribute to the lignin condensation
reaction [34]. However, this difference had no significant effect on the results of total lignin content
between the tested treatments.

On the other hand, there was a significant effect of thermal modification of C5160 on soluble
lignin when compared to untreated wood. The CML was high enough to cause a significant reduction
in soluble lignin and, in general, the higher the CML the lower the content of it (r=-0,880"). However,
the content of soluble lignin was too low (ranging from 1.61% to 1.89%) that it did not significantly
impact the total amount of lignin.

The results of extractives content are shown in Table 5. CS160 had the highest total extractive
content, while the open system treatments (05185 and O0S210) had means closer to the untreated
wood, although all means differed significantly. The extraction performed with the sequence
ethanol:toluene, ethanol, and hot water, accounted for as total extractives, showed the highest means
compared to the other solvents. Sequential extraction uses a mixture of solvents, allowing the
removal of several classes of extractives with different molecular weights [23]. Indeed, CS160 had the
highest means of extractives content for all tested solvents. There was a strong, positive, and
significant correlation between CML and total extractives content (r= 0.994*) indicating the increase
of extractives with mass loss. The higher mass loss, associated with the impossibility of removal of
gases from the equipment, resulted in a higher amount of extractives in the closed system than in
open system processes.

Table 5. Averages of extractives content according to the solvent.

Treatments Total extractives Dichloromethane Acetone
(%) extractives (%) extractives (%)

Untreated 8.50 ¢ 4.25b 2.15d
(2.11) (5.07) (1.52)
CS160 15.17 a 8.50 a 7.79 a
(0.55) (2.84) (1.21)
0S185 7.71d 1.76 ¢ 272 ¢
(0.79) (2.83) (0.83)
085210 8.59b 461b 439b
(1.09) (3.11) (3.91)
Shapiro-Wilk test 0.88 ns 0.57 ns 0.14 ns
Bartlett test 0.54 rs 0.33 ns 0.08 ns
F test 2806.7* 728.02* 4020.1%
r 0.994* 0.911rs 0.968*

Means followed by the same lowercase letter in a column do not differ (p<0.05) according to Tukey's test. n.s.:
not significant (p>0.05). *: significant (p<0.05). Results in parentheses are the coefficient of variation (%).
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The open system treatments (OS185 and OS5210) showed different trends compared to untreated
wood in terms of extractives in acetone and dichloromethane. For extractives in acetone, OS185 had
a mean similar to the untreated, while the mean of OS210 was twofold. For extractives in
dichloromethane, OS210 had a mean similar to the untreated, while OS185 had less than half the
mean of it.

In the acetone extraction process, it is suggested that 185 °C was not sufficient to volatilize the
polar extractives, while 210 °C increased the extractives contents due to mass loss. On the other hand,
in dichloromethane extraction, 185 °C was sufficient to volatilize the non-polar extractives, while 210
°C produced new substances that compensated for the volatilized fraction.

The trend observed in the extraction with dichloromethane is in line with the literature for open
system processes [3,35]. The extractive content of thermally modified wood can vary compared to
untreated wood, increasing or reducing, depending on the process and temperature, which affect the
chemical reactions during thermal modification, forming different types of substances.

Comparing acetone (polar) and dichloromethane (nonpolar) solvents, the latter showed, in
general, greater extracting capacity. Gomide et al. [36] and Lopes [37] stated that dichloromethane is
more advantageous when you want to extract lipophilic compounds from wood, such as fats, waxes,
terpenes, sterols, resins, and non-volatile hydrocarbons [23,38].

3.3. Colour measurements

Initially, the means of the colorimetric parameters L* a* b* C* and h° of teak wood before
thermal modification were 53.87, 11.52, 23.41, 26.09, and 63.80° respectively. They were calculated
based on data from all 45 samples (three groups of 15) before thermal modification. According to the
classification of Camargos and Gongalez [28], the color of untreated teak wood was classified as “light
brown”. This was the same color as reported by Gasparik et al. [17] for teak wood from Myanmar.
Although the authors did not provide extra information about the material (e.g., tree age, planted x
natural forests) it is likely to be heartwood because of the lightness result (47.0).

Chavez-Salgado et al. [39] and Qiu et al. [40] stated that secondary metabolites influence the
color and smell of teak wood. Extractives contain chromatic compounds, such as phenolic hydroxyl
groups, carbonyl groups, and double bonds, which impart color to the wood. In the specific case of
teak, the unique color is promoted by the presence of 2-methyl-anthraquinone.

The results of the mean colorimetric parameters L*, a* and b* are plotted in Figure 7, where it is
possible to see that the wood before the thermal modification is grouped close to each other,
indicating that they had a similar color. This was expected according to the design of the initial
sampling (Figure 1). However, the color of untreated wood of each treatment had a different
classification [28], as can be seen in Figure 8. Although this difference is not too perceptible to human
vision, the method adopted identified three different colors, which indicates how sensitive it is.
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Figure 7. Three-D graphic positioning for each treatment. Treatments marked with “u” mean wood

before thermal modification (untreated).

Treatment Before thermal After thermal AE*
modification modification classification?
160CS -- llMuCh”
“Brownish yellow?” “Dark brown”
18508 -- llMuCh"
“QOlive brown” “Olive”
21005 -- llMuCh”

“Light brown” “Dark brown”

Figure 8. Classifications of color and total color variation (AE*). 1 Toyoda et al. [29]. 2Camargos and
Gongalez [28].

TMW shifted downward to different positions in Figure 7 from its respective untreated wood,
indicating the effect of the process on the original wood color. According to the classification of AE¥,
the change in wood color after thermal modification was “much” (from 6.1 — 12.0, Table 3) for all
treatments. In Figure 9 it is possible to see that the means of AE* were 19.74, 11.65, and 15.37,
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respectively for 160CS, 18505, and 2100S. Indeed the means of AE* of 160CS and 2100S did not fit
the scale presented in Table 1, which suggests that, for thermally modified wood, the scale should be
enlarged. We highlight that classification was not designed for analyzing the color changing of TMW,
but rather for weathered wood [29]. Although 160CS had a higher AE*, it was lower than that
reported (24.11) by Lengowsky et al. [21], who studied the same closed system process and
temperature.

Anyway, TMW got darker compared to the untreated state, which is represented by the
reduction in lightness (AL¥) for all treatments (Figure 9) and can be seen in the color chart presented
in Figure 8. According to the results of other studies [14,18,19,21], the reduction in lightness is the
most relevant color change related to thermally modified teak wood, which was also verified in our
work. All structural cell wall components, as well as extractives, can contribute to changing the color
of wood. The darker color can be attributed to the formation of hemicelluloses degradation products
(except in the case of OS185), changes in the extractives, and the formation of oxidation products,
such as quinones, as well as the percolation of extractives to the samples’ surface [17,41].

25
20
15

10

Variations (A)

20 160C 18508 21008

AL* mAa* © Ab* mAE*

Figure 9. Variations of colorimetric parameters by treatment.

Variations in L*, a*, and b* coordinates followed the same trend as AE*, with greater absolute
variation (in modulus) in CS160 and lesser variation in OS185 treatment. This highlights the smaller
effect of thermal modification on the red-green (a*) pigmentation of teak wood when compared to
the yellow-blue (b*) pigmentation, which was also verified in other studies [18,19,21].

Despite the absolute means and the different colors before thermal modification (Figure 8), the
TMW of CS160 and OS210 achieved the same color (“dark brown”). Notice how close these
treatments are in Figure 7 when compared to OS185. This result was unexpected, considering CS160
and OS210 were carried out with different temperatures and processes, which resulted in different
corrected mass losses (Figure 6), as well as different extractives contents (Table 5). However, since
AE* was higher for C5160 (19.74) than for 05210 (15.37) if the wood color of both treatments was the
same before thermal modification, TMW CS160 would likely be darker. But this hypothesis needs
further investigation.

Based on the results of CS160 and OS210, it seems that CML is not related to the color of TMW
from different processes. On the other hand, it makes sense for TMW from the same treatment, once
065210 had higher CML and AE* than OS185. This pattern was verified by other authors in open
system thermal modification, i.e., the increase in temperature resulted in increased AE* [17-19].
Willems et al. [11] made a literature review and discussed that there is a good dependency between
mass loss, chemical composition, fungal durability, and hygroscopicity. However, these relations
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cannot be directly transferred to other properties, such as color, and further investigation on this topic
is necessary.

Even the mildest condition of thermal modification (OS185) was able to change the color of TMW
(AE*=11.65) compared to untreated wood. This result was similar to those obtained in open system
processes at 180 °C by other authors [17,18], respectively 9.67 and 11.97. There was no significant
difference in the chemical composition of the cell wall components between untreated wood and
OS185 (Table 4). On the other hand, there was a significant difference in the extractives content
between untreated wood and OS185 (Table 5), where the most relevant (reduction in 2.49 p.p.) was
in the dichloromethane content. Thus, it seems that the combined effect of the volatilization of apolar
extractives and the drying of hygroscopic water (from 11.48% to 0.43%, Figure 5) was responsible for
this color change. Notice that this effect of drying also happened in the treatments CS5160 and OS210.

4. Conclusions

It was possible to achieve the same color using different processes of thermal modification, at
160 °C in a closed system and 210 °C in an open system.

Thermal modification reduced wood lightness (L*), red-green chromaticity coordinate (a*), and
yellow-blue chromaticity coordinate (b*). L* and a* had the bigger and lower variations, respectively.
The color of thermally modified wood was significantly changed, even at the mildest condition
tested: 185 °C, open system, and 0.33% corrected mass loss.

Even at a lower temperature (160 °C), the corrected mass loss was higher (18.47%) in the closed
system than in the open system (185 °C - 0.33% and 210 °C —2.44%), indicating that the type of process
had more influence on mass loss than the temperature. It resulted in different effects on the chemical
composition, with a higher effect at 160 °C in the closed system on the hemicelluloses content
(reduced) and the extractives contents (increased - all solvents). The hemicelluloses were the most
fragile components of the cell wall to thermal modification.

There was no difference in the chemical composition of untreated wood and thermally modified
wood in an open system at 185 °C, except for the extractives content in dichloromethane, which was
reduced in the latter.

We suggested more studies to clarify the effect of extractives content (in different solvents), on
thermally modified wood color, mainly in cases where different processes are used.
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