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Abstract: This study aimed to evaluate the influence of age on the colorimetric parameters,
chemical composition, and biological resistance of teak heartwood, transition zone, and
sapwood. Samples of 13- and 22-year-old trees were collected from fast-growing commer-
cial plantations in Mato Grosso, Brazil. From the heartwood, transition zone, and sapwood
sections, we determined the CIEL*a*b* system colorimetric parameters and extractive
contents and performed Py-CG/MS analysis and an accelerated degradation assay with the
xylophagous fungus Trametes versicolor (L.) Lloyd. The 22-year-old wood presented greater
redness and lower yellowness, and the heartwood was darker, with greater redness and
lower yellowness than the other radial positions. The average content of total extractives
varied between ages: 7.83% (13years) and 8.23% (22years). A total of 119 compounds were
identified in teak wood, of which 51 presented areas greater than 1%. Quinones were
identified in the heartwood and transition zone, with similar values between ages and
approximately 7% in the heartwood. Although the durability increased significantly with
age, the magnitude was slight. Wood from 22-year-old trees exhibited a lower average mass
loss (10.30%) compared to wood from 13-year-old trees (12.68%). In contrast, differences
between regions were more pronounced. Sapwood showed a mass loss of 22.5%, transition
zone wood of 10.14%, and heartwood of 1.86%. We concluded that age influenced the col-
orimetric parameters, chemical composition, and biological resistance of teak wood. Teak
heartwood from fast-growing plantations, both from final harvesting (22-years-old) and
from thinning (13-years-old), is indicated for uses that require high biological resistance.

Keywords: CIEL*a*b* system; phenolic extractives; quinones; Py-CG/MS; Trametes versicolor

1. Introduction
In 2010, the main producers of teak wood (Tectona grandis Linn. F.), Myanmar, India,

Laos, and Indonesia, covered an area of 29 million hectares of native forests [1]. In these
places, in the last century, approximately 95% of teak wood was extracted from native
forests, while the rotation of plantations could exceed 100 years [1]. However, due to

Forests 2025, 16, 177 https://doi.org/10.3390/f16010177

https://doi.org/10.3390/f16010177
https://doi.org/10.3390/f16010177
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0009-0005-7433-9677
https://orcid.org/0000-0002-9337-2596
https://orcid.org/0000-0002-2118-3112
https://orcid.org/0000-0002-7336-7626
https://orcid.org/0000-0003-0060-0551
https://orcid.org/0000-0003-1599-5947
https://orcid.org/0000-0003-3620-7129
https://doi.org/10.3390/f16010177
https://www.mdpi.com/article/10.3390/f16010177?type=check_update&version=1


Forests 2025, 16, 177 2 of 20

concerns about the depletion of these areas, most native forests are now subject to strict
exploitation limitations [2,3]. To address the high demand for teak wood alongside these
restrictions, plantations have been established in other countries. These plantations utilize
fast-growing systems with shorter rotations, allowing for final harvesting at ages between
20 and 30 years [1].

In Brazil, teak wood from fast-growing plantations is intended for the production of
sawn wood for final use in products with a higher added value, such as decks, wainscoting,
windows, floors, and doors, which are used in civil and naval constructions [3,4]. These
various uses reflect the natural characteristics of wood, particularly its medium density and
mechanical strength, which enhance the workability, as well as its high dimensional stability
and natural durability [3]. Sawn teak wood from Brazil is traded on the international market,
with an average price of USD 650 per cubic meter, according to data from December 2024 [5].
This pricing positions the Brazilian product as competitive in the market, especially by
offering a lower price than countries such as the Ivory Coast (USD 845/m3) and Benin
(USD 700/m3), but it is still priced higher than in Ghana (USD 425/m3) and Nigeria (USD
415/m3), which benefits the producers and, simultaneously, grants them competitiveness
in the market.

The high value of teak wood stems not only from the characteristics mentioned above
but also from its natural color. The sapwood presents a light shade that contrasts with
the heartwood’s dark, shiny brown hue [6,7]. The heartwood stands out for its visual
attractiveness and high natural durability [8]. Both color and durability are directly related
to the chemical composition, mainly due to the presence of phenolic extractives that provide
resistance to the heartwood against xylophagous organisms [3]. Quinones are recognized
as the main compounds that are responsible for the darkening of wood and for resistance
to degradation caused by fungi [9,10].

In addition to radial variation, the age of the tree influences the characteristics of the
wood. Young teak heartwood is light brown in color, whereas in mature wood, the shade
may be darker [7]. These changes also affect the biological resistance of wood [3,11]. Silva
et al. [12] reported not only an increase in the percentage of heartwood, wood darkening,
and enhanced resistance to xylophagous fungi with age but also a shift in the composition of
wood extractives, with higher percentages of tectoquinone (9,10-anthracenedione, 2-methyl)
and lapachol (2-hydroxy-3-(3-methyl-2-butenyl)-1,4-naphthoquinone).

According to Moya et al. [6], research on the chemical composition of teak wood
from fast-growing plantations and young trees needs to be expanded, as these materials
currently represent the main source of wood for the market. In addition, industries need to
economically dispose of the wood from thinning and the waste that is generated during
sawing, which corresponds to approximately 45% of the volume of the log [13]. These
materials can be used in several applications, such as in the extraction of compounds for
wood preservation [14] and the production of herbicides [15], and the bioactive compounds
have possible applications in the pharmaceutical, cosmetic, and food industries [1].

Thus, given the ongoing expansion of fast-growing teak plantations and the impact of
tree age on wood quality characteristics, assessing the properties of wood that is produced
in these plantations is important. This includes both final harvesting, which occurs between
20 and 30 years of age, and younger wood, which results from thinning. Therefore,
this study aimed to evaluate the influence of age and radial position on the colorimetric
parameters, chemical composition, and biological resistance of teak wood from fast-growing
plantations located in Brazil.
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2. Materials and Methods
2.1. Study Material and Sample Preparation

The teak wood used in this experiment was obtained from commercial plantations
located in the municipality of Nova Maringá, Mato Grosso, Brazil (latitude: 13◦1′2′′ S,
longitude: 57◦4′8′′ W) (Figure 1). The plantations are located in the cerrado biome, and
the region is characterized by a tropical climate with a dry season (Aw) according to the
Köppen–Geiger climate classification. The average annual temperature and rainfall are
approximately 25.1 ◦C and 1755 mm, respectively, and the dry season is from May to
September [16].
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Figure 1. Study area, sampling, and experimental methods.

In this experiment, we used six trees from commercial seminal plantations, three that
were 13-years-old and three that were 22-years-old, which are representative of the mean
diameters at breast height (DBHs), which are equal to 29.2 cm and 37.8 cm, respectively.
The average total tree heights were 19.5 m and 24.5 m, and the planting spacings were
3.5 × 3.5 m and 2 × 3 m for ages 13- and 22-years-old, respectively. Disks measuring
5 cm in thickness were collected at a height of 2.3 m, corresponding to the end of the first
commercial log (Figure 1). Before starting the sample analysis, the disks were left outdoors
until they reached moisture stabilization.

For colorimetric, chemical (extractive contents), and Py-CG/MS analyses, the disks
were drilled with a bench drill to produce shavings from the three radial positions of the
wood (heartwood, transition zone, and sapwood). The drilling was performed randomly
within each radial position. The wood shavings were subsequently ground in a Willey-type
knife mill, Thomas Scientific (Swedesboro, New Jersey/EUA), and the material was sieved
through a fraction between 40-mesh (0.40 mm) and 60-mesh (0.25 mm) sieves (Figure 1).
The sieved material was stored in a glass container and kept in a climate-controlled room
(20 ◦C, 65% relative humidity) until stabilization.
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For the biological resistance assay, we removed a central sample approximately 2.0 cm
wide from each disk, which was passed through the pith from one bark to the other.
We collected samples from three radial positions—sapwood, heartwood—sapwood tran-
sition zone, and heartwood (Figure 1)—with dimensions of 2.0 × 2.0 × 1.0 cm in the
grain direction.

2.2. Characterization of Wood

Colorimetric characterization was performed with a portable spectrophotometer (CR-
410, Konica Minolta, Osaka, Japan) with a sensor aperture of 5 mm, a D65 light source
(illuminant) composed of a xenon lamp, and a supplementary standard observer of 10◦

and an illumination area that was equal to 53 mm in diameter. In the sieved material, we
used the CIEL*a*b* system [17] to collect the values of lightness (L*), redness (a*), and
yellowness (b*). For the chroma (C*) and hue angle (h◦) analyses, Equations (1) and (2),
respectively, were used:

C∗ =

√
a2 + b2 (1)

h∗ =
180
π

tan
−1(b∗

a∗

)
, em graus (◦) (2)

where a* = redness, and b* = yellowness.
The assays that were used to quantify the solubility in hot water, ethanol, and total

extractives were conducted according to the methodologies described in the technical
standards ASTM D1105-21, ASTM D1107-21, and ASTM D1110-21 [18–20].

The 40–60-mesh fraction from each treatment was subjected to fast pyrolysis in a
Py-GC/MS device using a single-shot pyrolyzer (Frontier Lab Inc., Fukushima, Japan) con-
nected to a GC-2010 plus system with a GCMSQP2010 ultraspectrometer (Shimadzu, Kyoto,
Japan) and valve interface at 290 ◦C. The fast pyrolysis was carried out at temperatures
from 350 to 600 ◦C. The GC operating parameters were as follows: injector temperature:
250 ◦C; Rtx-5MS column: 30 m × 0.25 mm × 0.25 µm from Restek® corporation (Bellefonte,
PA, USA); initial oven temperature: 40 ◦C for 1 min, heated at 6 ◦C/min to 280 C and held
for 15 min; and Helium carrier gas (1 mL/min) in split mode at a 20:1 ratio. The formed
pyrolytic compounds were identified/quantified via the NIST 11 s (Gaithersburg, MD,
USA) and Wiley 7v100 (Hoboken, NJ, USA) Mass Spectral Data Libraries.

2.3. Accelerated Degradation Assay in the Laboratory

To evaluate the biological resistance of the wood, we performed an accelerated
degradation assay with the xylophagous fungus Trametes versicolor (Linnaeus ex Fries)
Pilat from the Mad 697 strain (culture collection at the Center for Forest Mycology
Research—CFMR/USA). The experiment was conducted according to the E10–09 stan-
dard [21]. Initially, 40 g of sterilized sand was added to 200 mL glass jars, followed by the
addition of 15 mL of distilled water to maintain the necessary moisture. Wooden plates of
Jacaranda copaia (Aubl.) D.Don were then placed in each jar. The jars were sterilized in an
autoclave at 121 ◦C for one hour.

The biological resistance was evaluated based on the mass loss of the samples after
16 weeks of fungal inoculation. During the experiment, the samples were maintained in
a climate-controlled chamber at 25 ± 2 ◦C and 60 ± 5% relative humidity. To determine
the mass loss, the samples were weighed both before and after the experiment, with both
the initial and final masses being measured after drying the samples in an oven at 100 ◦C.
The mass loss was calculated as a percentage, using the ratio between the lost mass and the
initial mass.
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Samples were categorized via the classification of the level of deterioration of Lep-
age [22], in which the deterioration index was divided into classes according to the material
condition [23]. There are five deterioration indices, each accompanied by its respective
score: index 100 (score = 0)—healthy material, without any sign of deterioration; index
90 (score = 1)—slight and/or superficial attack, with minimal deterioration; index 70
(score = 2)—evident attack, but still of a moderate intensity; index 40 (score = 3)—a state
of decay or intense attack, with significant deterioration; and index 0 (score = 4)—broken
material, with an almost total loss of strength.

2.4. Statistical Analysis

The data were analyzed via a completely randomized design with a 2 × 3 factorial
design, with two ages (13- and 22-years-old) and three regions of wood (sapwood, transition
zone, and heartwood). Three replicates (corresponding to the three trees of each age) were
considered, totaling 18 sampling units, and the analyses were conducted in duplicate.
The data were subjected to a test for normality of residues (Shapiro–Wilk) and a test of
homogeneity. Then, analysis of variance (ANOVA) was performed (p value < 0.05), and
when significant differences were observed, the Tukey test was applied. Statistical analyses
were performed using RStudio 4.4.2 software [24].

The mass loss was subjected to linear correlation analysis with the colorimetric pa-
rameters, extractive content, and quinone content via Pearson’s correlation index (r): very
weak (0.00 to 0.19); weak (0.20 to 0.39); moderate (0.40 to 0.69); strong (0.70 to 0.89); and
very strong (0.90 to 1.00). For a better understanding, simple linear statistical models were
fit when r > 0.4.

3. Results and Discussion
3.1. Colorimetric Parameters

Evaluating the CIEL*a*b* parameters revealed no significant interaction (p < 0.05)
between age and radial position; thus, we evaluated these parameters separately (Figure 2).

Age had a significant effect (p < 0.05), except for on lightness. As shown in Figure 2,
the older wood (22yearsold) presented a deeper red tone and a reduced yellow tone, along
with lower values of the chroma and hue angle than the younger wood (13years -old) did.
In turn, the radial position significantly (p < 0.05) influenced all colorimetric parameters.
The heartwood was darker than the transition zone and sapwood, with a more pronounced
red tone, a less intense yellow tone, and lower chroma and hue angle values (Figure 2). The
variation in heartwood color is due to oxidation and polymerization reactions that occur as
the wood ages [25].

Age did not affect the lightness (L*), regardless of radial position (Figure 2A), with
an average value of 59.29. According to the classification of Camargos and Gonçalez [26],
which uses colorimetric coordinates to differentiate light from dark woods, this value is
characteristic of light wood (L* > 56). In turn, the radial position influenced lightness,
regardless of age (Figure 2B), with increasing values from the pith to the bark. Teak
heartwood is considered dark, regardless of age (L* = 50.39). Given that teak heartwood
is naturally dark, regardless of age, this characteristic is viewed as a positive aspect from
a commercial standpoint. The reduction in the harvesting age of teak in fast-growing
plantations is an important feature, as dark wood is associated with increased density,
greater mechanical strength, and natural durability [27].
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Figure 2. Colorimetric parameters of the CIEL*a*b* system of teak wood based on age and radial
position: (A,B)—lightness; (C,D)—redness; (E,F)—yellowness; (G,H)—chroma; (I,J)—hue angle. 13 y:
13-year-old trees; 22 y: 22-year-old trees; SW: sapwood; TR: transition zone; HW: heartwood. The
error bars indicate the standard deviation of the mean, and the lowercase letters in each column
indicate significant differences according to the Tukey test (p < 0.05).

The results of the colorimetric studies of teak wood with short rotations were consistent
with those of the present study. When evaluating heartwood and sapwood in 5-year-old
short-rotation teak plantations, Damayanti et al. [28] reported a mean lightness value of
60.7. In the study by Arce and Moya [29], the lightness values ranged from 48 to 59 for
15-year-old clones. A review of the properties of short-rotation teak performed by Moya
et al. [6] presented several studies that, in agreement with the present study, indicated that
teak wood from fast-growing plantations is lighter than wood from native trees.

The significant difference in a* between ages (Figure 2C) suggests that the red hue
increases with age, regardless of the radial position. The a* parameter was also different



Forests 2025, 16, 177 7 of 20

in the radial positions (Figure 2D), with an increasing value in the pith–bark direction.
Damayanti et al. [28] reported the same radial pattern in 5-year-old trees, with a* values
increasing from 9.0 in the sapwood to 12.7 in the heartwood. Similarly, Silva et al. [12]
reported an age-related increase in a* values in teak wood aged 5–20 years, ranging from
3.4 to 5.4.

As in a*, the yellowness (b*) varied independently with age and radial position
(Figure 2E,F). However, b* significantly decreased with the increasing age of the wood and
increased in the pith–bark direction. The parameter b* presented higher averages than
the parameter a* did, indicating that yellowish coloration is predominant in teak wood.
Mesquita et al. [30] also inferred that there was a predominance of the yellow hue in the
formation of the teak wood color, classifying the color of the species as olive brown.

C* decreased with age (Figure 2G) and was greater in sapwood (Figure 2H), as was
the h◦ parameter (Figure 2I,J). Notably, the mean values of h◦ between 70 and 75◦ indicate
the predominance of yellow in both age groups. According to Silva et al. [12], teak wood is
predominantly yellow, both in younger wood (5years) and older wood (20years), as found
by the authors.

3.2. Extractives

As observed for the colorimetric parameters, the extractive contents also showed no
significant interaction (p < 0.05) between age and radial position (Figure 3). In addition,
these factors did not significantly affect the extractive content in hot water (5.07% ± 1.35)
(Figure 4A,B). The radial position also did not significantly affect the ethanol-soluble ex-
tractive content (3.93% ± 0.50) (Figure 4D) or the total extractive content (7.78% ± 0.58)
(Figure 4F). However, for age, regardless of the radial position, the 13-year-old wood
showed lower solubility in ethanol (Figure 4C) and a lower total extractive content
(Figure 4E).
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colorimetric parameters and the extractive and quinone contents of 13- and 22-year-old teak wood.
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Figure 4. Solubility of sapwood (SW), transition zone (TR), and heartwood (HW) in 13- and
22-year-old teak trees. (A,B): Hot water; (C,D): ethanol; (E,F): total extractives. The error bars
indicate the standard deviation of the mean, and the lowercase letters in each column indicate
significant differences according to the Tukey test (p < 0.05).

When the solubilities in hot water and ethanol were related to the total extractives,
hot water extracted 68% of the total in 13-year-old wood and 61% in 22-year-old wood,
whereas ethanol extracted 37% and 63%, respectively. For radial positions, the hot water
extraction percentage was 84% in the sapwood, 60% in the transition zone, and 51% in the
heartwood; with ethanol, it was 44%, 49%, and 57%, respectively. Although in the present
study, no significant difference was found between the radial regions, the absolute values
suggest a trend toward increasing total extractives and ethanol content and decreasing
extractive water content of the sapwood toward the heartwood. That is, with increasing
age and with the formation of heartwood, the compounds become less soluble in water and
more soluble in ethanol.Hot water is capable of extracting tannins, gums, sugars, starches,
and coloring materials [31]. In addition, some phenolic substances can be solubilized [32].
Substances such as starch are found in the axial and radial parenchyma of the outer part
of the sapwood, but their concentration decreases dramatically near the transition zone.
Moya et al. [6] attributed this reduction to the histochemical changes that occur due to the
death of cells of the radial parenchyma of the sapwood during heartwood formation. On
the other hand, because ethanol is a solvent of intermediate polarity, it is able to extract
polar compounds, such as lignans and phenolic compounds [33], in addition to removing
relatively nonpolar compounds such as terpenoids and lipids [34].

Teak wood can have extractive contents between 1.18% and 11.98%, depending on
the extraction method used [32]. Colbu et al. [35] reported that ethanol, isopropanol, and
acetone, together with a mixture of acetone–isopropanol, are the best solvents for the
selective extraction of organic compounds with insect fungicide activity from teak wood.
Differences in extractive content can also be attributed to factors such as the region of wood
and the age of the tree, in addition to environmental and genetic factors [32].

The mean value of hot water extractives in this study was greater than that reported
by Lukmandaru et al. [36], who reported values ranging from 0.48% to 2.11% in 11-year-old
teak wood from Central Java Province. However, it was lower than that reported by Qiu
et al. [10], who reported 9.36% (sapwood) and 10.22% (heartwood) of teak aged 18 years
from China. With respect to total extractives, Lukmandaru et al. [37] reported an average
value of 5.59% for the base of 11-year-old trees, whereas Silva et al. [12] reported values
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of 7.4 to 9.6 in teak woods aged between 5 and 20 years and planted in Brazil, which is
consistent with the values reported in this study.

The older wood was expected to have a higher extractive content (Figure 4C,E). Rizanti
et al. [38] reported 3.7% total extractives for short-rotation teak (10 years) and 8.0% for
long-rotation teak (40 years). Lukmandaru et al. [36] reported that the total extractive
content of the heartwood of a superior clone of teak aged 11 years (4.03~7.31%) was lower
than that of the control mature heartwood (13.43%). Previous studies have indicated that
heartwood extracts from young trees are less toxic or less abundant than those from mature
trees are [12,39]. In addition, a quantitative increase in polyphenolic extractives from the
pith to the outer heartwood was observed in mature trees [39]. Notably, after their synthesis,
the extractives may continue to undergo chemical transformations, such as oxidation and
condensation, with the formation of oligomers and polymeric structures [40].

3.3. Analytical Pyrolysis (Py-GC/MS)

A total of 119 compounds were identified in the teak wood via Py-GC/MS (Supple-
mentary Materials). In the 13-year-old wood, the identified area was 98.45% in the sapwood,
97.77% in the transition zone, and 97.49% in the heartwood, with 56, 57, and 58 compounds,
respectively. For the 22-year-old wood, the values were 98.15% in the sapwood, 97.99%
in the transition zone, and 98.20% in the heartwood, with 61, 61, and 63 compounds,
respectively. These results are in agreement with those of previous studies [41–43].

Of the total compounds identified, 51 presented an area greater than 1% in at
least one of the treatments, and individually, each treatment presented between 24 and
29 compounds with an area greater than 1% (Table 1). Notably, three quinones, even those
with areas less than 1%, were included, totaling the 54 compounds presented in Table 1.

Table 1. Pyrolysis products (a % of total chromatogram area) from sapwood (SW), transition zone
(TR), and heartwood (HW) of teak at 13- and 22-years of age.

# Class Compost
13-Years-Old 22-Years-Old

SW TR HW SW TR HW

1
Carboxylic

acid

Acetic acid 11.95 15.81 14.74 14.04 9.62 10.15
2 Acetic acid, (acetyloxy)- - - - - 2.58 2.63
3 Butanedioic acid - 1.71 1.69 - 0.75 0.93
4 Propanoic acid - 1.04 0.94 0.75 1.5 1.02

5
Alcohol

3-Furanmethanol 1.78 - - 1.66 - -
6 Cyclohexanol 2.83 - - - - -
7 Cyclopropyl carbinol 6.32 1.75 1.52 5.21 2.5 3.09

8

Aldehyde

3,5-Dimethoxy-4-
hydroxycinnamaldehyde 1.08 2.01 2.26 1.53 1.72 1.79

9 4-Hydroxy-2-methoxycinnama
dehyde 1.69 3.1 3.43 2.34 5.05 4.23

10 Benzaldehyde - 1.16 1.51 - - -
11 Acetaldehyde - 2.67 - - - -
12 Methyl glyoxal - 1.52 1.73 - 1.39 1.51
13 Vanillin 1.69 2.41 2.22 1.89 1.96 1.95

14

Ketone

1,2-Cyclopentanedione 5.7 2.21 1.85 4.43 2.88 2.43
15 1-Penten-3-one 1.23 - - 1.2 - -

16 2H-Pyran-2-one,
5,6-dihydro-6-pentyl- - - - - 2.2 2.88

17 2-Propanone 9.6 1.33 1.25 8.47 3.28 3.51
18 Ethanone - - - - 7.88 5.34
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Table 1. Cont.

# Class Compost
13-Years-Old 22-Years-Old

SW TR HW SW TR HW

19

Phenolic
Compound

2-Methoxy-5-methylphenol 3.11 7.58 7.67 2.22 1.64 5.28
20 3-Allyl-6-methoxyphenol - 1.12 1.12 - - 1.01

21 4-((1E)-3-Hydroxy-1-propenyl)-2-
methoxyphenol 1.25 - - - - -

22 1,2-Benzenediol 1.17 - - - - -
23 Catechol 1.32 - - 0.87 0.48 -
24 Isoeugenol 2.45 3.00 2.8 2.86 3.07 2.89
25 Phenol, 2,6-dimethoxy- 4.12 2.07 2.21 2.85 2.12 1.99

26 Phenol,
2,6-dimethoxy-4-(2-propenyl)- 2.8 3.15 3.62 2.17 2.87 3.02

27 Phenol, 2-methoxy- 4.32 1.91 1.87 3.86 2.4 2.2
28 Phenol, 2-methoxy-4-propyl- 0.79 1.28 1.43 1.08 1.08 1.07

29

Phenone

3′,5′-Dimethoxyacetophenone 4.88 3.25 - 3.58 3.2 3.37

30 4-Hydroxy-2-
methylacetophenone 7.28 5.37 4.95 7.27 - -

31 Apocynin - 1.36 1.21 - - 1.28
32 Desaspidinol 1.23 0.99 1.04 0.96 0.95 0.96

33 Nitrogenous
compound

Carbamic acid - - - - - 1.61
34 Oxazolidine 0.91 5.84 5.86 2.39 3.54 4.1

35 Ester Ascorbic acid
2,6-dihexadecanoate - - - - 1.36 -

36
Ether

1,2,4-Trimethoxybenzene - 1.27 1.45 - - -
37 D-Glucopyranose - - - - 1.08 0.79

38

Furan

(S)-(+)-2′,3′-
Dideoxyribonolactone - - - - 1.51 -

39 2(5H)-Furanone - - - 1.99 1.2 1.11
40 2′,3′-Dideoxyribonolactone - - 1.16 - - -

41 5-Hydroxymethyldihydrofuran-
2-one 1.44 1.1 - 1.66 - 1.68

42 Furanone 2.46 - - - - -

43
Furfural

Furfural 1.6 1.43 1.35 1.61 1.1 1.07
44 5-Hydroxymethylfurfural 1.22 - - 1.32 - -

45 Aliphatic
hydrocarbon Ethyne - - - 2.36 - -

46 Acid
Oxide Carbon dioxide - - 4.66 - 3.12 -

47

Quinone

1-Formylanthraquinone (AQ) - 0.26 0.48 - - 0.42

48 1-Hydroxy-4-
methylanthraquinone (AQ) - - 0.76 - - 0.54

49
2-

(Hydroxymethyl)anthraquinone
(AQ)

- 0.38 0.57 - - 0.37

50 9,10-Anthracenedione (AQ) - 2.72 4.6 - 2.16 0.1

51 9,10-Anthracenedione, 2-methyl
(AQ) - - - - - 4.93

52 Lapachol (NQ) - 0.87 1.13 - 0.86 0.72
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Table 1. Cont.

# Class Compost
13-Years-Old 22-Years-Old

SW TR HW SW TR HW

53 Terpene D-Limonene - 3.06 1.84 4.01 5.59 2.88
54 Squalene 0.3 1.62 1.67 0.61 4.07 2.44

Sum of areas: 86.52 86.35 86.59 85.19 86.71 87.29
#: Number of compounds identified; SW: sapwood; TR: transition zone; HW: heartwood; AQ: anthraquinone;
NQ: naphthinone.

Acetic acid was the most abundant compound in all the treatments (Table 1). Its high
concentration can be explained by the fact that it is a byproduct of the thermal degradation
of cellulose and hemicelluloses [41].

In addition to acetic acid, for the 13-year-old wood, the main sapwood compounds
were as follows: 2-propanone (9.6%), 4-hydroxy-2-methylacetophenone (7.28%), cy-
clopropyl carbinol (6.32%), 1,2-cyclopentanedione (5.7%), 3′,5′-dimethoxyacetophenone
(4.88%), phenol, 2-methoxy-(4.32%), phenol, 2,6′-dimethoxy-(4.12%), and 2-methoxy-5-
methylphenol (3.11%). At the transition stage, the main compounds were 2-methoxy-
5-methylphenol (7.58%), oxazolidine (5.84%), 4-hydroxy-2-methylacetophenone (5.37%),
3′,5′-dimethoxyacetophenone (3.25%), phenol, 2,6-dimethoxy-4-(2-propenyl)-(3.15%), 4-
hydroxy-2-methoxycinnamaldehyde (3.1%), D-limonene (3.06%), and isoeugenol (3.0%).

For the 22-year-old wood, in addition to acetic acid, the following stand out as the main
sapwood compounds: 2-propanone (8.47%), 4-hydroxy-2-methylacetophenone (7.27%), cyclo-
propyl carbinol (5.21%), 1,2-cyclopentanedione (4.43%), d-limonene (4.01%), phenol, 2-methoxy-
(3.86%), 3′,5′-dimethoxyacetophenone (3.58%); in the transition zone, the main compounds were
ethanone (7.88%), d-limonene (5.59%), 4-hydroxy-2-methoxycinnamaldehyde (5.05%), squalene
(4.07%), oxazolidine (3.54%), 2-propanone (3.28%), 3′,5′-dimethoxyacetophenone (3.2%),
carbon dioxide (3.12%), and isoeugenol (3.07%); and in the heartwood, the main com-
pounds were ethanone (5.34%), 2-methoxy-5-methylphenol (5.28%), 9,10-anthracenedione,
2-methyl (4.93%), 4-hydroxy-2-methoxycinnamaldehyde (4.23%), oxazolidine (4.1%), 2-
propanone (3.51%), 3′,5′-dimethoxyacetophenone (3.37%), cyclopropyl carbinol (3.09%),
phenol, and 2,6-dimethoxy-4-(2-propenyl) (3.02%).

In addition to acetic acid, which is a derivative of the thermal degradation of car-
bohydrates, 2-propanone stood out, especially in sapwood, for both age groups, with
values close to 10%. 5-Hydroxymethylfurfural and 3-furanmethanol were found only
in the sapwood of both ages; butanedioic acid was found in the transition wood and
heartwood of both ages; furanone was found in wood aged 13 years; D-glucopyranose,
2H-pyran-2-one, and 5,6-dihydro-6-pentyl- were found in the 22-year-old wood; 2′,3′-
dideoxyribonolactone was found in the 13-year-old heartwood and 22-year-old transi-
tion zone; and 1,2-cyclopentanedione was found in higher concentrations in sapwood of
both ages.

The compounds 4-hydroxy-2-methylacetophenone, 3′,5′-dimethoxyacetophenone,
phenol, 2-methoxy-, phenol, 2,6-dimethoxy-, phenol, 2,6-dimethoxy-4-(2-propenyl)-, 2-
methoxy-5-methylphenol, 4-hydroxy-2-methoxycinnamaldehyde, and isoeugenol stood
out as lignin degradation products. Generally, products that are derived from lignin are
easier to identify, because lignin pyrolysis results in a mixture of phenolic compounds that
maintain the aromatic ring, the original methoxyl groups, and portions or the entirety of
the propane side chain [44].

The extractive derivatives 1-hydroxy-4-methylanthraquinone, 1-formylanthraquinone,
2-(hydroxymethyl)anthraquinone, 9,10-anthraquinone, and 9,10-anthracenedione were
detected in the transition zone and heartwood of teak wood aged 13 and 22 years. Studies
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such as those by N’Guessan et al. [45] and Windeisen et al. [46] also reported the presence
of these compounds in teak wood. The total area of quinones in the transition region is
3.62%, and that in the heartwood is 7.31%, regardless of age. The concentration of quinones
in the heartwood of the 13-year-old wood was slightly greater than that in the 22-year-
old material (7.54% and 7.08%, respectively), which was unexpected. The slightly higher
concentration of quinones in the heartwood of the 13-year-old wood can be attributed both
to variations in environmental and growth conditions, which affect the synthesis of these
compounds throughout tree development, and to natural variability, especially considering
the small sample size in the study.

These compounds confer resistance against attacks by xylophagous organisms; in ad-
dition, they have applications in the chemical and food industries [41,47,48]. Vyas et al. [48],
when evaluating the phytochemical potential of T. grandis, confirmed that these compounds
are linked to pharmacological properties such as wound healing; antimicrobial, antioxidant,
anti-inflammatory, and cytotoxic effects; and the promotion of capillary growth.

Lapachol, a naphthoquinone, was also identified in this study in the transition and
heartwood regions. In the 13-year-old wood, its concentration was 0.87% in the transition
wood and 1.13% in the heartwood, whereas in the 22-year-old wood, its concentration
was 0.86% in the transition wood and 0.72% in the heartwood. The sapwood of 13- and
22-year-old trees did not contain naphthoquinones. Naphthoquinones are also related
to the resistance of teakwood to insects and fungi [47,48]. However, Niamké et al. [47]
reported that naphthoquinones are more toxic against fungi than anthraquinones are.
Naphthoquinones and their derivatives have antimicrobial, antibacterial, fungicidal, cyto-
toxic, antiparasitic, insecticidal, and antiulcerogenic effects [47]. Therefore, even at a low
percentage, lapachol offers resistance to attacks by xylophagous organisms in teak wood,
especially in the heartwood.

The quinone group is also responsible for wood darkening [10]. The quinone contents
in the heartwood of the 13- and 22-year-old trees were similar (Table 1), which may explain
why the 22-year-old wood was not darker than the 13-year-old wood (Figure 2A).

Other extractive derivatives detected were D-limonene, which stood out in the transi-
tion zone at both ages and in the 22-year-old sapwood, and squalene, which was found in
all the treatments, with higher values in the transition zone and heartwood, especially at
22 years. These compounds were also detected in the study by Ismayati et al. [42], who
evaluated teak wood via Py-GC/MS. Squalene has not previously been identified as a
factor in natural durability [39], but it may also serve as a physical or chemical hydrophobic
barrier, contributing to the decay resistance of teak [49].

The sum of quinones and terpenes was 0% (13 years; sapwood), 8.91% (13 years;
transition zone), 11.05% (13 years; heartwood), 4.62% (22 years; sapwood), 12.68% (13 years;
transition zone), and 12.4% (13 years; heartwood). The value for sapwood was lower than
that reported in Figure 4, indicating that this region of the wood has other extractive
components, but not quinones or terpenes. As previously mentioned (Figure 4), the
extractive content was greater in the 22-year-old wood. However, the extractive content
here, given the sum of quinones and terpenes, was greater than the total extractive content
shown in Figure 4. Lourenço et al. [43] reported that extractives were detected by Py-
GC/MS, even after the samples had been previously extracted, which highlights the
difficulty of completely removing these compounds from the wood matrix.

Other compounds that stood out in the Py-GC/MS data were cyclopropyl carbinol,
which was present in more than 5% of the sapwood at both ages; ethanone, which was
found only in the transition zone and 22-year-old heartwood at concentrations higher than
5%; and oxazolidine, a nitrogenous heterocyclic compound that was present in all the
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treatments but at concentrations higher than 3% in the transition zone and heartwood of
both ages.

3.4. Durability in Contact with the Trametes versicolor Fungus

Similarly to the other parameters evaluated, there was no significant interaction effect
(p < 0.05) between age and radial position (Table 2) on the mass loss after the accelerated
deterioration test. In turn, age and radial position independently significantly affected
(p < 0.05) mass loss, which was greater for the 13-year-old wood and sapwood (Table 2).

Table 2. Mass loss (%) and images of samples from the sapwood, transition zone, and heartwood of 13-
and 22-year-old teak trees at the end of the accelerated decay test with the fungus Trametes versicolor.

Radial Position 13-Year-Old 22-Year-Old Mean per
Position

Sapwood
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Values in parentheses indicate the standard deviation, and lowercase letters in the column indicate significant
differences according to the Tukey test (p < 0.05).

Table 2 also shows that the sapwood of both the 13- and 22-year-old trees was com-
pletely covered by fungal mycelia. In the transition wood, part of the 13-year-old sapwood
was fully covered, whereas in the 22-year-old sample, some areas of wood were still visi-
ble. Heartwood was the most resistant sample at both ages, although some mycelia were
still present.

As expected, sapwood had the greatest mass loss (22.55%), classified as resistant
D2017–05 [50], since the mass loss was between 11% and 24%. Notably, in this region,
there were no quinones (Table 1). In addition, sapwood is lighter in color, with higher b*
values and lower a* values (Figure 2), and tends to have a greater water-soluble extractive
content (Figure 4). Compared with heartwood, sapwood has more primary metabolites,
including carbohydrates, lipids, amino acids, and nucleotides [51]. The storage substances
that are present in the sapwood are attractive to fungi that feed on the carbohydrates that
are present in the cytoplasm of the cells [52].

The transition wood lost on average 10.14% of its mass, whereas the heartwood, on
average, lost 1.86% of its mass. They were classified as highly resistant (mass loss between
0 and 10%) [50]. Heartwood presented the highest quinone contents (Table 1), lower
luminosity, higher a* values, and lower b* values (Figure 2), in addition to a trend toward a
greater percentage of ethanol-soluble extractives (Figure 4). According to Niamké et al. [32],
most extractives from teak heartwood, which are responsible for resistance to deterioration,
are synthesized in the transition zone, and the highest levels of extractives are observed in
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the outer heartwood. With age, the cells lose their physiological function, and there is an
increase in extractives that are deposited in heartwood cells, while the sapwood contains
unobstructed physiologically active cells that facilitate the entry of xylophagous fungi [53].

The 22-year-old wood presented a lower mean mass loss (10.30%) than the 13-year-old
wood (12.68%) did, with a difference of 2.38%. Previous studies have also shown an increase
in the natural resistance of older wood to termites [39] and fungi [12]. However, when
heartwood, the commercial part of teak wood, was analyzed exclusively, the differences
in resistance to deterioration caused by the rotting fungus Trametes versicolor were not
significant, with average losses of 2.79% (13-years-old) and 0.75% (22-years-old). This
result is significant, given the increasing use of fast-growing wood from thinning or early
harvesting, which suggests that even the heartwood of young trees exhibits high resistance
and biological activity. This resistance can likely be attributed to the chemical compounds
that are present in the wood, underscoring the potential of younger woods for various
applications [32].

The 22-year-old wood had higher a* and lower b* values (Figure 2), as well as a higher
content of alcohol-soluble extractives (Figure 4). In contrast, the quinone content in the
heartwood was similar across both ages, with slightly higher values in the 13-year-old
wood (Table 1). Notably, the mass loss in the heartwood of 22-year-old trees was more
homogeneous, as evidenced by the smaller standard deviation. In contrast, the quinone
content in the heartwood was similar across both ages, with slightly higher values in the
13-year-old wood [39].

Figure 3 shows the relationships between the mass loss and colorimetric parameters,
extractives, and quinone contents. Among the variables that are strongly correlated with
the mass loss, the colorimetric coordinates, anthraquinones, and total quinones stand out.

With the result of the correlation between lightness and mass loss, the greater the light-
ness is, the greater the susceptibility of the wood is to the fungus T. versicolor. In addition,
the mass loss was lower with the highest a* value, indicating that the red coloration in the
wood increased the natural durability. Furthermore, mass loss was strongly correlated with
the b* coordinate (r = 0.820), indicating that yellow wood (sapwood) is more susceptible
to decay. The chromatic coordinates of the CIEL*a*b* system can be used to evaluate the
natural durability of teak, and the lightness parameter is the best indicator of teak wood’s
durability [32,54]. This result contradicts the findings of Moya and Berrocal [54], who did
not observe a correlation between the b* coordinate and teak’s resistance to attacks by the
fungi T. versicolor and P. sanguineus. They concluded that the significance of the a* and b*
color parameters may depend on the fungal species, and therefore, they did not consider
these parameters to be good indicators of teak durability.

The moderately positive correlation between the content of soluble extractives in
hot water and mass loss (r = 0.677) indicates that wood with a greater amount of these
extractives is more susceptible to attacks by xylophagous fungi. This susceptibility can be
explained by the chemical composition of the extracts that are soluble in hot water, and the
presence of certain sugars and other compounds that are soluble in hot water can provide a
favorable environment for the growth of fungi, accelerating their decomposition.

On the other hand, the weak negative correlation between the content of ethanol-
soluble extractives (r = −0.349) and the content of total extractives (r = −0.232) indicates
that the extractives are associated with greater wood durability, but the determination
of the extractive content alone is not sufficient to evaluate the natural durability of teak
wood; it is necessary to identify and quantify the specific compounds that are related to its
resistance [12].

In this study, we found a stronger negative correlation between anthraquinones
(r = −0.883) and mass loss than between naphthoquinones and mass loss, represented
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by lapachol (r = −0.818). The total quinone content, the sum of the anthraquinone and
naphthoquinone contents, was strongly negatively correlated (r = −0.893) with the mass
loss. These results confirm the role of quinones in biological resistance, as demonstrated
by other studies [12,49]. Our results contradict those of Thulasidas and Bhat [55], who
reported that naphthoquinone is primarily responsible for the resistance of teak to decay
by rotting fungi.

Figure 5 shows that earlywood was attacked more often than latewood. This pattern
occurs because of the arrangement of anatomical elements along the earlywood at the
beginning of growth ring formation and the latewood at the end of growth ring formation.
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According to Lepage’s classification [22], the heartwood of both ages received a score
of 2 (index = 70), indicating an evident but moderate attack. The transition region received
a score of 3 (index = 40). Finally, the sapwood was the most damaged region, with a score
of 4 (index = 0), indicating breakage and a nearly complete loss of strength. According
to Bari et al. [56], the fungus T. versicolor is able to attack wood via a complex enzymatic
system for complete decomposition of the substrate.

Teak wood has distinct growth rings, which are mainly characterized by variations
in pore diameter, with semiporous rings [57,58]. The pores were large and visible at the
beginning of each growth ring, gradually decreasing in size and frequency [57,59–61].
Obstructions were observed in the pores [57,62], with notable accumulation of translu-
cent, light-yellow substances in the heartwood region. These obstructions progressively
diminished toward the sapwood. The pores were primarily solitary, with occasional twin-
ning and no defined arrangement [57,62]. The teak also exhibited radial parenchyma in
cross-sections, with axial parenchyma that were arranged in marginal bands [59–61] and
vasicentric paratracheal parenchyma [57].

Thus, the greater fungal attack in the earlywood region can be attributed to its
greater permeability, resulting from the larger vessel diameters and marginal bands of
parenchyma, which create a favorable environment for fungal growth and decomposition.
As the fiber wall thickness increases in latewood, the proliferation of xylophagous fungi
decreases [56,63]. The delignification and simultaneous degradation of lignin and cellulose
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result in significant damage to the wood structure [56]. Logically, the attack on the heart-
wood is less intense due to the obstruction of the pores and higher concentration of toxic
extractives.

The proportion of heartwood and the age of teak wood significantly enhance its natural
durability. This is attributed to the deposition of secondary compounds, such as phenolic
extractives, which are toxic to wood-degrading agents. These compounds contribute to
alterations in the color of the wood and an increase in its biological resistance [14,62,64].

Age influences the proportion of heartwood in teak, with older trees exhibiting a higher
heartwood proportion [12]. Additionally, the wood undergoes color changes, becoming
darker and more saturated, with yellow hues predominating over red [12]. The chemical
composition and proportion of compounds within the wood are also affected by age,
increasing progressively over time [12].

Another factor influenced by age is the radial variation of teak wood, particularly its
color, which tends to reflect the chemical composition of different regions [28]. Furthermore,
the synergistic effects of various extractive compounds significantly contribute to the
natural durability of teak [64].

The heartwood region exhibits a higher deposition of extractives due to processes
such as heartwood formation, cambial maturation, programmed cell death, and the filling
of vessels with secondary compounds [65]. In contrast, the sapwood, which constitutes the
physiologically active portion of the wood, has lower biological resistance and a lighter
coloration [65]. The anatomy of teak wood is influenced by radial variation, with larger
vessels generally being observed in the sapwood region, gradually decreasing in size
towards the pith [66]. Additionally, the proportion of ray parenchyma cells increases from
the pith towards the outer region [66], contributing to radial variations in the wood. These
structural differences directly affect the proportion and distribution of compounds, which
in turn influence the utility and commercialization of teak wood [12,64].

4. Conclusions
Tree age and radial variation significantly influenced the colorimetric parameters of

teak wood.
The 22-year-old samples exhibited higher total extractive and ethanol contents

compared to the younger wood, while the radial position did not significantly affect
these contents.

The Py-GC/MS analysis identified 119 compounds, with acetic acid being the most
abundant across all treatments. Anthraquinones (hydroxy-4-methylanthraquinone, 1-
formylanthraquinone, 2-(hydroxymethyl) anthraquinone, and 9,10-anthraquinone) and
naphthoquinone (lapachol) were primarily concentrated in the heartwood and transition
wood of both the 13- and 22-year-old trees, with higher levels in the heartwood.

In the accelerated deterioration assay, a greater mass loss was observed in the 13-year-
old wood and sapwood, indicating lower resistance. In contrast, the heartwood of both age
groups demonstrated high resistance to fungal decay.

Higher a* values and lower L* and b* values were associated with lower mass loss
and greater resistance to degradation, indicating that the colorimetric variables of the
CIEL*a*b* system can serve as a practical, non-destructive tool for assessing the biological
resistance of teak wood. This approach could be particularly valuable for the timber
industry, where rapid evaluations of wood durability are essential for quality control and
product development.

While total extractive content alone is not sufficient to predict biological resistance,
the strong negative correlation between the quinone content and mass loss underscores
the critical role of these compounds in enhancing durability. These findings highlight the
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importance of integrating chemical analyses, such as the quantification of quinones, into
strategies for selecting and processing teak wood for applications requiring high resistance
to biological degradation.

Teak heartwood from fast-growing plantations, both final harvesting (22-year-old)
and thinning (13-year-old), is recommended for uses demanding high biological resis-
tance. Even wood from younger plantations meets durability requirements, supporting
sustainable forestry practices by optimizing plantation resources.
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comparison with mass spectra from Adams and NIST reference libraries, and (d) percentage similarity;
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constituents identified in 13-year-old transition zone using Py-GC/MS: (a) retention time, (b) relative
percentage of constituents, (c) identification based on comparison with mass spectra from Adams
and NIST reference libraries, and (d) percentage similarity; Figure S3: Chromatogram of heartwood
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on comparison with mass spectra from Adams and NIST reference libraries, and (d) percentage
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constituents identified in 22-year-old sapwood using Py-GC/MS: (a) retention time, (b) relative
percentage of constituents, (c) identification based on comparison with mass spectra from Adams and
NIST reference libraries, and (d) percentage similarity; Figure S5: Chromatogram of transition zone
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zone using Py-GC/MS: (a) retention time, (b) relative percentage of constituents, (c) identification
based on comparison with mass spectra from Adams and NIST reference libraries, and (d) percentage
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