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The commercial value of teak wood is associated with its heartwood, 
which has a naturally darker color than sapwood. To reduce this color 
disparity, thermal modification can be used to homogenize the color 
between sapwood and heartwood by minimizing color differences. This 
research aimed to assess the effectiveness of thermal modification in 
making the color of teak sapwood similar to that of heartwood. Thermal 
modification was carried out at 160, 180, 200, and 220 °C for 150 min. 
Thermal modification of teak sapwood at 180 °C ensured greater color 
similarity to the heartwood of a fast-growing 16-year-old plantation. The 
material darkened with increasing process temperature. There was a 
change in the content of soluble substances, and hot water extraction had 
greater correlations with hue angle, lightness, and yellowness. Thermal 
modification also reduced the number of hydroxyl groups and improved 
the wood’s thermal stability. 
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INTRODUCTION 
 

Teak wood is valued on the international market because of its golden-brown color, 

high dimensional stability, and ease of drying and machining. Additionally, the high natural 

durability of heartwood is due to the presence of tectoquinone and lapachol extractives 

(Brocco et al. 2017; Silva et al. 2023). Natural teak forests, especially high-quality old-

growth stands, are in decline. The production of teak logs from natural forests is also 

decreasing because of overexploitation, deforestation, land-use conversion, and the 

growing demand for forest environmental services (Kollert and Kleine 2017). However, 

because of their valuable wood properties and adaptability, teak plantations have been 

established in more than 70 countries, especially in tropical regions with fast-growing 

plantations (Ramasamy et al. 2021). 

However, the teak wood from these plantations is lighter than that from natural 

forests (Moya and Tenorio 2021). The same authors state that young teak wood from 

plantations is classified in the general market of tropical wood as “white color”, and there 
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is also wide color variation. Color is a key feature that influences the commercialization of 

teak wood, which should be considered when producing wood in fast-growing plantations. 

Thinnings in teak plantations are essential for obtaining wood with greater 

volumetric increases by reducing the competition between trees. Additionally, it provides 

an income alternative for producers in the early years (Chagas et al. 2014). However, teak 

wood at young ages, especially from thinnings, represents a challenge for the producers 

because of the consumer market demand for quality (Silva et al. 2023). 

Studies indicate that wood from intermediate thinnings has satisfactory physical 

and mechanical properties and is suitable for furniture production and light civil 

construction (Albuês et al. 2024; Souza et al. 2024). The logs resulting from the first 

thinning or the upper section of the trees, characterized by smaller diameters and a greater 

proportion of sapwood, have lower commercial value. For this reason, these materials are 

generally used in domestic markets, where color and other wood properties are less valued 

(Moya and Tenorio 2021). The percentage of sapwood ranges from 30 to 70%, decreasing 

with age (Berrocal et al. 2020; Curvo et al. 2024). This devaluation is related to the low 

natural durability, lighter heartwood color, and greater color heterogeneity, which affect 

both in-service performance and aesthetics, reducing the possibility of its use (Garcia et al. 

2014; Gašparík et al. 2019). The sapwood color of Tectona grandis is generally yellow or 

light gray (Sreekumar and Sanil 2021). Additionally, teak sapwood has a greater tendency 

to be attacked by biological agents than heartwood, which can be explained by its lower 

extractive content, which is essential for wood durability (Niamké et al. 2021). Because of 

these characteristics, it is necessary to apply technologies to add value to juvenile wood 

from thinnings (Chagas et al. 2014).  

Thermal modification is a viable option because it ensures color uniformity in 

juvenile teak wood, providing technological and economic benefits (Lopes et al. 2014a; 

Méndez-Mejías and Moya 2016; Lengowski et al. 2020). This process involves changing 

the chemical composition of the cell wall by exposing the wood to high temperatures, 

usually between 140 and 220 °C, resulting in changes in the physical and mechanical 

properties, especially in the colorimetric parameters, making the wood darker (Candelier 

et al. 2016; Jones and Sandberg 2020). 

The darkening of thermally modified wood can be controlled to achieve new color 

patterns, depending on the schedule and type of process, where time and temperature are 

key factors (Lopes et al. 2014b). In addition, thermally modified sapwood can attain a color 

similar to that of heartwood, reducing heterogeneity within batches of juvenile teak wood 

and increasing commercial viability (Sousa and Castro 2021). Another advantage of 

thermal modification is the increased resistance of wood, mainly against rot fungi, because 

of the change in the chemical composition of wood and the reduction in hygroscopicity, 

which disfavors the development of these microorganisms (Moya et al. 2017; Batista 

2019). This advantage is especially important in woods having a high percentage of 

sapwood, which have low natural durability, such as juvenile teak wood from thinnings. 

Additionally, thermal modification is an eco-friendly process worthy of further 

study since wood species respond differently to it (Pratiwi et al. 2019; Mendoza et al. 

2020). Thus, this research aimed to evaluate thermal modification for enhancing the value 

of teak sapwood by changing its color to achieve colorimetric characteristics similar to 

those of heartwood. In addition, the study aimed to evaluate the chemical changes in 

thermally modified wood by analyzing soluble substances in different solvents and using 

Fourier transform infrared (FTIR) and thermogravimetric (TG) techniques. 
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EXPERIMENTAL 
 

Materials 
The material for this study was from thinned trees of a 16-year-old commercial 

plantation of Tectona grandis L.f. (teak) located in the municipality of Nova Maringá, 

Mato Grosso, Brazil. After commercial heartwood lumber was produced, the remaining, 

predominantly sapwood, was used to make battens measuring 25 × 50 × 370 mm³ (radial 

× tangential × longitudinal). Sixty battens with at least 80% sapwood were selected, and 

they were equally divided into five groups, represented by untreated wood (control) and 

four target temperatures of thermal modification. Twelve additional battens made entirely 

of heartwood from the same logs were sampled and used as color reference (not thermally 

modified). 

 
Thermal Modification 

Initially, the sapwood samples were air-dried and then placed in a climate-

controlled room (20 ± 3 °C and 65 ± 2% relative humidity) until they reached the 

equilibrium moisture content (ca. 12%). Their tops were sealed with a high-temperature-

resistant silicone-based adhesive (ThreeBond, 12B-12). 

The thermal modification of teak sapwood was carried out according to the 

schedule proposed by Severo and Calonego (2009), which includes the adopted target 

temperatures. First, the samples were dried at 100 ± 5 °C in an oven with forced air 

circulation until a constant mass was reached. Immediately, the samples were transferred 

to a Linn Elektro Therm oven, model KK260, equipped with a sidewall electrical resistance 

heating system.  

The thermal modification was performed at atmospheric pressure (open system) 

and followed a three-step schedule controlled by the equipment’s programmable time and 

temperature controller: i) initial heating from 100 °C to the target temperature (160, 180, 

200, or 220 °C) at a rate of 4.23 °C per minute; ii) maintenance of the target temperature 

for 150 min; and iii) shutting down the equipment, allowing the samples to cool naturally 

to 25 °C (room temperature). The temperatures cited above were defined on the basis of 

the methodology of Severo and Calonego (2009) and because thermal modification 

processing occurs for treatments between 160 °C and 240 °C (Militz and Altgen 2014). 

Additionally, at the industrial scale, thermal modification is typically conducted at 

temperatures between 180 °C and 220 °C (Brischke 2019). 

The mass loss (mean ± standard deviation) for each target temperature was as 

follows: 5.87 ± 0.72 (160 °C), 7.01 ± 0.74 (180 °C), 10.55 ± 0.70 (200 °C), and 16.22 ± 

1.53 (220 °C). 

 

Colorimetric Analyses 
A portable colorimeter (Konica Minolta, model CR-410) was used to determine the 

colorimetric parameters of the CIE L*a*b* color space. The sensor had a 5-mm aperture, 

and the illuminant was D65, which included a xenon lamp, a 10° supplementary standard 

observer, and an illumination area of 50 mm diameter. 

The lightness (L*), redness (a*), and yellowness (b*) were measured at three 

different measurement points on the tangential surface of each sample. The thermally 

modified samples were evaluated before (Untreated) and after thermal modification. To 

ensure consistent measurement locations, a 50 × 370 mm2 template with three equidistant 

50 mm diameter holes was used (Fig. 1). 
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Fig. 1. Use of a template for the acquisition of colorimetric parameters 
 

Chroma (C*) and the hue angle (h°) were calculated via Eqs. 1 and 2: 

𝐶∗ = [(𝑎 ∗)2 + (𝑏 ∗)2]0.5        (1) 

h°= arctang (b*/a*)         (2) 

where C* is the chroma; h° is the hue angle; a* is redness; and b* is yellowness. 

The colorimetric parameters variations between the heartwood (reference) and 

thermally modified sapwood were calculated according to Eqs. 3 to 8, as specified in the 

standard ASTM D2244-23 (2023). 

ΔL* = L*1 - L*0
         (3) 

Δa* = a*1 - a*0
         (4) 

Δb* = b*1 - b*0
         (5) 

ΔC* = C*1 - C*0
         (6) 

ΔH* = s [2 (C*1 C*0 - a*1 a*0 - b*1 b*0)] 0.5       (7) 

ΔE= √(ΔL*)2 +(Δa*)2 +(Δb*)2        (8) 

where ΔL* is the lightness difference; Δa* is the redness difference; Δb* is the yellowness 

difference; ΔC* is the chroma difference; ΔH* is the metric hue difference; ΔE is the total 

color difference; L*0, a*0, b*0, and C*0 are the colorimetric parameters of heartwood; L*1, 

a*1, b*1, and C*1 are the colorimetric parameters of thermally modified wood; and s is the 

constant, where s = 1 if a*0 b*1 > a*1 b*0 or s = -1 if a*0 b*1 < a*1 b*0. 

 

Solubility, Near-infrared Spectroscopy by Fourier Transform (FTIR), and 
Thermogravimetric (TG) Analysis 

For the untreated and thermally modified sapwood, six samples were randomly 

selected from each treatment. These samples were halved in length, and one part was used 

to assess solubility, FTIR, and TG analysis. The samples were ground in a Wiley-type knife 

mill (Marconi, model MA304) and sifted through 40- and 60-mesh sieves. 

The soluble wood substances were quantified in triplicate per treatment following 

ASTM standards D1110-84 (2013) and D1107-96 (2013) for hot water and organic 

solvents (ethanol, acetone, and ethanol/toluene – 2:1, v:v) solubility, respectively. 

FTIR analyses were performed using a Shimadzu IRAffinity-1 spectrophotometer. 

The infrared spectrum was obtained via the attenuated total reflectance (ATR) method with 
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an AC-2098 accessory. Spectrum acquisition was carried out with IRSolution software 

(Version: 1.50). The samples were scanned over the spectral range of 550 to 4000 cm⁻¹, 

with 50 scans and a resolution of 4 cm⁻¹. Transmittance measurements, Happ-Genzel 

apodization, and a gain setting of 1 were used. 

For thermogravimetric analysis, the Shimadzu DTG-60H and SDT Q-600 thermal 

analyzers (TA Instruments) was used. The analyses were carried out under dry atmospheric 

air, with a constant flow rate of 100 mL·min⁻¹, using approximately 8 mg of sample in an 

open alumina capsule, from room temperature to a maximum temperature of 600 °C, with 

a heating rate of 20 °C min⁻¹. Thermogravimetric (TG) curves were obtained to evaluate 

mass loss (%) as a function of temperature. 

 
Statistical Analyses 

The experiment was carried out in a completely randomized design with five 

treatments (untreated and four thermally modified temperatures). Statistical analyses were 

performed using the R software (R Core Team 2021, R Foundation for Statistical 

Computing, version 4.4.1; Vienna, Austria). 

The data were analyzed via analysis of variance (ANOVA), followed by Tukey’s 

test if significant (p < 0.05). To compare the colorimetric parameters of the treatments with 

those of heartwood (reference), Dunnett’s test was employed (p < 0.05). The colorimetric 

parameters differences (ΔL*, Δa*, Δb*, ΔC*, Δh*, and ΔE) were assessed via linear 

regression models. When applicable, the critical temperature values were determined by 

setting the first derivative of the function to zero. 

Pearson’s correlation was calculated between colorimetric parameters and 

solubilities measured in different solvents, with significance tested via t tests (p < 0.05). 
 
 

RESULTS AND DISCUSSION 
 

Colorimetric Analyses 
For lightness (L*), there was no significant difference between untreated wood and 

thermally modified sapwood (TMW) at 160 °C, indicating that the wood retained its light 

appearance similar to that of sapwood (Table 1). However, there was gradual darkening 

with further increasing temperature.  

 

Table 1. Colorimetric Parameters of Untreated and Thermally Modified Teak 
Sapwood Compared to Heartwood (Reference) 

 Treatment  L*  a*  b*  C*  h° 

 Untreated 72.4(3.5) a* 1.5(1.4)e* 20.1(1.5) a 20.2(1.3)a* 85.5(4.4)a* 

160 °C 71.7(0.9)a* 3.6(0.5)c* 19.3(0.8) a 19.7(0.9) a* 79.4(3.1) b* 

180 °C 63.6(3.7) b* 6.0(0.6)b* 20.6(2.9)a 21.5(2.8)a 73.7(3.1)c* 

200 °C 49.2(3.6)c* 7.1(0.5)a* 13.9(0.5)b* 15.6(0.5) b* 62.3(1.5) d* 

220 °C 38.9(1.9)d* 2.7(0.5)d* 3.3(1.1)c* 4.3(1.1)c* 50.8(1.2)e* 

 Heartwood 58.8(2.7) 8.0(0.6) 20.5(1.4) 22.0(1.3) 68.6(1.7) 

L*: lightness; a*: redness; b*: yellowness; C*: chroma; h°: hue angle; Standard deviations are in 
parentheses. Means followed by the same letter in the same column do not differ according to the 
Tukey test (p < 0.05). An asterisk (*) indicates a significant difference from the heartwood 
according to Dunnett's test (p < 0.05). 
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The L* of TMW at 180 °C (63.6) was the closest to that of the heartwood (58.8). 

This finding aligns with the results reported by Cuccui et al. (2017), who thermally 

modified teak sapwood under vacuum conditions at 180 °C (3 h and 5 h) and 190 °C (3 h), 

achieving L* values close to 40 for all three processes, whereas heartwood was 52. 

There was a significant difference in redness (a*) among all the treatments (Table 

1). All means, including those of the heartwood, were between 0 (achromatic) and 10, 

corresponding to the lower end of the positive scale indicating the presence of red pigment. 

The value of a* increased up to 200 °C and then decreased at 220 °C. In absolute terms, 

the a* of TMW at 200 °C (7.1) was closer to that of heartwood (8.0); however, there was 

a significant difference according to Dunnett's test (p < 0.05). 

The yellowness (b*) and chroma (C*) of untreated wood, TMW at 160 °C, and 

TMW at 180 °C did not significantly differ. However, treatments at 200 and 220 °C 

resulted in lower levels of b* and reduced C*. This decrease suggests thermal degradation 

of the chemical components responsible for wood color. Previous studies have identified 

the quinone group as a major contributor to the color of teak wood (Qiu et al. 2019; Silva 

et al. 2023), which could explain the observed changes in chromatic characteristics with 

thermal modification. 

All the treatments presented C* values lower than 30, indicating a greater presence 

of gray color. C* is correlated with b*, as it has relatively higher values than a*. Compared 

with the heartwood samples, the untreated wood and TMW at 160 and 180 °C presented 

similar b* values, with a minimal 0.1% difference observed at 180 °C. The C* of the TMW 

at 180 °C was 0.5% greater than that of the heartwood. 

There was a significant difference in the hue angle (h°) among all the treatments. 

As the temperature increased, h° decreased, which was influenced by changes in the a* 

and b* coordinates. A significant difference of 5% in h° was observed between TMW and 

heartwood at 180 °C, the smallest difference found. 

The results obtained in this study corroborate the observations of previous studies, 

such as Lengowski et al. (2020), who reported significant reductions in the parameters L*, 

b*, C*, and h° after the thermal modification of teak wood at 160 °C for 45 min. Similarly, 

Menezes (2017) reported the darkening of teak wood (lower L*), a greater presence of red 

(a*) and yellow (b*) pigments, and a reduction in the C* and h° parameters after thermal 

modification at 160 °C for 1 h. Méndez-Mejías and Moya (2016) reported that color 

changes were most pronounced in L*, followed by a*, whereas b* showed minor changes. 

 
Fig. 2. Untreated and thermally modified teak sapwood at different temperatures were compared 
with heartwood (reference) 
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In addition to the results presented in Table 1, in Fig. 2 it is possible to see pictures 

of the five treatments and the heartwood (reference). Untreated wood and TMW at 160 °C 

were similar and lighter than heartwood; on the other hand, TMW at 200 °C was darker 

than heartwood. This is likely that the thermal modification at 160 °C was too mild to cause 

significant changes, not only in color, but also in other wood properties, due to its low mass 

loss (5.87%). TMW at 180 and 200 °C visually resembled heartwood from the 16-year-old 

thinned plantation. 

 

  

  

  
 

Fig. 3. Color difference between heartwood (reference) and thermally modified teak sapwood at 
different temperatures: (a) ∆L* = lightness difference; (b) ∆a* = redness difference; (c) Δb* = 
yellowness difference; (d) ∆C* = chroma difference; (e) ∆H* = metric hue difference; and (f) ∆E = 
total color difference. 
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In Fig. 3, “0” in all the graphs represents heartwood (reference). The ΔL* exhibited 

a negative linear relationship with increasing temperature (Fig. 3a). According to the 

regression analysis, TMW achieved the same L* as heartwood at 184.8 °C. Under the 

experimental conditions, the TMW at 180 °C was the one that most closely matched the 

reference value for L* (Table 1). According to Cuccui et al. (2017), L* is the most 

significant colorimetric parameter affected by thermal modification. 

The Δa* (Fig. 3b) showed a parabolic trend with negative values, indicating a 

reduction in red character. The temperature at which Δa* approached zero was estimated 

to be 188.5 °C. There was also a reduction in yellow coloration (Δb*) (Fig. 3c) and chroma 

(ΔC*) (Fig. 3d), which approached zero at temperatures of 171.3 °C and 174.6 °C, 

respectively. 

The ΔH* (Fig. 3e) exhibited a cubic model trend. The ideal temperature for 

sapwood to achieve h°, similar to that of heartwood, was estimated to be 190.5 °C. These 

findings confirm that the thermal modification of teak sapwood can homogenize the color 

of sapwood and heartwood. 

The ΔE (Fig. 3f) corroborated the results obtained from individual colorimetric 

parameters. TMW at 180 °C presented the smallest color variation compared with that of 

heartwood, approaching the 0 axis, which represents the color of heartwood. The ΔE was 

smaller than that reported by Gašparík et al. (2019), who achieved ΔE = 27.0 at 210 °C for 

3 h during the thermal modification of teak wood, and that reported by Lengowski et al. 

(2020), who reported ΔE = 24.1 at 160 °C for 45 min. 

Regarding the homogeneity between the sapwood and heartwood samples, the 

results align with those of Lopes et al. (2014a), who reported that temperatures of 180 and 

200 °C for 2.5 h reduced the visual difference between heartwood and sapwood. According 

to Fig. 3f, the wood exhibited darker tones at 200 °C, whereas at 180 °C, homogenization 

occurred more gently, resulting in lighter tones. Similarly, Cuccui et al. (2017) noted that 

thermal modification minimized the color disparity between teak sapwood and heartwood. 

Buchelt and Wagenführ (2011) reported that ΔE > 5 indicates a perceptibly 

different color. The TMW at 180 °C had the lowest mean (ΔE = 7.9). However, in some 

samples, the variation was less than 2, which, according to the authors, is considered a 

common and accepted color variation. Further studies should be carried out at temperatures 

ranging from 180 to 200 °C to explore different durations and heating rates. Additionally, 

teak heartwood from older plantations and natural forests should be tested as reference 

materials. 

Thus, thermal modification was effective in the homogenization of teak sapwood, 

potentially increasing its value, since some markets prefer darker and more homogeneous 

wood. Teak wood from natural forests is darker and more resistant to biodeterioration 

(Moya and Berrocal 2010; Niamké et al. 2021). Some studies have also shown that 

thermally modified short-rotation teak wood can be more resistant to subterranean termites 

(Brito et al. 2022) and exhibit increased decay resistance against white rot fungi (Martha 

et al. 2023). 

 
Solubility, FTIR, and TG analysis 

Changes in colorimetric parameters occur due to the degradation of extractives, the 

formation of oxidative products, and the degradation of hemicelluloses (Lopes et al. 2014a; 

Menezes 2017; Lengowski et al. 2020). The solubility was significantly affected by the 

thermal modification temperature (Table 2). 
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Table 2. Soluble Substances in Untreated and Thermally Modified Teak 
Sapwood in Different Solvents 

 Treatment  Hot Water (%) 
 Ethanol:Toluene 

(%) 
 Ethanol (%)  Acetone (%) 

Untreated 11.4 (0.07) a 9.6(0.2) b 9.5(0.2) b 8.2(0.08) b 

160 °C 11.2(0.22) a 11.2(0.2) a 10.7(0.2) a 9.2(0.2) a 

180 °C 10.0(0.9) b 8.6(0.8) c 9.4(0.5) b 7.7(0.2) b 

200 °C 9.7(0.3) b 9.5(0.4) c 8.5(0.1) c 8.0(0.3) b 

220 °C 7.7(0.2) c 10.5(0.1) b 8.9(0.3) c 9.0(0.4) a 

The standard deviations are in parentheses. Means followed by the same letter in the same 
column do not differ according to the Tukey test (p < 0.05). 

 

In general, the content of soluble substances in hot water decreased with increasing 

thermal modification temperature. This is attributed to the continual volatilization of low-

molecular-weight soluble substances due to heat exposure during the process. 

Another pattern was verified in ethanol:toluene and acetone, where the soluble 

substances increased from untreated to TMW at 160 °C, decreased from it until 180 °C, 

followed by another increase from 180 °C until 220 °C. A third pattern was observed in 

ethanol, which was slightly different from the previous pattern, where after the first 

increase at 160 °C, the soluble substances decreased until 200 °C, followed by an increase 

from 200 °C to 220 °C. 

These patterns are related to the balance of volatilized substances and the formation 

of new compounds resulting from the degradation of structural components (Juízo et al. 

2018; Lengowski et al. 2020). Mass loss is a critical parameter for assessing thermal 

modification quality and serves as an indicator of the effectiveness of the process employed 

(Candelier et al. 2016). The higher the thermal modification temperature was, the greater 

the mass loss, where a continual increase was observed from 160 °C (5.87%) to 220 °C 

(16.22%). 

With respect to TMW, in general, the highest levels of soluble substances in all the 

solvents were detected at 160 °C, even with the lowest mass loss. This is attributed to the 

combination of two factors: the accumulation of soluble degradation products, mainly from 

extractives and hemicelluloses (Brito et al. 2008; Mohareb et al. 2012; Juízo et al. 2018), 

and the lowest temperature of thermal modification, with a lower capacity to volatilize 

these degradation products. At higher temperatures (180, 200, and 220 °C), both capacities 

(production and volatilization) were potentialized, leading to different results according to 

the nature of the extractable substances, which is dependent on the solubilities of the 

different solvents. Terpenes, aldehydes, fatty acids, and alcohols are among the volatilized 

organic compounds derived from thermal degradation (Xu et al. 2019). 

Among the solvents used, hot water and the ethanol:toluene mixture removed the 

highest amounts of substances (total means of 10.0 and 9.9%, respectively), whereas 

ethanol and acetone had the lowest abilities to solubilize wood components (9.4 and 8.4%, 

respectively). As previously discussed, the soluble substances in TMW may vary from 

those in untreated wood, either increasing or decreasing, depending on the specific process 

and variables such as time and temperature. These factors influence chemical reactions 

during thermal modification, leading to the formation of different types of substances 

(Gomes et al. 2023). 

 Hot water can remove tannins, gums, sugars, starch, and dyes (ABNT 14570 

2017), which explains the greater solubility of this solvent. Qiu et al. (2019) verified the 

presence of water-soluble compounds, such as tannins, carbohydrates, alkaloids, and 
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cyclitol, in teak wood. Extraction in ethanol/toluene removes waxes, fats, resins, gums, and 

some water-soluble substances (ABNT 14660 2004). Acetone extracts compounds such as 

fatty acids and resins, sterols, waxes, and nonvolatile hydrocarbons, whereas pure ethanol 

extracts waxes, fats, and some resins (ABNT 2010). 

Compared with other solvents, hot water-soluble substances had a significant 

influence (Table 3), indicating a greater effect on colorimetric parameters. Although the 

∆E was not significant for any of the solvents, acetone and ethanol:toluene were positively 

correlated, whereas hot water was negatively correlated. 

 

Table 3. Correlation between the Colorimetric Parameters and Soluble 
Substances in Different Solvents in Untreated and Thermally Modified Teak 
Sapwood 

 Parameters L* a* b* C* h° ∆𝑬 

 Ethanol 0.7ns -0.4ns 0.5ns 0.5ns 0.7ns -0.2ns 

 Acetone -0.1ns -0.5ns -0.4ns -0.4ns -0.2ns 0.6ns 

 Ethanol/toluene -0.03ns -0.5ns -0.3ns -0.4ns -0.1ns 0.6ns 

 Hot water 0.9* -0.1ns 0.9* 0.9* 1.0* -0.8ns 

L*: Lightness; a*: redness; b*: yellowness; C*: chroma; h°: hue angle; ∆E: total color difference; 
*: significant (p < 0.05) 

 

Compared with other solvents, the pronounced effect of hot water-soluble 

substances on colorimetric parameters is crucial for ensuring the quality of TMW. Because 

colorimetric analyses are quicker and nondestructive, they could reduce costs and delays 

in laboratory analyses, making them useful for estimating properties during TMW 

production. 

Figure 4a presents the variation in the FTIR spectrum between the untreated 

sapwood and TMW. There were no consistent changes in the TMW spectra, possibly 

because several reactions occurred at the same time. Overall, there seems to have been a 

decrease in the intensity of the hydroxyl band at approximately 3350 cm-1 (A), especially 

at 220 °C. The bands at approximately 2800 to 2950 cm-1 were the result of overlapping 

asymmetric stretching at 2930 cm-1 (B) and symmetric vibrations at 2850 cm-1 (C) from 

CH2 and CH3. Typically, the asymmetric band presents a higher absorptivity, which was 

only true for TMW at 160 and 200 °C, where the peaks were sharper, with maxima at 

approximately 2850 and 2915 cm-1. Overall, there seems to have been a decrease in the 

peak at 1650 cm⁻¹, which was attributable mainly to conjugated C=O bonds. However, 

there was an increase at higher wavenumbers, resulting in no clear difference between the 

1650 cm-1 band (E) and the 1730 cm-1 band (D) at 220 °C, the latter corresponding mainly 

to nonconjugated C=O bonds. This suggests that the chemical environment around these 

functional groups differed from that of the untreated material. There seems to have been a 

decrease followed by an increase in the peak at 1510 cm-1 (F), which was associated with 

benzene ring stretching vibrations. The 1230 cm-1 (G) peak decreased with increasing 

treatment temperature, which is associated with the stretching vibrations of the C–O bonds 

of lignin and xylans. Although there was an apparent decrease in the 1030 cm-1 (H) peak, 

this decrease might be due to the 3350 cm-1 (A) band, which proportionally decreases the 

remaining peaks. The characteristic IR bands of wood and their assignments are based on 

Esteves et al. (2013) and Csanády et al. (2015). 
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Fig. 4. a) Spectra in the near-infrared region by Fourier transform infrared spectroscopy (FTIR) of 
untreated and thermally modified teak sapwood: A – 3350 cm-1; B – 2930 cm-1; C – 2850 cm-1; D 
– 1730 cm-1; E – 1650 cm-1; F – 1510 cm-1; G – 1230 cm-1; H – 1030 cm-1; b) Thermogravimetric 
(TG) curves of untreated and thermally modified teak sapwood 
 

Figure 4b presents the thermogravimetric (TG) curves of the untreated and TMW 

samples. The mass loss up to 100 °C was similar for untreated and TMW at all 

temperatures, with a reduction of approximately 5%. The mass loss was minimal between 

100 and 200 °C, at approximately 0.5% for all the treatments. 

In the 200 °C to 300 °C range, the reduction was approximately 12%, except for 

TMW at 180 °C, which was 8%. Between 300 and 400 °C, while untreated and TMW at 

160 and 180 °C had mass losses close to 60%, TMW at 200 and 220 °C had lower values, 

approximately 50%. It was also observed that in this temperature range, for TMW at 200 

°C, the loss was more pronounced between 300 and 350 °C, as shown in Fig. 4b. The first 

stage of thermal degradation by combustion occurred between temperatures of 

approximately 270 and 350 °C for all the treatments. This process involves the 

depolymerization of hemicelluloses, which are more liable because of their lower 

molecular weight, followed by the degradation of cellulose (Moon et al. 2013). The lower 

mass loss in the TG analysis for TMW at 200 and 220 °C can be attributed to the prior 

degradation of hemicelluloses and amorphous cellulose caused by thermal modification, 

expressed by the mass loss caused by the process (10.6 and 16.2%, respectively). The 

hydrolysis of hemicelluloses and cellulose led to a reduction in the number of sorption sites 

for water molecules, which is consistent with the FTIR analysis (Fig. 4a). 

Between 400 and 500 °C, the mass loss was lower for TMW at 200 and 220 °C, 

approximately 19%, than for the untreated samples and TMW at 160 °C, which accounted 

for a mean of 24%. In this TG temperature range, TMW at 180 °C had the greatest mass 

loss, reaching 32%. This TG temperature range corresponds to the second stage of 

combustion, which is characterized by the thermal decomposition of lignin and the fixed 

carbon synthesized in the first stage (Moon et al. 2013). Lignin degrades more slowly than 

other components do, decomposing over a temperature range of 150 to 900 °C, highlighting 

its stability and heat resistance (López-González et al. 2013; Pereira et al. 2013). The lower 

thermal degradation observed for TMW at 200 and 220 °C in this TG temperature range 

indicates the greater thermal stability of thermally modified wood at higher temperatures. 

Additionally, the residual mass was 0.5% for untreated and TMW at 160 and 180 °C, and 

13% for TMW at 200 and 220 °C. 

(a) (b)
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CONCLUSIONS 
 

1. Thermal modification of teak sapwood at 180 °C ensured greater color similarity to the 

heartwood of a fast-growing 16-year-old plantation. The ideal temperature for 

homogenizing the color of sapwood with that of heartwood, based on the process 

variables of this study, ranged from 171.3 to 190.5 °C, depending on the colorimetric 

parameters considered. 

2. Increasing the thermal modification temperature gradually caused the teak sapwood to 

darken and reduced the yellowness, chroma, and hue angle. Compared with untreated 

wood, TMW at 160 °C did not significantly change wood color, whereas the most 

substantial variations occurred at 220 °C. 

3. The highest content of soluble substances was detected at 160 °C. Hot water-soluble 

substances significantly influenced lightness, yellowness, chroma, and hue angle. 

4. Thermal modification altered the chemical structure of the wood, leading to a reduction 

in the number of hydroxyl groups and an increase in the thermal stability of the wood. 

5. Thermal modification is a viable process for achieving color homogenization between 

teak sapwood and heartwood. This process can add value to a low-cost material in a 

reduced amount of time, and it is also eco-friendly. 

 
 
ACKNOWLEDGMENTS 
 

The authors are grateful for the financial support provided by the Coordination for 

the Improvement of Higher Education Personnel (Capes), the National Council for 

Scientific and Technological Development (CNPq), Wood Technology Lab/Federal 

University of Mato Grosso, and Guavirá (Apasa Industrial e Agroflorestal Ltda). To the 

Federal University of Mato Grosso for the payment of the publication fee (Call 

02/PROPeq/2024). 

 

 
REFERENCES CITED 
 
ABNT NBR 14570 (2017). “Cellulosic pulp and wood — Determination of soluble 

material in water,” ABNT, Rio de Janeiro, RJ, Brazil. (in Portuguese). 

ABNT NBR 14660 (2004). “Wood - Sampling and preparation for testing,” ABNT, Rio 

de Janeiro, RJ, Brazil. (in Portuguese). 

ABNT NBR 14853 (2010). “Wood – Determination of soluble matter in ethanol-toluene, 

in dichloromethane and in acetone,” ABNT, Rio de Janeiro, RJ, Brazil. (in 

Portuguese). 

Albuês, T. A. S., Pereira, B. L. C., Carvalho, A. G., Môra, R., and Oliveira, A. C. (2024). 

“Quality of Tectona grandis for sawn wood production,” Maderas. Ciencia y 

Tecnologia 26, 1-16. DOI: 10.22320/s0718221x/2024.06 

ASTM D1107-96 (2013). “Standard test method for ethanol-toluene solubility of wood,” 

ASTM International, West Conshohocken, PA, USA. 

ASTM D1110-84 (2013). “Standard test methods for water solubility of wood,” ASTM 

International, West Conshohocken, PA, USA. 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 
 

 

 Cruz et al. (2024). “Thermally modified teak sapwood,” BioResources 19(4), 9085-9100. 9097 

ASTM D2244-21 (2022). “Standard practice for calculation of color tolerances and color 

differences from instrumentally measured color coordinates,” ASTM International, 

West Conshohocken, PA, USA. 

Batista, D. C. (2019). “Thermal treatment, heat treatment or thermal modification?,” 

Ciência Florestal 29(1), 463-480. DOI: 10.5902/1980509822577 (in Portuguese) 

Berrocal, A., Gaitan-Alvarez, J., Moya, R., Fernández-Sólis, D., and Ortiz-Malavassi, E. 

(2020). “Development of heartwood, sapwood, bark, pith and specific gravity of teak 

(Tectona grandis) in fast-growing plantations in Costa Rica,” Journal of Forestry 

Research 31(2), 667-676. DOI: 10.1007/s11676-018-0849-5 

Brischke, C. (2019). “Timber,” in: Long-Term Performance and Durability of Masonry 

Structures, B. Ghiassi and P. B. Lourenço (eds.), Woodhead Publishing, pp. 129-168. 

Brito, J. O., Silva, F. G., Leão, M. M., and Almeida, G. (2008). “Chemical composition 

changes in eucalyptus and pinus woods submitted to heat treatment,” Bioresource 

Technology 99(18), 8545-8548. DOI: 10.1016/j.biortech.2008.03.069 

Brito, T. M., Ferreira, G., Silva, J. G. M., Mendonça, A. R., Fantuzzi Neto, H., Paes, J. 

B., and Batista, D. C. (2022). “Resistance to biodeterioration of thermally modified 

Eucalyptus grandis and Tectona grandis short-rotation wood,” Wood Material 

Science & Engineering 18(1), 3-10. DOI: 10.1080/17480272.2022.2150985 

Brocco, V. F., Paes, J. B., Costa, L. G., Brazolin, S., and Arantes, M. D. C. (2017). 

“Potential of teak heartwood extracts as a natural wood preservative,” Journal of 

Cleaner Production 142, 2093-2099. DOI: 10.1016/j.jclepro.2016.11.074 

Buchelt, B., and Wagenführ, A. (2011). “Evaluation of colour differences on wood 

surfaces,” European Journal of Wood and Wood Products 70(1-3), 389-391. DOI: 

10.1007/s00107-011-0545-z 

Candelier, K., Thevenon, M. F., Petrissans, A., Dumarcay, S., Gerardin, P., and 

Petrissans, M. (2016). “Control of wood thermal treatment and its effects on decay 

resistance: a review,” Annals of Forest Science 73(3), 571-583. DOI: 

10.1007/s13595-016-0541-x 

Chagas, S. F., Evangelista, W. V., Silva, J. de C., and Carvalho, A. M. M. L. (2014). 

“Properties of teakwood of different ages coming from thinning,” Ciência da 

Madeira 5(2), 138-150. DOI: 10.12953/2177-6830.v05n02a08 (in Portuguese) 

Csanády, E., Magoss, E., and Tolvaj, L. (2015). Quality of Machined Wood Surfaces, 

Springer, 265 pp. DOI: 10.1007/978-3-319-22419-0 

Cuccui, I., Negro, F., Zanuttini, R., Espinoza, M., and Allegretti, O. (2017). “Thermo-

vacuum modification of teak wood from fast-growth plantation,” BioResources 12(1), 

1903-1915. DOI: 10.15376/biores.12.1.1903-1915 

Curvo, K. R., Silva, G. A. O., Castro, V. R., Gava, F. H., Pereira, B. L. C., and Oliveira, 

A. C. (2024). “Heartwood proportion and density of Tectona grandis L.f. wood from 

Brazilian fast-growing plantations at different ages,” European Journal of Wood and 

Wood Products 82(2), 357-369. DOI: 10.1007/s00107-023-02031-5 

Esteves, B., Velez Marques, A., Domingos, I., and Pereira, H. (2013). “Chemical changes 

of heat-treated pine and eucalypt wood monitored by FTIR,” Maderas. Ciencia y 

Tecnología 15(2), 245-258. DOI: 10.4067/S0718-221X2013005000020  

Garcia, R. A., de Oliveira Lopes, J., do Nascimento, A. M., and de Figueiredo Latorraca, 

J. V. (2014). “Color stability of weathered heat-treated teak wood,” Maderas. Ciencia 

y Tecnología 16(4), 453-462. DOI: 10.4067/S0718-221X2014005000037 

https://doi.org/10.1007/978-3-319-22419-0


 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 
 

 

 Cruz et al. (2024). “Thermally modified teak sapwood,” BioResources 19(4), 9085-9100. 9098 

Gašparík, M., Gaff, M., Kačík, F., and Sikora, A. (2019). “Color and chemical changes in 

teak (Tectona grandis L. f.) and meranti (Shorea spp.) wood after thermal treatment,” 

BioResources 14(2), 2667-2683. DOI: 10.15376/biores.14.2.2667-2683 

Gomes, F. S., Reis, M. S., Rupf, A. C. O., Silvares, P. H. S., Ferreira, J. S. S., Dias, L. C., 

Madi, J. P. S., Cadermatori, P. H. G., Fantuzzi Neto, H., Paes, J. B., et al. (2023). 

“Chemical composition and color of short-rotation teak wood thermally modified in 

closed and open systems,” Applied Sciences 13(24), article 13050. DOI: 

10.3390/app132413050 

Jones, D., and Sandberg, D. (2020). “A review of wood modification globally – Updated 

findings from COST FP1407,” Interdisciplinary Perspectives on the Built 

Environment 1, 1-31. DOI: 10.37947/ipbe.2020.vol1.1 

Juízo, C. G. F., Zen, L. R., Klitzke, W., França, M. C., Cremonez, V. G., and Klitzke, J. 

R. (2018). “Technological properties of the eucalyptus wood under the heat 

treatment,” Nativa 6(5), 537-542. DOI: 10.31413/nativa.v6i5.5666 (in Portuguese) 

Kollert, W., and Kleine, M. (2017). “The future of teak - what policy makers and 

managers need to consider (Summary and policy recommendations),” in: The Global 

Teak Study: Analysis, Evaluation and Future Potential of Teak Resources, W. Kollert 

and M. Kleine (eds.), IUFRO World Series, volume 36, International Union of Forest 

Research Organizations, Vienna, Austria, cap. 1, 5 pp. 

Lengowski, E. C., Bonfatti Junior, E. A., Nisgoski, S., Muñiz, G. I. B., and Klock, U. 

(2020). “Properties of thermally modified teakwood,” Maderas. Ciencia y Tecnología 

23(10), 1-16. DOI: 10.4067/s0718-221x2021000100410 

López-González, D., Fernandez-Lopez, M., Valverde, J. L., and Sanchez-Silva, L. 

(2013). “Thermogravimetric-mass spectrometric analysis on combustion of 

lignocellulosic biomass,” Bioresource Technology 143, 562-574. DOI: 

10.1016/j.biortech.2013.06.052 

Lopes, J. de O., Garcia, R. A., Nascimento, A. M., and Latorraca, J. V. F. (2014a). “Color 

uniformization of the young teak wood by heat treatment,” Revista Árvore 38(3), 561-

568. DOI: 10.1590/S0100-67622014000300019 (in Portuguese) 

Lopes, J. de O., Garcia, R. A., Nascimento, A. M., and Latorraca, J. V. F. (2014b). 

“Physical properties of heat-treated teak wood,” Floresta e Ambiente 21(4), 569-577. 

DOI: 10.1590/2179-8087.040213 (in Portuguese) 

Martha, R., George, B., Rahayu, I. S., Gérardin, P., and Darmawan, W. (2023). 

“Technological properties homogenization on sapwood and heartwood of short 

rotation teak wood by nonnon-biocide method based on chemical and thermal 

treatments,” European Journal of Wood and Wood Products. DOI: 10.1007/s00107-

023-01997-6. 

Méndez-Mejías, L. D., and Moya Roque, R. (2016). “Effects on density, shrinking, color 

changing and chemical surface analysis through FTIR of Tectona grandis thermo-

treated,” Scientia Forestalis 44(112). DOI: 10.18671/scifor.v44n112.03 

Mendoza, Z. M. S. H., Borges, P. H. M., and Morais, P. H. M. (2020). “Thermal 

modification in tropical woods,” Enciclopédia Biosfera 17(32), 382-390. DOI: 

10.18677/EnciBio_2020B34 (in Portuguese) 

Menezes, W. M. (2017). The Effect of Thermal Modification in Industrial Scale on Wood 

Quality of Tectona grandis Linn. F, Ph.D. Thesis, Federal University of Santa Maria, 

Santa Maria, Rio Grande do Sul, Brazil. (in Portuguese) 

Militz, H., and Altgen, M. (2014). “Processes and properties of thermally modified wood 

manufactured in Europe,” in: Deterioration and Protection of Sustainable Materials, 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 
 

 

 Cruz et al. (2024). “Thermally modified teak sapwood,” BioResources 19(4), 9085-9100. 9099 

T. P. Schultz, B. Goodell, and D. D. Nicholas (eds.), Oxford University Press, 

Washington, DC, USA, pp. 269-285. 

Mohareb, A., Sirmah, P., Pétrissans, M., and Gérardin, P. (2012). “Effect of heat 

treatment intensity on wood chemical composition and decay durability of Pinus 

patula,” European Journal of Wood and Wood Products 70(4), 519-524. DOI: 

10.1007/s00107-011-0582-7 

Moon, C., Sung, Y., Ahn, S., Kim, T., Choi, G., and Kim, D. (2013). “Effect of blending 

ratio on combustion performance in blends of biomass and coals of different ranks,” 

Experimental Thermal and Fluid Science 47, 232-240. DOI: 

10.1016/j.expthermflusci.2013.01.0198 

Moya, R., and Berrocal, A. (2010). “Wood colour variation in sapwood and heartwood of 

young trees of Tectona grandis and its relationship with plantation characteristics, 

site, and decay resistance,” Annals of Forest Science 67(1), 109-109. DOI: 

10.1051/forest/2009088. 

Moya, R., Fallas-Valverde, L., Berrocal, A., and Méndez-Álvarez, D. (2017). “Durability 

of thermally modified wood of Gmelina arborea and Tectona grandis tested under 

field and accelerated conditions,” Journal of Renewable Materials 5(3–4), 208-219. 

DOI: 10.7569/JRM.2017.634111 

Moya, R., and Tenorio, C. (2021). “Wood properties and their variations in teak,” in: 

“The Teak Genome,” Compendium of Plant Genomes, pp. 103-137, Cham: Springer 

International Publishing. DOI: 10.1007/978-3-030-79311-1  

Niamké, F. B., Amusant, N., Augustin, A. A. and Chaix, G. (2021). “Teakwood 

chemistry and natural durability,” in: “The Teak Genome,” Compendium of Plant 

Genomes, pp. 83-102. Cham: Springer International Publishing. DOI: 10.1007/978-3-

030-79311-1  

Pratiwi, L. A., Darmawan, W., Priadi, T., George, B., Merlin, A., Gérardin, C., 

Dumarçay, S., Gérardin, P., Pratiwi, L. A., Darmawan, W., et al. (2019). 

“Characterization of thermally modified short and long rotation teaks and the effects 

on coatings performance,” Maderas. Ciencia y Tecnología 21(2), 209-222. DOI: 

10.4067/S0718-221X2019005000208 

Pereira, B. L. C., Carneiro, A. C. O., Carvalho, A. M. M. L., Trugilho, P. F., Melo, I. C. 

N. A., and Oliveira, A. C. (2013). “Study of thermal degradation of Eucalyptus wood 

by thermogravimetry and calorimetry,” Revista Árvore 37(3), 567-576. DOI: 

10.1590/S0100-67622013000300020 

Qiu, H., Liu, R., and Long, L. (2019). “Analysis of chemical composition of extractives 

by acetone and the chromatic aberration of teak (Tectona grandis L f) from China,” 

Molecules 24(10), 1989-1998. DOI: 10.3390/molecules24101989 

Ramasamy, Y., Galeano, E., and Win, T. T. (2021). “The Teak Genome,” Springer 

International Publishing. DOI: 10.1007/978-3-030-79311-1 

R Core Team (2021). “R:  O Projeto R para Computação Estatística [The R project for 

statistical computing],” R Core Team, Vienna, Austria, (https://www.R-project.org/). 

Accessed 06 June 2023. 

Severo, E. T. D., and Calonego, F. W. (2009). “Thermal modification process, by heat 

irradiation, to improve the dimensional stability and biological durability of solid 

wood,” Instituto Nacional de Propriedade Industrial (INPI), Patent N°. PI0902138-8. 

Silva, G. A. O., Curvo, K. R., Oliveira, A. C., Medeiros Neto, P. N., Vasconcelos, L. G., 

Carvalho, A. M. M. L., Silva, M. J., Natalino, R., and Pereira, B. L. C. (2023). “Effect 

of age on heartwood proportion, color, chemical composition, and biological 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 
 

 

 Cruz et al. (2024). “Thermally modified teak sapwood,” BioResources 19(4), 9085-9100. 9100 

resistance of teakwood,” BioResources 18(2), 4116-4131. DOI: 

10.15376/biores.18.2.4116-4131 

Sousa, T. M., and Castro, V. G. (2021). “Thermo modification of Auxemma oncocalyx 

sapwood and heartwood,” Advances in Forestry Science 8(3), 1519-1525. DOI: 

10.34062/afs.v8i3.12698 (in Portuguese) 

Souza, L. V. C., Silva, J. E. C., Azevedo, T. L. B., Mascarenhas, A. R. P., Ugalde Arias, 

L. A., Pereira, B. L. C., and Oliveira, A. C. (2024). “Wood quality of young Tectona 

grandis L. f. trees and its relationship with genetic material and planting site in Mato 

Grosso, Brazil,” Forests 15(5), article 860. DOI:10.3390/f15050860 

Sreekumar, V. B., and Sanil, M. S. (2021). “Teak biology and ecology,” in: “The Teak 

Genome,” Compendium of Plant Genomes, pp. 67-81. Cham: Springer International 

Publishing. DOI: 10.1007/978-3-030-79311-1 

Xu, J., Zhang, Y., Shen, Y., Li, C., Wang, Y., Ma, Z., and Sun, W. (2019). “New 

perspective on wood thermal modification: relevance between the evolution of 

chemical structure and physical-mechanical properties, and online analysis of release 

of VOCs,” Polymers 11(7). DOI: 10.3390/polym11071145 

 

Article submitted: July 12, 2024; Peer review completed: August 7, 2024; Revised version 

received and accepted: October 3, 2024; Published: October 11, 2024. 

DOI: 10.15376/biores.19.4.9085-9100 


