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Abstract

:

This study deals with the effect of heat treatment on Pinus oocarpa specimens from forest plantations in Colombia. The effects of two heat treatments at 170 and 190 °C for 2.5 h in saturated vapor were evaluated based on the color, dimensional stability, air-dry and basic densities, modulus of elasticity (MOE), and modulus of rupture (MOR) in static bending of samples. The evaluations were carried out following the Colombian Technical Standards NTC 290 and 663, and the color changes resulting from heat treatments were monitored using the CIE-Lab, as well as other standards from the literature. The results show that there was 2.4% and 3.3% mass loss of wood modified at 170 and 190 °C, respectively. The air-dry and basic densities were higher in 170 °C treatment than after 190 °C treatment, and the thermal modifications applied increased the dimensional stability of the treated wood. After treatment at 170 and 190 °C, the lightness to darkness (L*) was reduced by 10% and 22%; the a* coordinate increased by 11% and 26%, causing redness in the treated wood; the b* coordinate increased by 14% and 17%; and the values of the wood color saturation (c*) increased by 14% and 18%, respectively. The general color change (ΔE*) increased gradually with the increase in the treatment temperature, resulting in a high color change to a very different color. The bending strength of thermally modified wood was improved and significantly increased to values higher than those of unmodified Pinus oocarpa wood. The high air-dry and basic densities, improved dimensional stability and resistance to bending, and attractive appearance of the treated wood indicate that thermal modification is a promising alternative for the transformation of Pinus oocarpa wood into a raw material with a high added value.
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1. Introduction


As a result of the increasing need to reduce environmental pollution, lumber producers around the world have gradually begun to reduce the amount of chemicals used to improve wood properties [1]. For this reason, thermal modification is an environmentally friendly alternative that can be applied to wood [2]. It is an efficient process in its use of resources, from which wood products with a lower environmental impact and extended service life are achieved, increasing their durability, stability, and properties [3]. The new characteristics of thermally modified wood make softwood species more attractive by drastically changing their properties [4]. In addition, the thermal modification of softwoods at temperatures below 200 °C minimizes the production of wood dust during remanufacture processes [5]. The heat-treatment process involves temperatures between 150 and 260 °C for times ranging from a few minutes to several hours, depending on the degree of modification desired [3,6]. Among the benefits of thermally modifying the wood, it was found that the dimensional stability of the wood increases [7,8,9], presenting low values of shrinkage and swelling [8], owing to the changes in the polymeric components of the cell wall. This prevents the bonding between water molecules and the cellulose structure [4,9,10,11,12], which decreases the hygroscopic property of the treated wood [13]. Furthermore, the wood color change is an important parameter in evaluating the quality of the products obtained by their appearance. Therefore, the darkening of the wood obtained during the thermal modification by the degradation of hemicellulose and lignin—as well their conversion into extractive chromophores—provides improvements in the aesthetic properties of the treated wood [14,15,16,17,18,19].



Moreover, the mechanical properties can be affected depending on the intensity of the treatment. For this reason, it is important to identify the best conditions of the process for each species of wood and avoid a high reduction in mechanical properties, which could limit the range of applications of the material [20,21]; the modulus of rupture and modulus of elasticity in static bending are remarkably decreased after the heat treatment at temperatures above 200 °C [22,23,24,25,26].



According to studies reporting other wood species around the world, it is known that heat-treatment methods at 170 and 190 °C modify the physical and mechanical properties of plantation wood of Pinus species, which develop in different thermal levels from warm to cold [27]. Timber from plantations of fast-growing species has become an important resource for industry because of the decrease in forests of hardwood species and their acceptable values in terms of resistance, durability, and appearance [4,28]. However, Pinus oocarpa wood has low dimensional stability and low resistance mechanical properties, and it is very prone to being attacked by biological agents, limiting its use for structural purposes [26,28]. Considering the aforementioned characteristics, the thermal modification method could be an alternative to improve its properties and appearance, in turn reducing the demand for tropical wood [4]. Therefore, the objective of this study was to evaluate the effect of thermal modification treatments on the density, dimensional stability, color, static bending, and compression parallel to the grain. This research is expected to contribute to the knowledge about the short-rotation wood from Pinus oocarpa plantations to be used as alternatives in structural materials, therefore contributing significantly to the growth of the forest sector in Colombia.




2. Materials and Methods


2.1. Wood Specimens


Thirty 25-year-old Pinus oocarpa trees were collected, with a useful stem possessing a diameter at breast height of 45 cm. The wood was provided by the Empresa de Cipreses de Colombia SA and came from plantations located in the municipality of Yolombó (Antioquia, Republic of Colombia), from the farm La Carolina, lot Las Nubes, stand R2 (coordinates X = 891,818, Y = 1,227,491). For the air-dry density, basic density, and dimensional stability, 60 samples 30 mm × 30 mm × 100 mm (tangential × radial × longitudinal) were used. For the mechanical properties, 42 samples 25 mm × 25 mm × 410 mm (tangential × radial × longitudinal) were used for the static bending. The samples used for these tests were free of knots and defects, with well-directed growth rings and clear radial and tangential orientations. After thermal treatment, the samples were kept in a climate chamber (Binder KMF-115, Binder, Tuttlingen, Germany) at constant conditions (20 °C, 65% RH) and an equilibrium moisture content (EMC) of 12%.




2.2. Thermal Modification


The thermal modification of Pinus oocarpa specimens at 170 and 190 °C was carried out in a prototype chamber (Model Lab3.5e, Neumann, Concepción, Chile), with a fluid flow speed of 6 m/s. For each load of treatment, the chamber was loaded with 120 boards of 50 mm wood, which were stacked evenly and placed in layers of equal distance, with 20-mm-thick spacers to allow steam to move through the pile and distribute the weight vertically from top to bottom. The Pinus oocarpa specimens were stacked inside the middle of the wood pile so that they were continuous and without empty spaces so as to prevent damage (Figure 1). The prototype chamber operated during the modification steps was under an atmosphere of steam, with a continuous flow of current without pressure. The dry and wet bulb temperatures, as well as the wood temperature (Figure 2 and Figure 3), were monitored according to the configuration and the computerized kiln program (Canelo, Control Total, v8.0, Concepción, Chile). The thermal modification process was adapted from the literature [29,30] and began with a temperature increase rate of 1 °C/min until reaching 100 °C. The temperature was then maintained for 15–22 h, allowing the wood to dry 4–6%. Subsequently, a temperature increase rate of 0.7 °C/min was applied to reach either 170 or 190 °C. In this step, a steam atmosphere was used to reduce air and prevent damage. The treatment temperature (170–190 °C dry bulb or 100 °C wet bulb) was maintained for approximately 2.5 h. The last stage was the cooling and stabilization of the samples for approximately 5–7 h. The temperature gradient between the surface and the center of the samples did not exceed 15–20 °C, in order to maintain the quality of the specimens. The total work cycle was approximately 30 h, and the final moisture content of the specimens was 9–11%. Finally, Pinus oocarpa specimens treated at 170 and 190 °C were obtained and compared with the unmodified material.




2.3. Physical Characterization


Both thermally modified and unmodified Pinus oocarpa specimens were subjected to density tests, following the guidelines of the Colombian Technical Standard NTC 290 [31]. Loss of mass (ML) was determined by measuring the difference between the initial mass and the mass after each treatment, following the calculation method applied by Kamperidou [2]. Dimensional stability was assessed by the Rowell and Youngs test [32], in a complete cycle, which consisted of passing the wood from dry to wet and then wet to dry successively until three cycles were completed. The drying was carried out in an oven at 103 ± 2 °C until reaching a constant weight, and the wet cycle was carried out by soaking the samples for 24 h and then measuring the change in dimensions of the samples. The volumetric swelling coefficient (S) and the anti-swelling efficiency (ASE) were estimated considering three cycles as a measure of the dimensional stability of the wood. The following equations were used to calculate the volumetric swelling coefficient and the anti-swelling efficiency, respectively:


  S   % = 100  (   V 2  −  V 1   )  /  V 1  ) ,  



(1)




where V2 is the volume of the saturated samples and V1 is the volume of the oven-dried samples.


  A S E   % = 100  (   S s  −  S m   )  /  S s  ,  



(2)




where Ss is the average coefficient of the unmodified specimens and Sm is the average coefficient of the thermally modified specimens.




2.4. Color


Color changes as a result of heat treatments were monitored using the CIE-Lab color space coordinate system. Here, 28 samples per treatment were measured at different points on the surface (three measurements for each sample), according to ASTM D2244–09b [33], using a spectrophotometer device (Datacolor check 3, LAV/USAV model, Datacolor, NJ, USA), and the results were expressed according to Equations (3) and (4):


  Δ  E ∗  =   Δ  L  ∗ 2   + Δ  a  ∗ 2   + Δ   b ∗  2    ,  



(3)




where ΔE* is the total color difference between the lightness (ΔL*), the red–green axis (Δa*), and the yellow–blue axis (Δb*) before and after the modification. The evaluation criteria for general color changes were chosen based on the work of Barcík et al. [34] and are as follows: 0.2 < ΔE* (invisible difference), 0.2 < ΔE* < 2 (small difference), 2 < ΔE* < 3 (visible color change with high quality filter), 3 < ΔE* < 6 (visible color change with medium quality filter), 6 < ΔE* < 12 (high color changes), and ΔE* > 12 (different color). In addition, the color saturation with chroma (C*) was determined based on the CIE-Lab parameters, according to Equation (4):


   C ∗  =    a  ∗ 2   +  b  ∗ 2     .  



(4)








2.5. Mechanical Characterization


For the mechanical tests, the thermally modified and unmodified Pinus oocarpa specimens were subjected to static bending tests following the guidelines of the Colombian Technical Standard NTC 663 [35]. The determination of the mechanical properties of the untreated wood was carried out in the facilities of the Forest Products Laboratory of the Universidad Nacional de Colombia, Medellin, in a Tinius Olsen universal testing machine (Willow Grove, PA, USA) with a capacity of 147 kN. The mechanical properties tests of the thermally modified specimens were developed at the University of Bío-Bío, Chile, in an Instron universal testing machine with a capacity of 10 kN (São José dos Pinhais, Brazil).




2.6. Data Analysis


A completely randomized experimental design was established, with 3 treatments, 20 repetitions per treatment for the physical tests, and 14 repetitions per treatment for the mechanical tests. Analysis of variance (ANOVA) was performed for each variable, and when the F test showed significant results, a Tukey multiple range test (p ≤ 0.05) was performed using the Statgraphics Centurion XVI statistical program. The information was processed based on the methodology described by Gómez [36].





3. Results


3.1. Physical Properties


Table 1 shows that the wood densities are affected by the temperature of the heat treatment. At 170 °C, the air-dry density increased by 5%, but at 190 °C, it decreased by 10%, presenting statistically significant differences for both heat treatments. For the basic density, on the other hand, the samples modified at 170 °C increased by 20%, but the wood treated at 190 °C did not improve, obtaining values similar to those obtained in the unmodified wood, which also presented statistically significant differences. These results are in disagreement with other studies in which the density decreased after thermal modification treatments [23,37,38]. This increase in the density, particularly at 170 °C, is probably due to the crosslinking of the wood caused by the polycondensation reactions of the lignin, as well as increases in molecular weight [39]. The mass loss increased with temperature. The losses that were obtained were 2.4% for the modification at 170 °C and 3.3% for the treatment at 190 °C, but this was not statistically significant. The mass loss values were similar to the results found in other studies on thermally modified softwoods [6,15,38].



In Table 2, the anti-swelling efficiency (ASE) values of thermally modified Pinus oocarpa are presented, the ASE values obtained indicate that the treatment temperature had a significant effect on the improvement of the dimensional stability of the wood. In the radial orientation, the ASE values were 34.41% and 48.34% at 170 and at 190 °C, respectively, and in the tangential orientation, the ASE values were 42.69% and 54.12% at 170 and 190 °C, respectively. Both orientations showed statistically significant differences between the modification temperatures. These results were similar to the ASE values obtained for other thermally modified softwoods [6,9]. The ASE improvements were due to transformations of the chemical structure of wood according to the treatment temperature used, reducing the amount of hydroxyl groups caused mainly by the autocatalytic reactions of the constituents of the cell wall [8,12].



The color parameters are reported in Table 3. Lightness to darkness (L*) at a higher temperature decreased by 10% and 22% at 170 and 190 °C, respectively, showing statistically significant differences between treatments. These results are comparable to those obtained for other thermally modified pine woods [16,30]. The increase in the values of the a* coordinate led to redness in the treated wood; the a* coordinate increased by about 11% after the treatment at 170 °C and 26% after treatment at 190 °C, presenting statistically significant differences between the treatments. These results are comparable to those obtained in other conifers [16,30]. In relation to the increase in the b* coordinate, which is associated with the yellowing of the treated wood, there were increases of 14% after the application of 170 °C and 17% after the application 190 °C, without statistically significant differences. The results obtained here are higher than those in the other reported studies [16,30,40]. The values of the wood color saturation (c*) increased by 14% after the application of the 170 °C treatment and 18% after treatment at 190 °C, without statistically significant differences between treatments. The results of c* were higher than those reported for other pinewood species [15,30,41]. The general color change (ΔE*) increased gradually with the increase in the treatment temperature. After the application of 170 °C, a high color change was obtained (9.13%), and after treatment at 190 °C, the resulting color was very different (13.4%), which led to statistically significant differences. On the one hand, the reported color changes are probably related to the intensity of the treatment, and on the one hand, they might be related to the formation of chromogenic products due to the thermal degradation of some cell wall components, which are mainly connected to the lignin present in the wood [42].




3.2. Mechanical Properties


The static bending values obtained for the thermally modified Pinus oocarpa wood are presented in Table 4. The modulus of rupture (MOR) increased by 47% and 22% after the thermal modification treatment at 170 and 190 °C, respectively, presenting statistically significant differences between the treatments. The thermal modifications reported contrast with the results reported for similar heat-treatment applications, in which reductions in MOR flexural strength greater than 30% are evidenced [35,43]. In the studied wood samples, the static flexural modulus of elasticity (MOE) increased by 4% and 10% after treatment at 170 and 190 °C, respectively; these results are in line with other studies [19,30].



The increase in mechanical properties is probably due to the crosslinking of the lignin network, as well as the rearrangement and crystallization of cellulose, acting as a hardener for the microfibrils and the middle lamina [44]. In particular, these results favor the application of Pinus oocarpa species for structural purposes, as the values obtained exceed the requirements established by the Colombian Standards for category C of lower-resistance woods (MOE > 11.5 and basic density > 560 kg/m3), and thus the thermal modification treatments at 170 °C allowed for changing the classification of the Pinus oocarpa wood from category C to category B; this change to a better quality for Pinus oocarpa wood is due to the superior resistance obtained [45]. Pinus oocarpa thermally modified at 170 °C would produce higher wood quality than unmodified Pinus oocarpa wood. These experimental data obtained for wood sample dimensions are needed for validation of the results for thermal modification of Pinus oocarpa with sawn wood dimensions.





4. Conclusions


The effects of thermal modification treatment on Pinus oocarpa specimens were evaluated based on physical and mechanical properties.



The thermal modifications applied increased the dimensional stability of the treated Pinus oocarpa wood.



Thermal modification of Pinus oocarpa at 170 °C produced wood of higher quality than unmodified Pinus oocarpa wood.



Low mass loss of 2.4% and 3.3% of thermally modified pine wood for temperatures of 170 and 190 °C, respectively, is an important quality characteristic of the process applied in Pinus oocarpa.



The bending strength of thermally modified wood was improved and significantly increased to values higher than those of unmodified Pinus oocarpa wood.



The thermal modification changed the color parameters of the untreated wood; the principal changes were the increased saturation and darkening, reddening, and yellowing effects.



The experimental results indicated that the thermal modification of Pinus oocarpa wood at 170 °C yields wood of better quality by obtaining a higher density and resistance, darkened colors (without adding color), and improved dimensional stability that favors their application for structural purposes, in accordance with the requirements of the Colombian Standards.







Author Contributions


Conceptualization, J.F.H.-B.; methodology, J.F.H.-B., J.A.O., L.S.-S., and V.S.-V.; formal analysis, J.F.H.-B.; investigation, J.F.H.-B.; writing—original draft preparation, J.F.H.-B.; writing—review and editing, J.F.H.-B., R.A.A., J.A.O., L.S.-S., and V.S.-V.; supervision, R.A.A. and J.A.O. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors wish to thank the Company of Cipreses de Colombia S.A. for the donation of the wood material and the staff at the Forest Products Laboratory “Héctor Anaya López” of the Universidad Nacional de Colombia for their support and collaboration. The authors are also grateful for the support of the National Agency of Science and Development of Chile (Fondequip EQM130236).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Korkut, S.; Aytin, A. Evaluation of physical and mechanical properties of wild cherry wood heat-treated using the thermowood process. Maderas-Cienc. Tecnol. 2015, 17, 171–178. [Google Scholar] [CrossRef]

	



Kamperidou, V. The biological durability of thermally and chemically modified Black pine and Poplar wood against basidiomycetes and mold action. Forests 2019, 10, 1111. [Google Scholar] [CrossRef]

	



Sandberg, D.; Haller, P.; Navi, P. Thermo-hydro and thermo-hydro-mechanical wood processing: An opportunity for future environmentally friendly wood products. Wood Mater. Sci. 2013, 8, 64–88. [Google Scholar] [CrossRef]

	



Korkut, S.; Budakçi, M. Effect of High-Temperature Treatment on the Mechanical Properties of Rowan (Sorbus aucuparia L.) Wood. Dry. Technol. 2009, 27, 1240–1247. [Google Scholar] [CrossRef]

	



Očkajová, A.; Kučerka, M.; Kminiak, R.; Krišťák, Ľ.; Igaz, R.; Réh, R. Occupational Exposure to Dust Produced when Milling Thermally Modified Wood. Int. J. Environ. Res. Public Health 2020, 17, 1478. [Google Scholar] [CrossRef]

	



Esteves, B.; Nunes, L.; Domingos, I.; Pereira, H. Comparison between heat treated sapwood and heartwood from Pinus pinaster. Eur. J. Wood Wood Prod. 2014, 72, 53–60. [Google Scholar] [CrossRef]

	



Hermoso, E.; Fernández-Golín, J.; Conde, M.; Troya, M.T.; Mateo, R.; Cabrero, J.; Conde, M. Caracterización de la madera aserrada de Pinus radiata modificada térmicamente. Maderas-Cienc. Tecnol. 2015, 17, 493–504. [Google Scholar] [CrossRef]

	



Kaygin, B.; Gunduz, G.; Aydemir, D. Some Physical Properties of Heat-Treated Paulownia (Paulownia Elongate) wood. Dry. Technol. 2009, 27, 89–93. [Google Scholar] [CrossRef]

	



Romagnoli, M.; Cavalli, D.; Pernarella, R.; Zanuttini, R.; Togni, M. Physical and Mechanical Characteristics of Poor-Quality Wood after Heat Treatment. iForest 2015, 8, 884–891. [Google Scholar] [CrossRef]

	



Cai, J.; Yang, X.; Cai, L.; Shi, S.Q. Impact of the Combination of Densification and Thermal Modification on Dimensional Stability and Hardness of Poplar Lumber. Dry. Technol. 2013, 31, 1107–1113. [Google Scholar] [CrossRef]

	



Korkut, S.; Korkut, D.S.; Kocaefe, D.; Elustondo, D.; Bajraktari, A.; Çakicier, N. Effect of thermal modification on the properties of narrow-leaved ash and chestnut. Ind. Crop. Prod. 2012, 35, 287–294. [Google Scholar] [CrossRef]

	



Li, X.; Cai, Z.; Mou, Q.; Wu, Y.; Liu, Y. Effects of Heat Treatment on some Physical Properties of Douglas Fir (Pseudotsuga Menziesii) Wood. Adv. Mater. Res. 2011, 197–198, 90–95. [Google Scholar] [CrossRef]

	



Gunduz, G.; Aydemir, D. Some Physical Properties of Heat-Treated Hornbeam (Carpinus betulus L.) Wood. Dry. Technol. 2009, 27, 714–720. [Google Scholar] [CrossRef]

	



Moya, R.; Berrocal, A.; Rodriguez-Solis, M.; Muñoz, F. Effect of steam-drying treatment on moisture content, drying rate, color, and drying defects in juvenile wood of Tectona grandis from fast-growth plantations. Dry. Technol. 2017, 35, 1832–1842. [Google Scholar] [CrossRef]

	



Humar, M.; Repič, R.; Kržišnik, D.; Lesar, B.; Cerc Korošec, R.; Brischke, C.; Brischke, C.; Emmerich, L.; Rep, G. Quality Control of Thermally Modified Timber Using Dynamic Vapor Sorption (DVS) Analysis. Forests 2020, 11, 666. [Google Scholar] [CrossRef]

	



Sodero, A.L.P.; de Moura, L.F.; Brito, J.O. Effect of thermal rectification on colors of Eucalyptus Saligna and Pinus caribaea Woods. Maderas-Cienc Tecnol. 2012, 14, 239–248. [Google Scholar] [CrossRef]

	



Gašparík, M.; Gaff, M.; Kačík, F.; Sikora, A. “Color and chemical changes in teak (Tectona grandis L. f.) and meranti (Shorea spp.) wood after thermal treatment. Bioresources 2019, 14, 2667–2683. [Google Scholar] [CrossRef]

	



Johansson, D.; Morén, T. The potential of colour measurement for strength prediction of thermally treated wood. Holz Roh. Werkst. 2006, 64, 104–110. [Google Scholar] [CrossRef]

	



Sikora, A.; Kasic, F.; Gaff, M.; Vondrová, V.; Bubeníková, V.; Kubovsky, I. Impact of thermal modification in color and chemical changes of spruce and oak wood. J. Wood Sci. 2018, 64, 406–416. [Google Scholar] [CrossRef]

	



Kocaefe, D.; Poncsak, S.; Tang, J.; Bouzara, M. Effect of heat treatment on the mechanical properties of North American jack pine: Thermogravimetric study. J. Mater. Sci. 2010, 45, 681–687. [Google Scholar] [CrossRef]

	



Boonstra, M.J.; van Acker, J.; Tjeerdsma, B.J.; Kegel, E.V. Strength properties of thermally modified softwoods and its relation to polymeric structural wood constituents. Ann. Forest Sci. 2007, 64, 679–690. [Google Scholar] [CrossRef]

	



Frühwald, E. Effect of high-temperature drying on properties of Norway spruce and larch. Holz Roh. Werkst. 2007, 65, 411–418. [Google Scholar] [CrossRef]

	



Bal, B.C. Some physical and mechanical properties of thermally modified juvenile and mature black pine wood. Eur. J. Wood Wood Prod. 2014, 72, 61–66. [Google Scholar] [CrossRef]

	



De Cademartori, P.H.G.; Missio, A.L.; Mattos, B.D.; Schneid, E.; Gatto, D.A. Physical and mechanical properties and colour changes of fast-growing Gympie messmate wood subjected to two-step steam-heat treatments. Wood Mater. Sci. Eng. 2013, 9, 40–48. [Google Scholar] [CrossRef]

	



Lekounougou, S.; Kocaefe, D. Effect of thermal modification temperature on the mechanical properties, dimensional stability, and biological durability of black spruce (Picea mariana). Wood Mater. Sci. Eng. 2014, 9, 59–66. [Google Scholar] [CrossRef]

	



Borůvka, V.; Dudík, R.; Zeidler, A.; Holeček, T. Influence of Site Conditions and Quality of Birch Wood on Its Properties and Utilization after Heat Treatment. Part I—Elastic and Strength Properties, Relationship to Water and Dimensional Stability. Forests 2019, 10, 189. [Google Scholar] [CrossRef]

	



Lamprecht, H. Silvicultura en los Trópicos: Los Ecosistemas Forestales en los Bosques Tropicales y Sus Especies Arbóreas; Posibilidades y Métodos Para un Aprovechamiento Sostenido; Gesellschaft für Technische Zusammenarbeit (GTZ): Eschborn, Germany, 1990; 335p. [Google Scholar]

	



Unsal, O.; Candan, Z.; Korkut, S. Wettability and roughness characteristics of modified wood boards using a hot-press. Ind. Crop. Prod. 2011, 34, 1455–1457. [Google Scholar] [CrossRef]

	



Herrera-Díaz, R.; Sepúlveda-Villarroel, V.; Torres-Mella, J.; Salvo-Sepúlveda, L.; Llano-Ponte, R.; Salinas-Lira, C.; Peredo, M.A.; Ananías, R.A. Influence of the wood quality and treatment temperature on the physical and mechanical properties of thermally modified radiata pine. Eur. J. Wood Prod. 2019, 77, 661–671. [Google Scholar] [CrossRef]

	



Herrera-Díaz, R.; Sepúlveda-Villarroel, V.; Pérez-Peña, N.; Salvo-Sepúlveda, L.; Salinas-Lira, C.; Llano-Ponte, R.; Ananías, R.A. Effect of wood drying and heat modification on some physical and mechanical properties of radiata pine. Dry. Technol. 2017, 36, 537–544. [Google Scholar] [CrossRef]

	



Norma Técnica Colombiana. NTC 290. Maderas. Determinación de Densidad; Instituto Colombiano de Normas Técnicas (ICONTEC): Bogotá D.C., Colombia, 2006.

	



Rowell, R.; Youngs, R. Dimensional Stabilization of Wood in Use; Research note FPL-0243; USDA Forest Products Laboratory: Madison, WI, USA, 1981; pp. 1–8. Available online: https://www.fpl.fs.fed.us/documnts/fplrn/fplrn243.pdf (accessed on 14 May 2018).

	



ASTM D2244-09b Standard Practice for Calculation of Color Tolerances and Color Differences from Instrumentally Measured Color Coordinates; ASTM International: West Conshohocken, PA, USA, 2009.

	



Barcík, Š.; Gašparík, M.; Razumov, E.Y. Effect of temperature on the color changes of wood during thermal modifcation. Cell Chem. Technol. 2015, 49, 789–798. [Google Scholar]

	



Norma Técnica Colombiana. NTC 663. Maderas. Determinación de la resistencia a la Flexión; Instituto Colombiano de Normas Técnicas (ICONTEC): Bogotá D.C., Colombia, 2006.

	



Gómez, H. Estadística Experimental con Aplicaciones a las Ciencias Agrícolas; Universidad Nacional de Colombia: Medellín, Colombia, 1989. [Google Scholar]

	



Durmaz, E.; Ucuncu, T.; Karamanoglu, M.; Kaymakci, A. Effects of heat treatment on some characteristics of Scots pine (Pinus sylvestris L.) wood. Bioresource 2019, 14, 9531–9543. [Google Scholar] [CrossRef]

	



Esteves, B.M.; Domingos, I.J.; Pereira, H.M. Pine wood modification by heat treatment in air. Bioresources 2008, 3, 142–154. [Google Scholar]

	



Kubovský, I.; Kačíková, D.; Kačík, F. Structural Changes of Oak Wood Main Components Caused by Thermal Modification. Polymers 2020, 12, 485. [Google Scholar] [CrossRef]

	



Vinha, A.J.; Carvalho, A.G.; Teixeira de Souza, M.; Marangon Jardim, C.; de Cassia Oliveira Carneiro, A.; Luiz Colodette, J. Effect of extractives on wood color of heat treated Pinus radiata and Eucalyptus pellita. Maderas-Cienc. Technol. 2015, 17, 857–864. [Google Scholar] [CrossRef]

	



Kamperidou, V.; Barboutis, I.; Vasileiou, V. Response of colour and hygroscopic properties of Scots pine wood to thermal treatment. J. Forestry Res. 2013, 24, 571–575. [Google Scholar] [CrossRef]

	



González-Peña, M.M.; Hale, M.D.C. Colour in thermally modified wood of beech, Norway spruce and Scots pine. Part 1: Colour evolution and colour changes. Holzforschung 2009, 63, 385–393. [Google Scholar] [CrossRef]

	



Hidayat, W.; Qi, Y.; Jang, J.H.; Febrianto, F.; Kim, N.H. Effect of mechanical restraint on the properties of heat-treated Pinus koraiensis and Paulonia tomentosa woods. Holz Roh. Werkst. 2017, 12, 7539–7551. [Google Scholar] [CrossRef]

	



Gunduz, G.; Aydemir, D.; Karakas, G. The effects of thermal treatment on the mechanical properties of wild Pear (Pyrus elaeagnifolia Pall.) wood and changes in physical properties. Mater. Des. 2009, 30, 4391–4395. [Google Scholar] [CrossRef]

	



Norma Técnica Colombiana. NTC 2500. Maderas. Ingeniería Civil y Arquitectura Uso de la Madera en la Construcción; Instituto Colombiano de Normas Técnicas (ICONTEC): Bogotá D.C., Colombia, 2006.








[image: Forests 12 00249 g001 550] 





Figure 1. Stacking of Pinus oocarpa specimens within the drying pile. 
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Figure 2. Evolution time of temperatures during the thermal modification process at 170 °C. Tdb—dry-bulb temperature; Twb—wet-bulb temperature; Tw—wood temperature. 
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Figure 3. Evolution time of the temperatures during the thermal modification process at 190 °C. Tdb—dry-bulb temperature; Twb—wet-bulb temperature; Tw—wood temperature. 
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Table 1. Wood densities and mass loss of thermally modified Pinus oocarpa.






Table 1. Wood densities and mass loss of thermally modified Pinus oocarpa.





	Density
	Unmodified
	170 °C
	190 °C





	Air-dry density

(kg/m3)
	630.47 ± 57.67 ab
	662.59 ± 46.10 a
	569.57 ± 43.67 b



	Basic density

(kg/m3)
	521.30 ± 47.93 a
	627.12 ± 44.26 b
	524.29 ± 42.73 a



	Mass loss

(%)
	-
	2.39 ± 0.17 a
	3.34 ± 0.34 a







Note: The body of the table shows the average values ± a 95% confidence interval of 20 test samples per treatment. Equal letters in columns indicate no significant difference between treatments, according to Tukey’s multiple range test (p ≤ 0.05).
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Table 2. Anti-swelling efficiency (ASE) of thermally modified Pinus oocarpa.
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	ASE
	170 °C
	190 °C





	Radial

(%)
	34.41 ± 0.71 a
	48.34 ± 1.56 b



	Tangential

(%)
	42.69 ± 0.70 a
	54.12 ± 1.62 b







Note: The body of the table shows the average values ± a 95% confidence interval of 20 test samples per treatment. Equal letters in columns indicate no significant difference between treatments, according to Tukey’s multiple range test (p ≤ 0.05).
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Table 3. Color parameters L*, a*, b*, c*, and ΔE* of thermally modified Pinus oocarpa.
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	Parameters
	Unmodified
	170 °C
	190 °C





	L*
	69.95 ± 1.13 a
	62.98 ± 1.57 b
	57.30 ± 1.77 c



	a*
	8.53 ± 0.52 a
	9.50 ± 0.63 b
	10.73 ± 0.49 c



	b*
	27.33 ± 0.65 a
	31.28 ± 1.01 b
	31.98 ± 0.55 b



	c*
	28.65 ± 0.76 a
	32.70 ± 1.14 b
	33.75 ± 0.59 b



	ΔE*
	-
	9.13 ± 1.85 a
	13.49 ± 2.14 b







Note: The body of the table shows the average values ± a 95% confidence interval of 20 test samples per treatment. Equal letters in columns indicate no significant difference between treatments, according to Tukey’s multiple range test (p ≤ 0.05).
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Table 4. Static bending of thermally modified Pinus oocarpa.
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	Mechanical Properties
	Unmodified
	170 °C
	190 °C





	MOR (MPa)
	83.88 ± 9.17 a
	123.67 ± 25.61 b
	102.76 ± 23.58 ab



	MOE (GPa)
	11.37 ± 1.63 a
	11.83 ± 1.73 a
	10.18 ± 1.94 a







Note: The body of the table shows the average values ± a 95% confidence interval of 20 test samples per treatment. Equal letters in columns indicate no significant difference between treatments, according to Tukey’s multiple range test (p ≤ 0.05).
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