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Abstract

:

The aim of this study was to determine the dependencies between mechanical properties of modified wood and its color. Within its scope, quantitative changes in color and chemical composition (mass loss, total carbon content, content of extractives and main components of wood), as well as mechanical properties (compressive strength along the grain, strength and modulus of elasticity in longitudinal tension tests, compression across the grain and impact resistance) of the modified Scots pine sapwood, were determined. Modifications were conducted in the atmosphere of superheated steam (time—4 h, temperature of 130, 160, 190, 220 °C). Thermal modification of wood results in an increase in the modulus of elasticity, a reduction of elasticity, longitudinal tensile strength and compressive strength perpendicular to grain. It was found that color parameters ∆E, ∆L and ∆a are linear functions of the modification temperature. The existence of functional dependencies between mass loss, longitudinal tensile strength, radial modulus of elasticity and parameters of ∆E and ∆L makes it possible to determine these properties of modified wood based on color. In turn, chemical analysis indicated that an increase in the temperature of wood modification caused a decrease of holocellulose and hemicelluloses contents, especially in wood samples modified at 220 °C.
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1. Introduction


The thermal modification of wood leads to many significant changes in its chemical structure affecting its subsequent physical, mechanical and technological properties. Basic structural components of wood are degraded, with cellulose and lignin being degraded at a slower rate and at higher temperatures than hemicelluloses. Extractive substances are also broken down to volatile products apart from hemicelluloses [1,2]. Qualitative and quantitative changes occurring in the chemical composition of thermally modified wood are manifested among other things in mass loss, a darkening wood color [3,4,5], as well as reduced hygroscopicity, equilibrium moisture content and swelling in the thickness of wood [6,7,8].



The color of modified wood is an important qualitative characteristic and depends on treatment intensity (temperature, duration and the course of the modification process), thus it may be an indicator of the degree of thermal modification in wood [7,9,10]. Thermal treatment parameters also determine changes in the mechanical properties of modified wood. An increase in temperature above 150 °C leads to decreased longitudinal tensile strength and bending strength, as well as increased hardness, modulus of elasticity, brittleness and toughness [10,11,12]. If based on a change in wood color, it is possible to determine the intensity of thermal treatment, and the mechanical properties of modified wood also depend on the parameters of this treatment, and it may be assumed that wood color is a good descriptor of mechanical properties in thermally modified wood.



However, the results of studies conducted to date in this respect do not provide grounds for a definite confirmation of this hypothesis. One of the probable causes seems to be related to the fact that studies are generally conducted on material differing in moisture content.



The higher the modification temperature, the darker the wood becomes. At the same time, its equilibrium moisture content decreases. This is manifested in higher strength values recorded in the tests. If this is not taken into account, a controversial observation can be drawn that wood modified at low temperature (light-colored wood—light brown and with relatively high moisture content) has a lower strength than wood modified at high temperature (very dark wood—dark brown and with low moisture content), and the “strength–color” relationship will be increasing. In other words, wood subjected to intensive thermal treatment, the effect of which is the degradation of all chemical components and strong darkening, would be characterized by higher strength than poorly/slightly modified or control wood? In this sense, the study is part of the discussion whether color may be a predictor of the strength of heat-treated wood and of properties of heat-treated versus control wood.



Johansson and Morén (2006) [7], based on the results of bending strength and impact strength testing of modified birch wood, stated that color is not an adequate indicator of wood strength. However, those authors did not obtain uniform color over the entire cross-section of tested samples, which indicates that it may have not been modified over its entire volume, and this may have caused low correlations of the analyzed dependencies. Jämsä and Viitaniemi (2001) [13] pointed out the possible application of various thermal modification processes for wood, thus resulting in diverse properties of modified wood. For this reason, they were of an opinion that, based on changes in the color of modified wood, it may not be concluded to what extent its other properties change in relation to control wood.



Brischke et al. (2007) [9] indicated the potential applicability of color measurements in the quality control of modified wood, showing a strong correlation between color parameters and mass loss observed during thermal treatment of pine, spruce and beech wood. Bekhta and Niemz (2003) [12] and González-Peña and Hale (2009) [14] showed that some mechanical properties of modified wood may be predicted based on changes in its color parameters.



To date, very few studies have been devoted to a description of relationships between the mechanical properties of thermally modified wood and its color. The identification of such relationships is significant for the potential application of color measurements to assess the technological quality of modified wood. The aim of this study was to quantitatively determine changes in color and chemical composition, as well as the mechanical properties of thermally modified pine sapwood (Pinus sylvestris L.), according to the ThermoWood® procedure, while also identifying dependencies between selected mechanical properties and the color of the modified wood.




2. Materials and Methods


2.1. Materials


This study determined the selection of the material and the adopted research methodology. In order to minimize the effect of factors related to the anatomical structure of wood at the level of the macro-, micro- and ultrastructure on the resulting properties of thermally modified wood and control wood, it was decided to conduct experiments on possibly the most homogeneous and defect-free material. For this reason, wood for analyses came from the same zone of the cross-section and the height of the stem. Tested wood properties were determined on twin samples of identical moisture content.



The material was sampled from outer zones from a plank of 63 mm in thickness, cut above the breast height diameter from the butt end of a tree aged approx. 100 years. The average width of annual growth rings in this part of the stem cross-section was 2.2 mm, while the share of late wood in the annual growth increments was 34.1%. The density of Scots pine sapwood used in the tests was 530 kg/m3.



From defect-free wood, tangentially oriented slats were obtained, which were next cut longitudinally into two parts, in this way producing pairs of twin battens. Next they were planed to transverse dimensions of 20 mm × 20 mm and cut into sections of 330 mm in length. The sections were conditioned until reaching a moisture content of approx. 7%, then half of them were thermally modified and the others constituted the control. Sections were used to obtain samples with shapes and dimensions adequate for tests of the mechanical properties of wood.




2.2. Methods


2.2.1. Wood Thermal Treatment Method


The modification of wood in the atmosphere of superheated steam was conducted following the ThermoWood® procedure [15]. Modified sections were heated until, over their entire mass, a temperature of 110 °C was obtained, and this temperature was maintained for 2 h, until the wood moisture content reached approx. 1%. Next the temperature was increased until the assumed value, and then it was maintained for 4 h. At that moment, the temperature of 130 °C inside the sections’ superheated steam was introduced to the chamber. Upon the completion of the wood heating stage at constant temperature, the heating source was turned off, and, upon a reduction of wood temperature to 130 °C, the influx of steam was stopped, and sections were left in the chamber to equalize wood temperature with the ambient temperature. The temperature inside the sections was controlled using thermocouples placed in the middle of their length, height and width, as well as in the chamber above the batch of these sections. The applied procedure made it possible to obtain a uniform temperature over the entire volume of the samples, particularly during the 4 h of modification. The course of the modification process is shown in Figure 1 on an example of a modification at a temperature of 220 °C [16,17].




2.2.2. Physical Properties


Wood color was determined according to the PN-ISO 7724-3:2003 [18] standard using a DataColor TOOLS 600 spectrophotometer (Datacolor Company, Lawrenceville, NJ, USA) recording coordinates in the CIELab system. Measurements were taken on the radial surface of sections, always in the same four sites before and after modification. This procedure was followed on the twin sections. Results were expressed in the number of units of total color difference—∆E. Additionally, the difference in lightness ∆L and chromatic coordinates ∆a and ∆b were determined.



Wood moisture content was determined according to ISO 13061-1 (2014) [19], while density was recorded according to ISO 13061-2 (2014) [20]. Mass loss (WL) was recorded, accurate to 0.1%, as a difference in the weight of absolutely dry wood before and after modification expressed in the percentage of absolutely dry wood mass before modification.




2.2.3. Mechanical Properties


Mechanical properties were determined following the recommendations of respective standards using a ZWICK Z050TH universal strength-testing machine equipped with a ZWICK 066550.02 extensometer (Zwick/Roell, Ulm, Germany). The machine software apart from the graphic plotting of the test made it also possible to calculate the values of strength and modulus of elasticity (MOE). Values of longitudinal compressive and tensile strength were calculated (by the software) as a quotient of force at failure to the surface area of the sample cross-section, while values of MOE were calculated as a quotient of an increment in stresses to strains.



In order to provide an objective assessment of the effect of thermal modification on changes in the mechanical properties of wood, it was decided to determine them both on modified and control samples with comparable moisture content. The control samples were conditioned in desiccators over saturated solutions of lithium chloride (Sigma Aldrich, Darmstadt, Germany) and potassium acetate (Sigma Aldrich, Darmstadt, Germany) at a temperature of 21 ± 1 °C until the moisture content of modified samples was reached. The moisture content of all samples was also controlled directly after the tests. The mean equilibrium moisture content of modified wood at a temperature of 130, 160, 190 and 220 °C was 5.5, 5.1, 4.5 and 3.5%, respectively, while the mean moisture content of the control samples for 130 and 160 °C was 5.0%, while for 190 and 220 °C, it was 3.9%.



Longitudinal compressive strength (CSL) was determined according to ISO 13061-17:2017 [21], while compressive strength perpendicular to the grain (so-called stress at proportionality limit), in the tangential direction CST and the radial direction CSR was tested according to ISO 13061-5:2020 [22].



Longitudinal tensile strength (TSL) was determined according to PN-D-04107:1981 [23], in double-sided shoulder samples of 16(T) mm × 20(R) mm × 160(L) mm, narrowed in the central part at a length of 40 mm to a tangential dimension of 2.5 mm. During compression tests, the modulus of elasticity (MOE) was also determined.



The impact strength (IS) of wood was determined according to PN-D-0404:1979 [24] in rectangular samples of 10(T) mm × 10(R) mm × 110(L) mm using a Louis Schopper pendulum impact machine (support spacing of 70 mm) (Werkstoffprufmaschine Leipzig GmbH, Leipzig, Germany).




2.2.4. Chemical Analysis


The wood samples were mechanically disintegrated to sawdust (particle size below 0.50 mm) and used to determine the contents of the wood’s main components. The samples were extracted in ethanol according to the TAPPI method (T 204 cm-07) [25] in order to obtain the content of extractives. Cellulose content was determined according to the Seifert method [26] using a mixture of acetylacetone, 1,4-dioxane and concentrated hydrochloric acid (Sigma Aldrich, Darmstadt, Germany). Lignin content was analyzed according to the TAPPI method (T 222 om-06) [27] using concentrated 72% sulfuric acid (Sigma Aldrich, Darmstadt, Germany) to hydrolyze and dissolve polysaccharides, while holocellulose content was assessed using sodium chlorite (TAPPIT 9 wd-75) [28]. Hemicelluloses content was calculated based on the difference between the contents of holocellulose and cellulose.



Carbon content in wood samples was measured using a Flash 2000 elemental analyzer (Thermo Fisher Scientific, Waltham, MA, USA) according to EN ISO 16948:2015 [29].



Changes in wood structure after thermal modification were assessed using attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The spectra of wood were recorded using a Nicolet iS5 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) recorded over the range of 4000–400 cm−1, at a resolution of 4 cm−1 and 16 scans.






3. Results and Discussion


3.1. Wood Color


The color of thermally modified wood darkens with an increase in temperature. This is shown in Figure 2. Variation of color at the level of 2–3 units is considered to be the threshold of perception for color change [30]. The most marked change is observed for samples exposed to the temperature of 220 °C. In the case of lower modification temperatures, wood discoloration is less intensive.



Within the temperature range of 130–220 °C, an increase may be observed in ∆E by 64%, a three-fold reduction in ∆L and an increase in ∆a by 61%. An increase in temperature from 130 to 190 °C does not cause a significant change in the value of ∆b, while elevation of temperature to 220 °C reduces the value of this parameter by 25%, as shown in Table 1. Table 1 presents mean values and the standard deviation (±σn−1) of the recorded parameters.



Values of parameters ∆E, ∆L and ∆a change in proportion to an increase in the modification temperature; these dependencies were approximated using linear functions. The value of ∆b in the temperature range of 130–190 °C remains more or less constant, while an increase in temperature to 220 °C lowers its value. This is shown in Figure 3.



It seems that the change in total color difference (∆E), in wood subjected to thermal treatment within the temperature range of 130–220 °C, first of all results from the coordinate of the difference in lightness ∆L, the value of which changes twice. This is manifested as a darkening of wood color, as well as coordinate ∆a, the value of which changes by approx. 60%, causing a stronger exposure of the red color in wood. This observation is confirmed by testing results [9,14,31].



Strong dependencies between total color difference (∆E) and the difference in the lightness (∆L) of wood and the temperature of its modification make it possible not only to predict but also to obtain the required color of wood subjected to thermal treatment, as well as to determine the temperature used in the modification process based on color parameters (Figure 3).



Relative values of color parameters change as follows: parameter ∆E from 1.2 (130 °C) to 2.0 (220 °C) and parameter ∆L from 1.2 to 3.7, parameter ∆a from 1.3 to 2.1, respectively. In turn, parameter ∆b is on average 1.18 (130 to 190 °C), while, at the temperature of 220 °C, it is 0.85. Relative value = value of the tested property of modified wood at a given temperature referred to the value of this property recorded for twin samples of the control wood.




3.2. Mechanical Properties


Regardless of the adopted modification temperature (130–220 °C), longitudinal compressive strength (CSL) of modified wood is 68–76 MPa, with a mean of 73 MPa, and it is comparable to the strength of control wood, in which the mean value is 75 MPa. It is shown in Table 2, which presents mean values and the standard deviation (±σn−1) of the recorded parameters.



The lack of a relationship between wood modification temperature and longitudinal compressive strength is also confirmed by the analysis of the absolute values of these parameters. It is presented in Figure 4.



Thermal treatment does not cause a reduction of the longitudinal compressive strength of wood. This is probably cause by the specific character of wood failure in the longitudinal compression test. At the submicroscopic level, wood may be treated as a composite reinforced with fibers. Wood strength along the grain is the strength of the cell walls (lumens do not transfer loads) and is determined by the collapse of axial elements of its structure (a specific case of buckling)—similarly to composites, which fail during axial compression [32,33,34].



At the final stage of wood failure during longitudinal compression, cell walls are deformed and delaminated [35]. The obtained results suggest that the process of wood failure at compression along the grain is initiated at such low stresses that the negative effect of thermal modification, observed in the case of other mechanical properties of wood, is not manifested in this case. The initiation of wood failure at a low level of compressive stresses and the character of the failure process [34,36,37] may be the reason for the lack of any manifested effect of thermal treatment on the longitudinal compressive strength of wood. Moreover, in thermally modified wood, no loss was observed in the content of lignin, which stiffens cell walls and is their component most resistant to the action of temperature [38,39].



Wood modification in the temperature range of 130–220 °C causes no changes in the level of stresses at the limit of proportionality at tangential compression (CST); their mean value is 5.3 MPa, while for control wood, it is 7.1 MPa (Table 2). Thermal treatment run at a temperature of 130–220 °C causes a steady, approx. 25% reduction in CST in relation to control wood (Figure 4).



An increase in temperature above 160 °C causes a decrease in the values of stress at the limit of proportionality in the radial compression test (CSR) from 3.5 to 2.7 MPa (Table 2). The modification temperature of 190 °C results in a decrease by 13%, while the temperature of 220 °C by 21% in relation to control wood (Figure 4).



In wood during the compression test perpendicular to the grain, thermal treatment results in a reduction of CST by, on average, 25% and CSR by 9%. A greater decrease in the strength in the tangential direction compared to the radial direction indicates that thermal modification to a greater extent affects changes in the properties of late wood rather than early wood, since mainly late wood is responsible for the modification of the mechanical properties of wood in the tangential direction in relation to annual rings.



An increase in modification temperature within the range from 130 to 220 °C results in a considerable reduction of the modulus of elasticity in the tangential and radial directions, amounting to 27 and 46%, respectively. The mean values of MOE in modified wood amount to 700 MPa for the tangential direction and 280 MPa for the radial direction, while for control wood, it is 440 and 220 MPa, respectively (Table 2). Compared to control wood, treatment at 130 °C results in a 1.8-fold increase in MOET and MOER. With an increase in modification temperature, their values decrease, which is particularly evident in the radial direction (Figure 4).



The mean value of MOEL for wood modified at temperatures of 130–190 °C was 18.9 GPa, while, at a temperature of 220 °C, it is 16.2 GPa; whereas in control wood, it is 17.9 GPa (Table 2). Modification at a temperature of 130–190 °C results in an increase of MOEL on average by 7% in relation to control wood, which shows the increased rigidity of the material, which indicates changes in the chemical structure of wood components, primarily cellulose. These observations confirm the reports that an increase in thermal modification temperature leads to an increase in the modulus of elasticity, hardness and brittleness, as well as susceptibility to cracking [10,40,41]. In turn, a reduction of the relative value of MOEL by 12% probably results from a drastic lowering of hemicelluloses content in wood subjected to thermal treatment at 220 °C.



No significant change was observed in the longitudinal tensile strength (TSL) of wood modified at a temperature of 130 and 160 °C compared to control wood, while modification at 190 and 220 °C caused a considerable reduction of TSL by 40 and 50%, respectively (Figure 4). This reduction of TSL values is explained by changes in the chemical structure shown in our experiments, i.e., a considerable decrease in the content of hemicelluloses and an increased share of lignin in modified wood, as confirmed by research [10]. The mechanical properties of modified wood are positively correlated with the content of hemicelluloses (mainly pentosanes and hexosanes) and negatively correlated with lignin [10].



The impact resistance of modified wood decreased from 3.8 to 1.5 J/cm2, while that of control wood is 4.0 J/cm2 (Table 2). With an increase in modification temperature, relative values of impact resistance decrease, at the temperature of 220 °C reaching only approx. 40% impact resistance of control wood. Within the temperature range of 190–220 °C, a drastic reduction of impact resistance is observed (Figure 4).



A decrease in longitudinal tensile strength, as well as strength at dynamic loading in the case of modified wood, indicates an increase in its brittleness, which is particularly evident for treatment at temperatures of 190–220 °C. These observations confirm reports of a considerable reduction of the impact resistance of thermally modified wood [10,11] and indirectly indicate changes in the wood structure at temperatures above 150 °C, which is significant in terms of mechanical properties [39].




3.3. Relationships between Properties of Thermally Modified Wood and Its Color


Properties of thermally modified wood correlated with color parameters were selected based on their identified marked dependence on modification temperature and high variability in the analyzed range of temperatures. These criteria are met by WL (Table 3), TSL and MOER (Table 2). The dependence between WL and parameters ∆E and ∆L is well described by an exponential function (R2 = 0.92), while that between MOER and TSL is well described by linear functions (R2 = 0.92 and R2 = 0.80–0.82). This is shown in Figure 5.



The existence of distinct functional dependencies between mass loss, longitudinal tensile strength and modulus of elasticity at radial compression of thermally modified wood and total color difference (∆E) and the difference in lightness (∆L) indicates that the above-mentioned parameters are good descriptors of analyzed properties; they may be considered indicators of changes taking place in wood during thermal modification. Based on color parameters, the technological quality of thermally modified wood may be assessed.




3.4. Chemical Analysis


Thermal modification caused mass loss in wood, which was connected with changes in the content of its components, as shown by the data presented in Table 3 and Figure 6.



The increase of temperatures used for wood modification resulted in higher values of mass loss in modified wood samples, from 0.14% (130 °C) to 7.00% (220 °C), as well as an increase in the total carbon content, from 47.43% (130 °C) to 50.33% (220 °C), which is consistent with literature data [42,43]. The content of extractives soluble in ethanol was similar for all variants of modification temperatures and comparable to the content in control wood. A slight decrease in extractives contents in the case of wood modified at 220 °C was observed in comparison to control wood and wood modified at lower temperatures. The results described by Esteves et al. [44,45] indicated that the content of extractives increased substantially upon the thermal modification of eucalypt and pine wood, but after wood reached a mass loss of 6%, the extractive contents exhibited a decreasing trend. In wood exposed to high temperatures, certain extractives were decomposed, but at the same time, new extractives were created, caused by the decomposition of main wood ingredients [46]. According to literature data, the increase, followed by a decrease, in extractive amounts in thermally modified wood suggests that there is an equilibrium between degradation/volatilization and that the appearance of new extractable compounds comes from polysaccharides and lignin degradation. As the temperature increases, the new compounds formed as a result of the degradation of carbohydrates and lignin degrades to volatiles, causing a decrease in extractives contents [45].



Table 3 presents the mean values and standard deviation (±σn−1) of the recorded parameters.





[image: Table] 





Table 3. Mass loss and total carbon content in modified wood.






Table 3. Mass loss and total carbon content in modified wood.





	

	
Temperatures of Modification (°C)

	




	
130

	
160

	
190

	
220

	
Control






	
Mass loss (%)

	
0.140 ± 0.002

	
0.690 ± 0.010

	
2.060 ± 0.110

	
7.000 ± 0.150

	
-




	
Total C content (%)

	
47.433 ± 0.311

	
47.742 ± 0.620

	
48.201 ± 0.161

	
50.327 ± 0.059

	
47.757 ± 0.069









The modification of pine wood caused changes in polysaccharide amounts, mainly by the degradation of hemicelluloses. Contents of cellulose and lignin in wood modified in the temperature range of 130–190 °C were similar and comparable to those in control wood. In turn, wood modified at 220 °C showed a relative increase in the content of cellulose (about 21%) and lignin (about 17%) compared to control wood. The increase in the temperature of wood modification caused a decrease of holocellulose content, which changed from 87.5% (control wood) to 63.6% (wood modified at 220 °C). However, significant changes were observed in hemicelluloses content. With increasing temperatures of the modification process, the content of hemicelluloses decreased, which was especially evident in the case of wood modified at 220 °C, where the hemicelluloses content was 6.3% compared to 42.3% determined for the control wood samples. The reduction of hemicelluloses content in wood modified at the highest temperatures was about 85% compared to control wood.



The obtained results indicated that hemicelluloses were the least stable ingredient of thermal modified wood, which is consistent with literature data [46,47,48,49]. The degradation of hemicelluloses was significantly faster compared to cellulose, which is connected with their amorphous nature and lower molecular weight [47,50].



The changes in wood structure caused by thermal modification were determined by ATR-FTIR analysis, the results of which in the form of spectra are presented in Figure 7.



The most important changes in the spectra of thermally modified wood compared to control wood were observed in the bands at 1735 cm−1 attributed to the C=O ester non-conjugated carbonyl group or carboxylic acid from the degradation of hemicelluloses and at 1660 cm−1 coming from C-O in quinones, coupled with C=O stretching in various groups, the intensities of transmittance of which decrease with an increasing temperature of modification [51,52]. These changes can be connected with the cleavage of acetyl groups, mainly in hemicelluloses. The intensities of the band at 1510 cm−1, ascribed to the C=C stretching of the aromatic skeletal vibrations in lignin in the spectra of modified wood, especially at higher temperatures, showed a reduction compared to control wood. The changes in the intensities of the band at 1510 cm−1 may be caused by the cleavage of methoxyl groups. The decrease of intensities in the band at 1030 cm−1 (C-O ester stretching vibrations in methoxyl and β-O-4 linkages in lignin) in the spectra of modified wood compared to control samples may be caused by the cleavage of β-O-4 linkage and methoxylates in lignin [46]. Moreover, other characteristic bands of lignin at 1460 cm−1 and 1270 cm−1 decreased in the spectra of modified wood, which confirmed that lignin degradation also occurred during thermal modification. In turn, the increase of intensities in the band at 1600 cm−1 in wood after heating was connected with an increase in the aromatic rings in wood components after their degradation [52]. In the spectra of modified wood, the reduction in the intensities of the broad -OH band at 3350 cm−1 was observed in comparison to control wood, which may be connected with the loss of -OH groups following wood dehydration upon heating [47]. The results of the ATR-FTIR analysis showed that all wood components were degraded during thermal modification.





4. Conclusions


The research of thermally modified Scots pine sapwood (Pinus sylvestris L.) showed that the total color difference ∆E and the difference in lightness ∆L and the chromatic coordinates ∆a are linear functions of modification temperature. A positive effect of thermal treatment was shown on the modulus of elasticity in the longitudinal, tangential and radial directions and a lack of such an effect on longitudinal compressive strength, as well as a negative effect of the thermal treatment on compressive strength perpendicular to grain, longitudinal tensile strength and impact strength. With an increase in modification temperature, a reduction is observed (to a greater or lesser extent) in the modulus of elasticity perpendicular to grain, compressive strength in the radial direction, longitudinal tensile strength and impact strength. Functional dependencies were found between mass loss, modulus of elasticity in the radial direction and longitudinal tensile strength, and total color difference and the difference in lightness. This makes it possible to determine these properties of thermally modified Scots pine sapwood following the ThermoWood® procedure based on its color.







Author Contributions


Conceptualization, M.P., A.K. and I.R.; methodology, M.P., I.R. and G.P.; formal analysis, M.P., A.K. and I.R.; investigation, M.P., G.P., M.W. and K.S.; data curation, M.P. and M.W.; writing—original draft preparation, M.P., A.K. and M.W.; writing—review and editing, M.P., G.P. and M.W.; visualization, M.P., M.W. and K.S.; supervision, A.K. and I.R.; funding acquisition, M.P. All authors have read and agreed to the published version of the manuscript.




Funding


Publication was financed within the framework of the Polish Ministry of Science and Higher Education’s program: “Regional Excellence Initiative” in the years 2019–2022 (No. 005/RID/2018/19)”, financing amount 12,000,000.00 PLN. The study was supported by the funding for statutory R&D activities as the research task No. 506.221.02.00 of the Faculty of Forestry and Wood Technology, Poznań University of Life Sciences.




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.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pétrissans, M.; Géradin, P.; El-Bakali, I.; Seraj, M. Wettability of heat-treated wood. Holzforschung 2003, 57, 301–307. [Google Scholar] [CrossRef]

	



Hill, C.A.S. Thermal Modification of Wood. In Wood Modification: Chemical, Thermal and Other Processes; John Wiley & Sons, Ltd.: Chichester, UK, 2006; pp. 99–110. ISBN 9780470021729. [Google Scholar]

	



Kollmann, F.; Fengel, D. Changes in the chemical composition of wood by heat treatment. Holz Roh-Und Werkst. 1965, 12, 461–468. [Google Scholar] [CrossRef]

	



Bhuiyan, M.T.R.; Hirai, N.; Sobue, N. Changes of crystallinity of wood cellulose by heat treatment under dried and moist conditions. J. Wood Sci. 2000, 46, 431–436. [Google Scholar] [CrossRef]

	



Yildiz, S.; Gümüşkaya, E. The effects of thermal modification on crystalline structure of cellulose in soft and hartwood. Build. Environ. 2007, 42, 62–67. [Google Scholar] [CrossRef]

	



Ewert, M.; Scheiding, W. Thermoholz in der Anwendung-Eigenschaften und Möglichkeiten. Holztechnologie 2005, 46, 22–29. [Google Scholar]

	



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

	



Pfriem, A.; Horbens, M.; Beyer, M.; Peters, J. Untersuchung von Extraktstoffen aus termisch modifizierter Rotbuche (Fagus sylvatica L.) auf ihre fungizide Wirkung. Holztechnologie 2009, 50, 32–36. [Google Scholar]

	



Brischke, C.; Walzbacher, C.R.; Brandt, K.; Rapp, A.O. Quality control of thermal modified timber: Interrelationship between heat treatment intensities and CIE L*a*b* colour data on homogenized wood samples. Holzforschung 2007, 61, 19–22. [Google Scholar] [CrossRef]

	



González-Peña, M.M.; Hale, M.D.C. The relationship between mechanical performance and chemical changes in thermally modified wood. In Proceedings of the Third European Conference on Wood Modification, Cardiff, UK, 15–16 October 2007. [Google Scholar]

	



Boonstra, M.J. A Two-Stage Thermal Modification of Wood. Ph.D. Thesis, Ghent University, Ghent, Belgium, Université Nancy 1, Nancy, France, 2008. [Google Scholar]

	



Bekhta, P.; Niemz, P. Effect of high temperature on the change in color, dimensional stability and mechanical properties of spruce wood. Holzforschung 2003, 57, 539–546. [Google Scholar] [CrossRef]

	



Jämsä, S.; Viitaniemi, P. Heat treatment of wood. Better durability without chemicals. In Review on Heat Treatments of Wood; Environmental Optimisation of Wood Protection: Antibes, France, 9 February 2001. [Google Scholar]

	



González-Peña, M.M.; Hale, M.D.C. Colour in thermally modified wood of beech, Norway spruce and Scots pine. Part 2: Property predictions from colour changes. Holzforschung 2009, 63, 394–401. [Google Scholar] [CrossRef]

	



Salmén, L.; Possler, H.; Stevanic, J.S.; Stanzl-Tschegg, S.E. Analysis of thermally treated wood samples using dynamic FT-IR-spectroscopy. Holzforschung 2008, 62, 676–678. [Google Scholar] [CrossRef]

	



Krauss, A.; Piernik, M.; Pinkowski, G. Cutting power during milling of thermally modified pine wood. Drv. Ind. 2016, 67, 215–222. [Google Scholar] [CrossRef]

	



Piernik, M.; Rogoziński, T.; Krauss, A.; Pinkowski, G. The influence of the thermal modification of pine (Pinus sylvestris L.) wood on the creation of fine dust particles in plane milling. J. Occup. Health 2019, 61, 481–488. [Google Scholar] [CrossRef] [PubMed]

	



PN-ISO 7724-3:2003; Farby i Lakiery—Kolorymetria—Część 3: Obliczanie Różnic Barwy. Polish Committee for Standarization: Warsaw, Poland, 2003.

	



ISO 13061-1:2014; Physical and Mechanical Properties of Wood—Test. Methods for Small Clear Wood Specimens—Part. 1: Determination of Moisture Content for Physical and Mechanical Tests. International Organization for Standardization: Geneva, Switzerland, 2014.

	



ISO 13061-2:2014; Physical and Mechanical Properties of Wood—Test. Methods for Small Clear Wood Specimens—Part. 2: Determination of Density for Physical and Mechanical Tests. International Organization for Standardization: Geneva, Switzerland, 2014.

	



ISO 13061-17:2017; Physical and Mechanical Properties of Wood—Test. Methods for Small Clear Wood Specimens—Part. 17: Determination of Ultimate Stress in Compression Parallel to Grain. International Organization for Standardization: Geneva, Switzerland, 2017.

	



ISO 13061-5:2020; Physical and Mechanical Properties of Wood—Test. Methods For. Small Clear Wood Specimens—Part. 5: Determination of Strength in Compression Perpendicular to Grain. International Organization for Standardization: Geneva, Switzerland, 2020.

	



PN-D-04107:1981; Drewno. Oznaczanie Wytrzymałości Na Rozciąganie Wzdłuż Włókien. Polish Committee for Standarization: Warsaw, Poland, 1981.

	



PN-D-04104:1979; Drewno. Oznaczanie Udarności i Wytrzymałości Na Zginanie Dynamiczne. Polish Committee for Standarization: Warsaw, Poland, 1979.

	



TAPPI T 204 cm-07; Solvent Extractives of Wood and Pulp. Technical Association of the Pulp and Paper Industry (TAPPI): Atlanta, GA, USA, 2007.

	



Seifert, K. Zur Frage der Cellulose-Schnellbestimmung nach der Acety-laceton-Methode. Papier 1960, 14, 104–106. [Google Scholar]

	



TAPPI T 222 om-06; Acid-Insoluble Lignin in Wood and Pulp. Technical Association of the Pulp and Paper Industry (TAPPI): Atlanta, GA, USA, 2006.

	



TAPPI T 9 wd-75; Holocellulose in Wood. Technical Association of the Pulp and Paper Industry (TAPPI): Atlanta, GA, USA, 2006.

	



ISO 16948:2015; Solid Biofuels—Determination of Total Content of Carbon, Hydrogen and Nitrogen. Polish Committee for Standarization: Warsaw, Poland, 2015.

	



Müller, U.; Rätzsch, M.; Schwanninger, M.; Steiner, M.; Zöbl, H. Yellowing and IR-changes of spruce wood as result of UV-irradiation. J. Photochem. Photobiol. Biol. 2003, 69, 97–105. [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]

	



Ashby, M.F.; Jones, D.R.H. Materiały Inżynierskie. Cz. 2, 2nd ed.; WNT: Warszawa, Poland, 1995; pp. 89–98. ISBN 83-204-2107-1. [Google Scholar]

	



Ochelski, S. Metody Doświadczalne Mechaniki Kompozytów Konstrukcyjnych, 1st ed.; WNT: Warszawa, Poland, 2004; pp. 94–97. ISBN 83-204-2890-4. [Google Scholar]

	



Zauner, M. In-Situ Synchrotron Based Tomographic Microscopy of Uniaxially Loaded Wood: In-Situ Testing Device, Procedures and Experimental Investigations. Ph.D. Thesis, ETH Zurich, Zürich, Switzerland, 2014. [Google Scholar]

	



Dinwoodie, J.M. Strenght, toughness, failure and fracture morphology. In Timber. Its Nature and Behaviour, 2nd ed.; E&FN Spon: London, UK; New York, NY, USA, 2000; pp. 181–194. [Google Scholar]

	



Frey-Wessling, A. Fine structure of protoplasmic derivatives. In Submicroscopic Morphology of Protoplasm, 2nd ed.; Elsevier Publishing Company: Amsterdam, The Netherlands, 1953; pp. 279–310. [Google Scholar]

	



Grossman, P.U.A.; Wold, M.B. Compression fracture of wood parallel to the grain. Wood Sci. Technol. 1971, 5, 147–156. [Google Scholar] [CrossRef]

	



Gindl, W. Comparing mechanical properties of normal and compression wood in Norway spurce: The role of lignin in compression parallel to the grain. Holzforschung 2002, 56, 395–401. [Google Scholar] [CrossRef]

	



Parysek, M. Badania Zmian Składu Chemicznego Drewna Zmodyfikowanego Termicznie. Ph.D. Thesis, Poznań University of Life Sciences, Poznań, Poland, 2010. [Google Scholar]

	



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

	



Esteves, B.; Pereira, H. Wood modification by heat treatment: A review. BioResources 2009, 4, 370–404. [Google Scholar] [CrossRef]

	



Xu, J.; Zhang, Y.; Shen, Y.; Li, C.; Wang, Y.; Ma, Z.; Sun, W. 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 2019, 11, 1145. [Google Scholar] [CrossRef] [PubMed]

	



Chaouch, M.; Dumarçay, S.; Pétrissans, A.; Pétrissans, M.; Gérardin, P. Effect of heat treatment intensity on some conferred properties of different European softwood and hardwood species. Wood Sci. Technol. 2013, 47, 663–673. [Google Scholar] [CrossRef]

	



Esteves, B.; Graça, B.; Pereira, H. Extractive composition and summative chemical analysis of thermally treated eucalypt wood. Holzforschung 2008, 62, 344–351. [Google Scholar] [CrossRef]

	



Esteves, B.; Videira, R.; Pereira, H. Chemistry and ecotoxicity of heat-treated pine wood extractives. Wood Sci. Technol. 2011, 45, 661–676. [Google Scholar] [CrossRef]

	



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

	



González-Peña, M.M.; Curling, S.F.; Hale, M.D.C. On the effect of heat on the chemical composition and dimensions of thermally-modified wood. Polym. Degrad. Stab. 2009, 94, 2184–2193. [Google Scholar] [CrossRef]

	



Gaff, M.; Kačík, F.; Gašparík, M. Impact of thermal modification on the chemical changes and impact bending strength of European oak and Norway spruce wood. Compos. Struct. 2019, 216, 80–88. [Google Scholar] [CrossRef]

	



Gaff, M.; Kačík, F.; Sandberg, D.; Babiak, M.; Turčani, M.; Niemz, P.; Hanzlík, P. The effect of chemical changes during thermal modification of European oak and Norway spruce on elasticity properties. Compos. Struct. 2019, 220, 529–538. [Google Scholar] [CrossRef]

	



Srinivas, K.; Pandey, K.K. Photodegradation of thermally modified wood. J. Photochem. Photobiol. B Biol. 2012, 117, 140–145. [Google Scholar] [CrossRef]

	



Miklečić, J.; Jirouš-Rajković, V.; Antonović, A.; Španić, N. Discolouration of thermally modified wood during simulated indoor sunlight exposure. BioResources 2011, 6, 434–446. [Google Scholar] [CrossRef]

	



Shen, H.; Cao, J.; Sun, W.; Peng, Y. Influence of post-extraction on photostability of thermally modified Scots pine wood during artificial weathering. BioResources 2016, 11, 4512–4525. [Google Scholar] [CrossRef]








[image: Materials 15 05776 g001 550] 





Figure 1. The course of the wood modification process (temperature 220 °C, time 4 h) [16,17]. 
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Figure 2. Sample surface—control (a) and modified wood (constant modification time—4 h) at a temperature of 130 °C (b); 160 °C (c); 190 °C (d); 220 °C (e). 
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Figure 3. Changes in ∆E, ∆L, ∆a and ∆b in the function of modification temperature (T). 
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Figure 4. Relation-to-control value (in proportion) versus T (°C). Each column represents the mean value of n samples. IS, n = 20; CSL, n = 10; CST, n = 10; CSR, n = 10; TSL, n = 10; MOEL, n = 10; MOET, n = 10; MOER, n = 10. 






Figure 4. Relation-to-control value (in proportion) versus T (°C). Each column represents the mean value of n samples. IS, n = 20; CSL, n = 10; CST, n = 10; CSR, n = 10; TSL, n = 10; MOEL, n = 10; MOET, n = 10; MOER, n = 10.



[image: Materials 15 05776 g004]







[image: Materials 15 05776 g005 550] 





Figure 5. Values of WL, MOER and TSL in the function of total color difference (∆E) and difference in lightness (∆L). 
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Figure 6. Content of extractives and main components in modified wood. 
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Figure 7. The ATR-FTIR spectra of control wood (–), wood modified at 130 °C (–), 160 °C (–), 190 °C (–) and 220 °C (–). 
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Table 1. Parameters of color change in modified wood at different temperature and at constant time.
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Temperature of Modification T (°C)

	
Parameters of Color (–)




	
∆L

	
∆a

	
∆b

	
∆E






	
130

	
−16.87 ± 0.49

	
6.32 ± 0.28

	
26.75 ± 0.96

	
32.25 ± 0.93




	
160

	
−21.71 ± 1.59

	
7.66 ± 0.38

	
28.50 ± 0.67

	
36.66 ± 0.97




	
190

	
−33.78 ± 1.51

	
10.22 ± 0.50

	
27.14 ± 1.30

	
44.57 ± 1.37




	
220

	
−47.93 ± 1.21

	
10.19 ± 0.49

	
20.18 ± 1.02

	
53.01 ± 1.00




	
Control *

	
−13.07 ± 0.71

	
4.90 ± 0.31

	
23.56 ± 0.71

	
27.38 ± 0.87








* Values of control wood parameters are mean values from the color measurements of all control (twin) samples.
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Table 2. Mechanical properties of wood.
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Mechanical Properties

	
Temperatures of Modification (°C)

	




	
130

	
160

	
190

	
220

	
Control *






	
CSL (MPa)

	
75.2 ± 4.0

	
75.6 ± 6.5

	
73.7 ± 4.2

	
67.9 ± 3.4

	
75.3 ± 3.8




	
CST (MPa)

	
5.2 ± 0.3

	
5.2 ± 0.2

	
5.4 ± 0.5

	
5.4 ± 0.5

	
7.1 ± 0.6




	
CSR (MPa)

	
3.5 ± 0.2

	
3,5 ± 0.2

	
3.0 ± 0.4

	
2.7 ± 0.3

	
3.5 ± 0.2




	
TSL (MPa)

	
114.1 ± 5.4

	
114.2 ± 4.1

	
68.7 ± 4.4

	
58.4 ± 11.9

	
115.0 ± 10.1




	
MOEL (GPa)

	
19.3 ± 2.0

	
18.8 ± 0.7

	
18.5 ± 0.9

	
16.2 ± 0.7

	
17.9 ± 1.1




	
MOET (MPa)

	
750.0 ± 35.4

	
760.0 ± 25.8

	
720.0 ± 31.5

	
550.0 ± 41.5

	
440.0 ± 29.3




	
MOER (MPa)

	
350.0 ± 13.9

	
320.0 ± 21.7

	
250.0 ± 29.3

	
190.0 ± 17.1

	
220.0 ± 15.8




	
IS (J/cm2)

	
3.84 ± 0.43

	
4.27 ± 0.40

	
1,64 ± 0.38

	
1.54 ± 0.27

	
3.97 ± 0.61








* Mean values of a given property were determined for all control wood (control) samples. 
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