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Abstract

:

The paper presents changes in color and selected physico-chemical properties of alder (Alnus glutinosa) wood during the process of thermal treatment of the wood with a saturated steam-air mixture or saturated water steam in the temperature range t = 95–125 °C for τ = 3 to 12 h. During the process of thermal treatment of alder wood, the original light white-gray color changes depending on the temperature and time of modification to soft reddish-brown to dark brown color shades. Color changes of alder wood expressed in the form of the total color difference are in the range of values ∆E* = 2.7–31.7. Measurements of the density of thermally treated alder wood in the dry state indicate that due to the thermal treatment of alder wood, the density decreases by ρ ≤ 4.6% compared to the average density of native alder wood. Due to the hydrolysis of hemicelluloses, in the process of thermal treatment of wet alder wood, its acidity changes in the range of values: pH = 4.9 to 3.1. Analyzes of ATR-FTIR spectroscopy indicate changes in alder wood extractants and hemicellulose degradation. A decrease in unconjugated and an increase in conjugated carbonyls was observed at all temperatures of thermal modification of alder wood. Measurements indicate changes in the lignin of alder wood and the fact that as the temperature increases, the formation of new carbonyls increases, which is reflected in the change of the chromophoric system.
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1. Introduction


Wood placed in an hot water, saturated water steam or saturated humid air environment heats up and its physical, mechanical and chemical properties change. Targeted physical-mechanical changes are achieved by thermal treatment of wood used in the production of veneers, plywood, bentwood furniture, or pressed wood [1,2,3].



In addition to targeted physico-mechanical changes, thermal treatment of wood with saturated steam also creates conditions for chemical reactions, such as water-soluble extraction processes, hydrolysis of alder wood hemicelluloses, depolymerization of polysaccharides and chemical changes in lignin causing modification of the beech wood chromophore system [4,5,6,7,8,9,10,11]. While in the past, color changes of darkening in the technological process of wood steaming were used to remove unwanted color differences between light white and dark cores, or to remove unwanted color spots caused by steaming, browning or molding, in recent times research has focused on targeted color changes wood of individual domestic woody plants in more or less pronounced color shades, with the purpose of imitating exotic woods [12,13,14,15,16,17,18].



The aim of the work is to determine the change of color, density and acidity of alder wood in the technological process of wood color modification with saturated water steam in the temperature range t = 95–125 °C during τ = 3–12 h as well as the dependence of the total color difference of alder wood (∆E*) in the color space CIE L* a* b* on the temperature and the duration of the thermal treatment. Changes in absorption spectra observed using FTIR analysis help explain the color changes of alder wood occurring during the thermal treatment process.




2. Material and Methods


2.1. Material


A number (320) of alder (Alnus glutinosa L.) wood pieces in the form of blanks with dimensions: thickness (h) = 38 mm, width (w) = 90 mm and length (d) = 750 mm was divided into four groups of 80 pieces in each group, which represents 20 pieces of blanks for a given thermal treatment time. The initial moisture content of the wet alder wood was in the range of values: w = 58.7% ± 5.1%. Group 1 blanks were not thermally treated. The other blanks were divided into three groups and thermally treated with a saturated steam-air mixture with a temperature of t = 95 ± 2.5 °C and thermally treated with saturated steam at t = 115 °C, t = 125 °C, for τ = 3, 6, 9 and 12 h. Thermal treatment of alder wood with saturated steam was performed in a pressure autoclave APDZ 240 (Himmasch AD, Haskovo, Bulgaria) installed at Sundermann Ltd., Banská Štiavnica (Slovakia).




2.2. Thermal Treatment of Alder Wood


The conditions in the pressure autoclave during the thermal treatment of alder wood with saturated steam with marked sampling intervals during the thermal treatment in are shown in the diagram in Figure 1.



The thermal alder wood color modification process was performed in a pressure autoclave at atmospheric pressure with a saturated steam-air mixture or saturated with steam at a pressure higher than atmospheric pressure. The temperatures tmax and tmin are the temperature interval in which saturated steam is fed into the autoclave for the implementation of the technological process. The temperature t4 is the temperature of the saturated water steam in the autoclave after the water steam pressure in the autoclave has been reduced to atmospheric pressure, allowing the pressure device to be opened safely and samples to be taken after a specified time of thermal treatment.



The modes of thermal treatment of alder wood with saturated steam-air mixture (Mode I) and saturated water steam (Mode II, Mode III) are listed in Table 1.



Native and color modified alder wood was dried to a final moisture content w = 12 ± 0.5%. Drying was carried out by low-temperature drying in a conventional hot-air dryer: KAD 1 × 6 (KATRES s.r.o., Jihlava, Czech Republic) with an emphasis on preserving the acquired wood color in individual regimes and times. Subsequently, the surface of dry blanks was machined on a FS 200 milling machine (BENET Trading, Kvasiny, Slovakia).




2.3. Determination of Alder Wood Density


Test specimens for measuring density with the following dimensions were made from native and thermally treated blanks in individual modes and times: dimensions h = 15 mm; width w = 50 mm; length d = 100 mm. The produced samples were dried in a laboratory oven (UM110m, MEMMERT, Niedersachsen, Germany) at a temperature of T = 103 ± 2 °C to constant weight according to the standard [19]. The density of the alder wood in each mode and time of treatment was determined on the dried samples. The principle of measuring density was to weigh the sample in air and in liquid (distilled water). The determination of the density of alder wood was carried out on the device: Set-for measuring the density of solids (KIT 128, RADWAG, Kraków, Poland), with built-in software designed for measuring and evaluating the density of solids, including wood [20].




2.4. Determination of Moisture Content before and after the Thermal Treatment Process


The moisture content of the alder wood was determined before applying the thermal treatment process by random selection of 15 samples. The moisture content of five pieces of thermally treated blanks was also determined in individual modes and times after their cooling to the ambient temperature. The moisture content of the wet alder wood was determined by the gravimetric method according to the standard [19].




2.5. Measurement of Alder Wood Acidity


The acidity of wet alder native and thermal treated wood was measured using a SI 600 pH meter with a functional Lance FET + H probe (Sentron, Roden, The Netherlands). 3 measurements were performed on all samples in the middle of the thickness of the blank and 100 mm from the front of the blank. Using an cordless drill (DCD791NT, DeWalt, Frankfurt, Germany), a 12 mm diameter hole was made at the measuring point. The drilled wet sawdust was pushed back into the hole with a glass rod, where the LanceFET + H sensor head was inserted. After about 60 s of stabilization, the pH value was read on a SI 600 pH meter (Sentron, Roden, The Netherlands) [21].




2.6. Color Measurement of Modified Alder Wood


The color identification of the thermally treated as well as untreated alder wood in the CIE L*a*b* color space was determined using a Color Reader CR-10 colorimeter (Konica Minolta, Tokyo, Japan). The measurement was performed on the loading and side surfaces at a distance of 300 mm from the front of the blanks. A D65 light source with an illuminated area of 8 mm was used. The color was evaluated based on the changes in the color space CIE L*a*b* on the luminance coordinate L*, color coordinates: red a*, yellow b*. The value of the total color difference is described by the following equation:


  Δ  E *  =      (   L 2 *  −  L 1 *   )   2  +    (   a 2 *  −  a 1 *   )   2  +    (   b 2 *  −  b 1 *   )   2     



(1)




where: L*1, a*1, b*1 values on the coordinates of the color space of the surface of dried milled thermally untreated alder wood, L*2, a*2, b*2 values on the coordinates of the color space of the surface of dried milled thermally treated alder wood.




2.7. Analysis of Changes in Lignin-Cellulose Matrix of Wood ATR-FTIR Spectroscopy


The original and thermally treated alder wood samples were analysed by ATR-FTIR spectroscopy. The measurements were carried out using a iS10 FTIR spectrometer (Nicolet, Thermo Fisher Scientific, Madison, WI, USA) equipped with a Smart iTR attenuated total reflectance (ATR) accessory. The resolution was set at 4 cm−1, 32 scans were recorded for each analysis, and the wavenumber range was from 4000 to 650 cm−1. Six analyses were performed per sample. The spectra were evaluated using the OMNIC 8.0 software.




2.8. Statistical Processing of Measured Data


Graphical and mathematical dependences of ∆E* = f (t, τ) and pH = f (t, τ) were determined from the measured data of the total color difference ∆E* and acidity of wood pH using the program STATISTICA 12 (V12.0 SP2), in the temperature range: t = 95–125 °C and time τ = 3–12 h. The program processing of the measured results partially eliminated the influence of measurement errors caused by wood heterogeneity and the direct pH measurement method [21].





3. Results and Discussion


Physical properties of Alnus glutinosa wood such as moisture and acidity of wet wood before the thermal treatment process, as well as wood density, coordinates color space CIE L*a*b* in the dry state are given in Table 2.



The measured values of the density of alder wood in the dry state are the average values of the density of healthy alder wood, which is not damaged by fungi or molds. Similar values of alder wood density for the territory of Central Europe are given in [22,23,24]. Based on the above statement, it is possible to follow the analyzed changes in the properties of alder wood achieved by thermal treatment in individual regimes as representative (standard).



The results of laboratory work determining the density of thermally treated alder wood over time and at individual temperatures of saturated water steam in the dry state are given in Table 3.



The presented results show that the density of thermally treated alder wood decreases with increasing temperature. The stated changes in the densities of color-modified alder wood do not exceed the limits of the natural tolerance of alder wood densities, which in the Central European area is: ρ0 = 450–510–600 kg·m−3.



The moisture values of thermally treated alder wood after cooling the wood to ambient temperature are given in Table 4.



The decrease in the moisture content of alder wood by ∆w = 9.1% is caused by evaporation of water from the wood into the saturated water steam environment in the autoclave during cooling to t = 100 °C before removing the wood from the autoclave and evaporation of water from wood to the atmosphere during cooling of wood to ambient temperature of air. The source of heat for evaporation and vaporization of water from wood is the heat accumulated during the heating of wood to the required technological temperature [25,26].



The acidity values of wet alder wood measured by the direct method of pH measurement before the thermal treatment process and during the thermal treatment during the technological process measured at 3, 6, 9, 12 h time intervals after listed in Table 5.



The acidity of wet alder wood pH = 4.9 ± 0.2 is in accordance with the literature range of pH = 5.5–4.8 [7,21,27,28]. According to the literature, the free water found in the lumens of moist wood cells is a dilute aqueous solution of sugars, organic acids and salts of calcium, magnesium, potassium, sodium and inorganic acids, which are transported by the root system to the living tree during its growth [29,30,31,32]. The decrease in the acidity of alder wood during the process of thermal treatment with saturated steam is a confirmation of the known knowledge about the decrease in the pH of wet wood depending on the temperature and time of treatment [6,8,21,33,34]. From the measured pH values of alder wood during thermal treatment in the range of temperatures t = 95–135 °C and time τ = 3–12 h using a statistical program, the mathematical (Equation (2)) and graphical dependence (Figure 2) of the change in acidity in the process of thermal treatment was determined:


pH = 4.9042 + 0.0258 ∙ t + 0.0365 ∙ τ − 0.0003 ∙ t2 − 0.0014 ∙ t ∙ τ + 0.004 ∙ τ2



(2)




where: t—temperature of the saturated water steam °C, τ—time of thermal modification of wood color in hours.



The light white-gray color of alder wood with a yellowish tinge of untreated wood was identified in the color space CIE L*a*b* with values on the luminance coordinate L0* = 78.3 ± 2.3 and color coordinates: a0* = 9.2 ± 1.6; b0* = 22.6 ± 1.2. The measured values on the color coordinates of untreated alder wood are comparable with the values reported previously by other authors [14,35,36].



The process of thermal treatment of alder wood changes the color to soft reddish-brown to dark brown color shades achieved in III mode after 12 h of thermal treatment. The color saturation of alder wood depends on the moisture content of the wood, the temperature of saturated water steam and the duration of the technological process. The degree of coloration of alder wood in individual modes and times is declared by Figure 3.



A PERFECTION V850 PRO scanner EPSON with a scan quality of 1200 dpi was used to visually evaluate the color changes of alder wood color samples after the alder wood thermal treatment process using different modes and times.



Visual inspection of the thermally treated alder wood on the loading surfaces and in the middle of the side surfaces of the sawn blanks, as well as color measurements with the Color Reader CR-10 colorimeter on these surfaces showed that the wood is evenly colored throughout the cross section after 3 h thermal treatment of mode I (tI = 95 ± 2.5 °C). The full-volume coloring of alder wood is realized thanks to the rapid heating of the wood in a pressure autoclave to the required technological temperature with saturated steam over the entire volume of the autoclave, as well as over the entire cross section of the material [16,37]. Rapid heating of the material creates suitable conditions for the processes of extraction of water-soluble substances, hydrolysis of polysaccharides, as well as changes in the structure of lignin of alder wood causing modification of the chromophoric system.



The measured values of the color of the alder wood during the thermal treatment on the luminance coordinate L* and the color coordinates: a*—the coordinate of the red color, b*—the coordinate of the yellow color as well as the total color difference ΔE* are given in Table 6.



From the measured values on the luminance coordinate L* it follows that the luminosity of native alder wood L0* = 78.3 has a decreasing tendency depending on temperature and time, where during thermal treatment with temperature tIII = luminosity decreased by up to ∆L3* = −30.9. The decrease in the lightness of alder wood with the increase in the temperature of the saturated steam is not directly proportional. At higher temperatures of the heat treatment process, the decrease in brightness is greater and the darkening of alder wood is more pronounced.



The reduction of the values on the light coordinate L* is in accordance with the knowledge about wood darkening in thermal and hydrothermal technological processes, such as wood steaming declared in the works: [13,14,16,17,20,38,39,40,41], or drying with warm humid air, resp. superheated steam [18,42].



Changes in the chromatic coordinate of red a* have an increasing tendency. The value of the red color of native wood a0* = 9.2 increases during 12 h in a thermal process with the temperature tI = 95 ± 2.5 °C to the value of a3* = 12.5, at the temperature of saturated steam tII = 115 ± 2.5 °C to a3* = 12.9 and at water steam temperature tIII = 125 ± 2.5 °C to a3* = 13.1. The magnitudes of the changes on the red coordinate of a* are significantly smaller compared to the changes on the luminance coordinate of L*. A comparison of the effects of the parameters: temperature and duration of the technological process shows that increasing temperature has a greater effect on the increase of values than time. The largest increase in ∆a* values, manifested by the red-brown shade of alder wood, is at the temperature of saturated water steam tII = 115 ± 2.5 °C.



On the yellow color coordinate b*, the values have a slightly decreasing tendency depending on the saturated water vapor temperature and the modification time. The most significant decrease is at temperature tIII = 125 ± 2.5 °C. Color-modified wood loses a yellowish tinge compared to uncooked alder wood.



Changes in the color of alder wood in the thermal process, in addition to changes in individual coordinates in the color space CIE L*a*b*, are analyzed by the total color difference ∆E*. The dependence of the change in the total color difference ∆E* on the temperature t and time τ of alder wood during heat treatment of wood at saturated water steam temperatures in the range from t = 95 to 135 °C and time τ = 3–12 h, is shown in the form of a 3D diagram in Figure 4 and is mathematically described by equation (Equation (3)):


ΔE* = 160.1885 − 3.2688 ∙ t − 1.6125 ∙ τ + 0.0162 ∙ t2 + 0.0362 ∙ t ∙ τ−0.0639 ∙ τ2



(3)




where: t—temperature of the saturated water steam °C, τ—time of thermal modification of wood color in hours.



During the process of thermal modification of wet alder wood, the formation of acetic acid and formic acid occurs depending on the temperature and time, as well as the degradation of polysaccharides through oxidation of carbohydrates, pectin and dehydration of pentoses to 2-furaldehyde. Free radicals and phenolic hydroxyl groups begin to form in lignin, which results in the formation of new chromophoric groups causing a change in the color of the wood [4,5,6,7,43]. Said changes, in the form of ATR-FTIR analyzes after 6 and 12 h, are shown in Figure 5 and Figure 6



The differences in ATR-FTIR absorption spectra were used to further elucidate the changes in chemical substances of alder wood during thermal treatment. In the spectra, there were monitored the changes of the functional groups and bonds responsible for the color changes of the thermal treatment wood [44,45].



According to our assumptions, more significant changes in the intensity of the absorption bands were recorded in the spectrum of wood thermal treatment for a long time. In the spectra of wood after 12 h of thermal treatment (Figure 6), positive bands at 3500 to 3200 cm−1 suggest an increase of intermolecular hydrogen bonds via devolatilization of original extractive substances and the changes in the carbohydrate components of wood—mainly from the significant degradation of hemicelluloses and the subsequent dehydration reactions. The positive bands at 1603 and 1513 cm−1 suggested the changes of the lignin and forming of the quinone structures in alder wood with elevated thermal treatment temperature.



Of interest are the changes observed in the region of 1750–1650 cm−1, which correspond to the vibrations of carbonyl and carboxyl groups. At both treatment times, an increase in the intensity of the bands at 1725 cm−1 can be observed, to approximately the same extent. This suggested a formation of new carbonyl or carboxyl groups presumably due to hydrolysis and oxidative transformation of polyphenols to dark color polymers, which is in agreement with increase in green-red color coordinate a* [46]. However, only in the case of samples thermal treatment for 6 h (Figure 5), a decrease in absorbance at 1651 cm−1 was observed, which indicated a loss of conjugated carbonyls in polysaccharides [42]. In the case of samples thermal treatment for 12 h (Figure 6), a decrease in absorbance at 1746 cm−1 is showed, whereby the decrease is more pronounced at higher treatment temperatures.




4. Conclusions


	(1)

	
The process of thermal treatment of alder wood changes the color from the original light white-gray color with the coordinates: L* = 76.8 ± 2.3; a* = 9.6 ± 1.6; b* = 22.3 ± 1.2 for soft reddish-brown tones with coordinates: L* = 57.4 ± 1.2; a* = 12.9 ± 0.5; b* = 18.3 ± 0.4 to dark brown shades with coordinates: L* = 47.4 ± 1.7; a* = 13.1 ± 0.6; b* = 16.3 ± 0.4.




	(2)

	
The density of thermally treated alder wood decreases with increasing temperature in the range of average values ρ0 = 513.7–503.6 kg·m−3. The stated changes in the densities of color-modified alder wood do not exceed the tolerance limits of the densities of native alder wood, which is in the Central European area: ρ0 = 450–510–600 kg·m−3.




	(3)

	
During the technological process of wood modification, the acidity of the wood changes, which is more pronounced at a higher saturated steam temperature and for a longer time. The change is from pH = 4.9 for native alder wood to pH = 3.1 in mode III after 12 h of modification.




	(4)

	
The differential spectrum of alder wood samples showed significant changes in the extractives as well as degradation of hemicelluloses. A decrease in unconjugated bonds and an increase in conjugated carbonyls was observed at all steaming temperatures. The findings also confirmed changes in alder lignin.
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Figure 1. Diagram color modification of alder wood with saturated water steam. 
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Figure 2. Correlation of the pH value of wet alder wood and the temperature of saturated water steam t and the time τ. 
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Figure 3. Changes in the color of alder wood during thermal modification. 
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Figure 4. Dependence of the total color difference ΔE* on the temperature of saturated water steam and the time of thermal modification. 
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Figure 5. Absorption difference spectra of alder wood after 6 h of thermal modification. 
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Figure 6. Absorption difference spectra of alder wood after 12 h of thermal modification. 
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Table 1. Modes of color modification of alder wood with saturated steam-air mixture and saturated water steam.
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Modes

	
tmin (°C)

	
tmax (°C)

	
t4 (°C)

	
Length of Time Wood Is Exposed to Color Modification






	
Mode I

	
92.5

	
97.5

	
-

	
τ1 = 3 h

	
τ2 = 6 h *

	
τ3 = 9 h *

	
τ4 = 12 h *




	
Mode II

	
112.5

	
117.5

	
100




	
Mode III

	
122.5

	
127.5

	
100








Note: * After individual time periods of color modification, exactly according to the determined diagram (course), 0.5 h must be added to the given time of thermal modification of alder wood color. This time between the individual sections of the modification serves to reduce the pressure for safe opening of the autoclave and manipulation for selection of one group of modified blanks from the autoclave, closing and pressurization of the autoclave with saturated steam.
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Table 2. Measured values of density, coordinates color space CIE L*a*b* of dry wood, moisture and acidity of wet wood: Alder.
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Wood

	
Dry Alder Wood

	
Wet Alder Wood




	
Density Wood

	
Coordinates of Color Space

CIE L*a*b*

	
Moisture Content

	
Acidity




	
ρ0 (kg·m−3)

	
L*

	
a*

	
b*

	
w (%)

	
pH (-)






	
Alder

	
522.8 ± 30.4

	
78.3 ± 2.3

	
9.2 ± 1.6

	
22.6 ± 1.2

	
62.9 ± 2.3

	
4.9 ± 0.2











[image: Table] 





Table 3. Average density values of dry thermally treated alder wood.
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Thermal

Treatment Mode

	
Statistical Characteristics of Dry Wood Density




	
ρ0 (kg·m−3)

	
s (kg·m−3)

	
vx (%)

	
N (-)






	
Mode I

	
513.7

	
25.1

	
4.9

	
20




	
Mode II

	
510.4

	
22.5

	
4.4

	
20




	
Mode III

	
503.6

	
21.7

	
4.3

	
20








where: ρ0—measured average values of alder wood density; s—standard deviation of measurement; vx—coefficient of variation (relative degree of variability); N—number of measurements performed.
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Table 4. Average values of alder wood moisture content in the thermal treatment process.
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Thermal

Treatment Mode

	
Time of Thermal Modification of Alder Wood




	
3 h

	
6 h

	
9 h

	
12 h




	
w (%)

	
w (%)

	
w (%)

	
w (%)






	
Mode I

	
58.6 ± 1.9

	
59.2 ± 1.2

	
58.5 ± 1.0

	
57.9 ± 1.1




	
Mode II

	
59.3 ± 1.2

	
58.9 ± 1.4

	
58.2 ± 1.2

	
56.9 ± 1.1




	
Mode III

	
58.5 ± 1.6

	
57.0 ± 1.1

	
56.1 ± 1.1

	
53.8 ± 0.9
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Table 5. Measured average pH values of alder wood in the process of thermal treatment.
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Modes Thermal Treatment

	
Time of Thermal Modification of Alder Wood




	
3 h

	
6 h

	
9 h

	
12 h




	
pH

	
pH

	
pH

	
pH






	
Mode I

	
4.8 ± 0.2

	
4.7 ± 0.1

	
4.5 ± 0.3

	
4.4 ± 0.2




	
Mode II

	
4.0 ± 0.2

	
3.8 ± 0.3

	
3.7 ± 0.2

	
3.5 ± 0.2




	
Mode III

	
3.9 ± 0.3

	
3.4 ± 0.2

	
3.1 ± 0.2

	
3.1 ± 0.1
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Table 6. Measured color values on the coordinates L*, a*, b* in the CIE color space L* a* b*, as well as the values of the total color difference ∆E* of alder wood during the process of thermal modification of wood color.
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Thermal Treatment Temperature

	
Coordinates CIE L*a*b*

	
Time of Thermal Modification of Alder Wood




	
3 h

	
6 h

	
9 h

	
12 h






	
tI = 95 ± 2.5 °C

	
L*

	
76.1 ± 1.8

	
73.3 ± 1.4

	
70.5 ± 1.9

	
68.6 ± 0.8




	
a*

	
10.4 ± 1.1

	
11.7 ± 0.8

	
12.2 ± 1.0

	
12.5 ± 0.7




	
b*

	
22.0 ± 0.9

	
21.5 ± 0.7

	
20.8 ± 0.8

	
20.5 ± 0.7




	
∆E*

	
1.1

	
4.2

	
7.0

	
8.9




	
tII = 115 ± 2.5 °C

	
L*

	
72.2 ± 1.6

	
65.9 ± 1.2

	
61.7 ± 1.1

	
57.4 ± 1.2




	
a*

	
11.4 ± 0.8

	
12.6 ± 0.6

	
12.8 ± 0.6

	
12.9 ± 0.5




	
b*

	
19.2 ± 0.7

	
18.6 ± 0.5

	
18.4 ± 0.6

	
18.3 ± 0.4




	
∆E*

	
5.8

	
11.9

	
15.9

	
20.1




	
tIII = 125 ± 2.5 °C

	
L*

	
64.8 ± 1.7

	
57.4 ± 1.2

	
51.2 ± 1.1

	
47.4 ± 1.7




	
a*

	
11.8 ± 0.7

	
12.3 ± 0.6

	
12.5 ± 0.5

	
13.1 ± 0.6




	
b*

	
19.3 ± 0.6

	
17.2 ± 0.5

	
16.6 ± 0.5

	
16.3 ± 0.4




	
∆E*

	
12.6

	
20.2

	
26.4

	
30.2
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