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Abstract

:

One-sided surface charred European beech wood (Fagus sylvatica L.) was studied. Radial and tangential specimens of dimensions of 50 × 25 × 350 mm were one-sided surface charred at 200, 250, 300, 350, and 400 °C for various times using a contact heating system. Specimens of dimensions of 50 × 25 × 50 mm3 were prepared for treatment intensity analysis and its effect on surface wettability. Density profiles of the radial and tangential charred specimens were determined using X-ray densitography with a resolution of 0.05 mm. The wettability of the one-sided surface charred wood specimens was analyzed via contact angle, measured using the sessile drop method and determined over 10 to 150 s. The oven-dried specimens were partially submerged in water and water uptake was recorded after 2, 4, 6, 8, 10, 48, and 72 h according to EN-927-5. The surface density of the radial specimen groups charred at 200 °C for 6 min and 250 °C for 4 min decreased by about 4.5 to 8.2%. With increasingly severe charring, the surface density decreased by about 15.5 to 33.5%. A mild charring process produced a surface charred layer of approx. 2 mm, while higher temperatures and longer times affected the density up to 4–6 mm beneath the surface. Differences were found between the water uptake of the radial and tangential charred beech specimens. The most significant decrease of 56% in water uptake was recorded for the radial group prepared at 200 °C for 20 min after floating in water for 72 h. Water uptake in the radial groups modified at 250 °C for 4 and 6 min after 72 h decreased by 38% and 36%, respectively. The tangential groups did not show any statistically significant decrease. The average water uptake of the groups charred at 200 °C for 20 min, 350 °C for 2 min and 400 °C for 1 min was greater than that of the reference; the variability of the measured data was significantly greater due to the highly anisotropic character of the tangential specimens. Micro cracks were also visible on the surface. Concluding from the results of this study, one-sided surface charred beech wood exhibits increased potential in terms of wood–water related properties when a temperature range of 200–400 °C is applied.
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1. Introduction


The growing interest in ecological construction has increased the demand for renewable and easily recyclable materials. Wood is a sustainable, ecological, low-cost choice for exterior building elements [1]. Wood products with a long service life can make a significant contribution to climate change mitigation [2]. Therefore, there is a scientific effort to enhance wood in order to obtain materials that maintain advantages over their service life and, at the same time, reduce their disadvantages, such as natural variability, dimensional instability, and biological degradability [3,4]. The resistance of natural wood species to biological degradation is closely associated with a higher moisture content in timber structures (above 20%), and the chemical composition of wood, e.g., presence of extractives, etc. Water uptake and water release into the environment may cause surface cracking of wooden structures as a result of the internal stresses caused by swelling and shrinkage. The damaged surface and high moisture content of wood can favor the risk of biological degradation [5]. Hygroscopicity of wood, which is one of the main characteristics increasing the risk of rot decay, can be temporarily or permanently eliminated using modification methods, such as chemical, thermal, and mechanical treatments [6,7,8]. The thermal modification of wood at elevated temperatures (160–260 °C), as one of the most commonly used commercial methods, decreases the equilibrium moisture content (EMC) and improves its dimensional stability and biological durability [9]. An alternative to traditional thermal modification is to modify only the exposed surfaces, saving time and costs, and preserving the material properties of the interior of the wood [10,11,12,13]. Recent scientific work shows that wood can be one-sided surface charred using a hot plate under controlled conditions—i.e., temperature and time—leaving the structural properties of the wood relatively unchanged [11,12,13]. It is well known that wood undergoes a number of overlapping chemical reactions as a result of thermal degradation when high temperatures are applied. At lower temperatures (180–250 °C), wood undergoes important chemical transformations that result in the decomposition of non-crystalline carbohydrates [14,15,16,17,18,19], while lignin and cellulose degradation occurs somewhat above 280 °C [20,21]. Heating to 300 °C results in the depolymerization of cellulose, the production of volatile compounds, the formation of oxidation products (carbonyl and carboxyl compounds), and finally charring, causing extensive mass loss [22]. Most of the hemicelluloses have decomposed at 300 °C and the most rapid rates of decomposition of cellulose and lignin take place at approx. 360 °C, while the remaining lignin continues to decompose above 400 °C [12,23]. Even though there has recently been interest in this topic, one-sided surface charring using a contact heating system at a temperature range of 200–400 °C has not yet been tested.



Beech is the most widespread broadleaf species in forests of the Czech Republic and there is strong demand to find new and alternative ways to commercially use this traditional timber, especially for outdoor conditions. It is hypothesized that by applying an appropriate combination of charring parameters, i.e., time and temperature, the optimum treatment intensity can be determined, decreasing the surface wettability properties of beech wood when compared with untreated material.




2. Materials and Methods


European beech (Fagus sylvatica L.) wood from a Czech forest enterprise was studied. Specimens of dimensions 50 × 20 × 350 mm were made from one tree and cut from sawn boards with an average oven-dry density of 631 kg/m3 (standard deviation 53 kg/m3) for radial and 658 kg/m3 (standard deviation 35 kg/m3) for tangential specimens (Table 1). The specimens were sorted into two main groups according to the orientation of the surface (radial or tangential) to be charred. The radial and tangential specimens were sorted into groups with an as similar average density as possible, with 10 specimens in each group. Specimens were one-sided surface charred by contact heating using a laboratory hot plate (CERAN 33SR) with a built-in NiCrNi sensor and electronic temperature controller on the radial and tangential surfaces. The specimens were first dried to 0% MC (103 ± 2°C), then immediately charred in order to avoid any shape deformation during contact heating. No additional pressure was applied during the charring process. The time–temperature regimes of the processes are shown in Table 1.



The radial and tangential references and the one-sided surface charred specimens of dimensions 50 × 20 × 50 mm were analyzed for their density profiles to determine the intensity of the charring process. The oven-dried specimens (103 ± 2 °C for 24 h) were measured using an X-ray density profile analyzer—DPX3000 (Imal s.r.l., San Damaso, Italy)—with a measuring step of 0.05 mm. Five specimens from each group were measured.



The wettability of the one-sided surface charred specimens was determined using contact angle measurements, as well as by surface water uptake according to EN-927-5. Initially, the specimens were placed in a climate chamber at 20 °C and 65% RH for one week until a constant mass was achieved (less than 2% of variation). The specimens were then transferred one by one to the laboratory, where individual measurements were carried out. The contact angle at the contact line of advancing sessile drops was analyzed using the surface energy evaluation system—the “See System” (Advex Instruments, Brno, Czech Republic). The specimens were placed on a movable stage in front of a CCD camera while drops of distilled water (with a volume of 1 μL) were put onto the charred surface. Images were recorded with the camera over 10 to 150 s. The surface was measured repeatedly (at least five times) and always at a different position. The analysis was performed at room temperature (20 °C).



The specimens of dimensions of 50 × 20 × 50 mm3 were also measured for water uptake. The sides of the wood were sealed with two-component epoxy varnish EPOLEX S1300 mixed with the hardener EPOLEX S7300 and dried to 0% moisture content. The mass gain (water uptake) of partially submerged specimens was recorded after 2, 4, 6, 8, 10, 24, 48, and 72 h.



The data recorded were processed using Statistica 13 software (StatSoft Inc., Tulsa, OK, USA) and evaluated using one-factor analysis of variance (ANOVA), completed with Tukey’s honest significance test (HSD test).




3. Results and Discussion


The intensity of one-sided surface charring of the radial and tangential specimens was determined using X-ray density profile analysis and compared to the reference (Figure 1 and Figure 2). The density profile of the reference radial and tangential specimens varied due to the different annual ring orientations in their cross sections and consequently earlywood and latewood proportions in the longitudinal sides. The average density of the reference radial specimens showed uniform distribution, while one-sided charred specimens tended to decrease in their density profile according to the time–temperature regime applied. Application of mild temperature–time regimes (200/6 and 250/4) led to only minor changes in the surface density profile, which decreased by about 4.5 to 8.2%. With increasingly severe charring, the surface density decreased by about 15.5 to 33.5%. According to the results, the mild charring processes produced a surface charred layer of approx. 2 mm, while a higher temperature and longer time affected density up to 4 mm. A significantly greater difference was found when a temperature of 200 °C was applied for 20 min. As a result of the longer time, the density profile was affected up to 6 mm beneath the surface of the specimen.



The decrease in density during one-sided surface charring is associated with a number of overlapping thermal degradation reactions as previously presented by several authors [21,24]. Hemicelluloses are decomposed at temperature up to 250–300 °C, followed by lignin and cellulose degradation above 280 °C. The depolymerization of cellulose, production of volatile compounds, formation of oxidation products, and charring result at a temperature of approx. 300 °C. As the temperature increase, the degree of polymerization of cellulose decrease and the crystallinity increase [25]. This might be due to a preferred degradation of the less ordered molecules during the thermal treatment [26,27]. Further decomposition of cellulose and lignin takes place at approx. 360 °C, while at 400 °C the remaining lignin continues to decompose [23].



The density profiles of the tangential specimens showed greater variability and therefore evaluation is not as straightforward as with the radial specimens. According to the results, most of the charring processes produced a surface charred layer of only approx. 2 mm, while greater thermal degradation was found in specimens undergoing 250/6 and 300/4 regimes. These differences can be partially explained by the different densities of the radial and tangential specimens and partially due to the different thermal conductivity of wood in the radial and tangential directions (λR > λT). These differences can be attributed to the significant number of wood rays in hardwoods and their orientation [28,29]. In addition, in the tangential section reasonably the ratio of earlywood and latewood is different, depending by the position if close to the pith or far from the pith [3].



The contact angle (CA) evolution with time is given for charred radial and tangential specimens as well as for an untreated sample at different temperatures (Figure 3). The highest values were measured for the lowest temperature (200/20R—68.2°; 200/20T—70.0°), the higher the temperature was used, the worse CA, which is in line with previous results [11], where contact heating was also used for the preparation. As a rule, the wettability of heat-treated wood decreases [7,21,30]. Heat treatment of beech blocks were performed by Hakkou et al. (2005) in France, in a reactor placed in an oven, the wood surface started to be hydrophobic (CA > 90°) after 120 °C [21]. CA characterized on heat-treated beech wood at 240 °C in an industrial oven showed that the variation after and before processing (∆θa = 16.2°) was low compared with other species (spruce = 44.7°, pine = 62.4° poplar = 85.8°) [28]. The value of ∆θa for beech processed by contact heating for radial specimens (∆θa = 200/20R—REFR) was 24.0° and 5.6° for tangential (∆θa = 200/20T—REFT). The average value of ∆θa corresponded to 14.8°, which was more or less in the good agreement previous results [31]. The effect of processing direction is obvious. Characteristics of dynamic wetting process for two different heat-treated (max. 205 °C) North American wood species, white ash and soft maple, in axial, radial and tangential directions were studied and CA values were in all cases were higher for heat-treated wood than for untreated [32], this is in line with our results. Nevertheless, these results suggest that the difference between the CA in radial and tangential directions are not significant. In contrast, the behavior of CA in tangential and radial beech samples shows large differences.



The lowest contact angles were measured on the surfaces that were charred at the highest temperatures (400 °C). The charring increased the hydrophobic behavior more in radial specimens. The exception was sample 400/1R, where CA decreased much faster than in the others; after 7 s its CA results were worse than the reference. Tangential specimens showed better values of CA than REFT at 200/20T, 250/4T and 250/6T. The rest have CA values that are the same as the reference (300/4T and 350/1T), or even worse (300/2T, 350/2T, 400/1T and 400/0.5T). The sample REFT had a relatively high CA on average, but the standard deviation was 14.11 after 10 s and 16.04 after 150 s (the highest initial measured CA is 87° and the lowest 32°). The results suggest that the surface properties of the tangential samples varied considerably. Principally, the values of radial standard deviation increased quite steadily with increasing observation time; the higher the temperature and time of charring, the greater the increase in deviation (250/4R = 0.30; 400/1R = 10.32). In contrast, tangential samples (except REFT) show standard deviation values that are very similar, regardless of the treatment method (250/4T = 0.55; 400/1T = 2.69).



In general, polymeric materials are semi-crystalline with co-existing amorphous and crystalline phases. They show a certain degree of structural order, expressed by a degree of crystallinity from 40% to 90% (100% is never possible in processing conditions). Most wood-derived cellulose is crystalline [3]; due to the effect of pyrolysis, the crystallinity increases. The higher hydrophobicity of heat-treated wood can be explained by degradation of the amorphous region and an increase in cellulose crystallinity with temperature since the sorption of water by amorphous region is higher than for crystalline cellulose. It has been demonstrated using 13C nuclear magnetic resonance and X-ray analyses that heat-treated wood has a higher crystallinity, leading to a more hydrophobic material [26,31,33]. The fiber alignment and degree of crystallinity can also affect the hydrophobicity of the samples, the larger the alignment of the fiber, the higher the degree of crystallinity [34].



In addition, higher amounts of non-polar components on the surface of samples exposed to higher temperatures cause an increase in hydrophobicity, which is attributed to extractive migrations and deposition of volatile organic compound substances [33]. Moreover, the hydrophobic character is correlated with low values of electron-donating components. After heat treatment, the lignin content increased, while carboxylic acid functions that are mainly present in hemicelluloses decreased significantly; an important decrease in wood acidity was noted [35]. The dehydration reactions of hemicelluloses that are ongoing during heat-treatment are able to degrade OH-groups, which cause a decrease in water penetration into the wood surface [36]. The heat treatment causes a greater gas permeability and an increase in porosity and decrease in gravimetric density [37,38,39]. Finally, extensive charring (more than 400 °C) leads to intensive cracking and an increase in the capillary absorption of water, which is related to the high standard deviation values measured for wood charred at 400 °C.



The results of wettability of the one-sided surface charred specimens were determined by surface water uptake and are presented in Figure 4 and Figure 5. Similar to the contact-angle measurements, varying results of water uptake were found for the radial and tangential specimens. The average water uptake of the radial specimens after 72 h was statistically (p = 0.000207) lower than the reference. The most significant decrease of 56% in water uptake was found in the 200/20 group after 72 h of floating in water. The reduced water absorption is likely to be due to a reduction in the number of hydroxyl groups (-OH) in the celluloses and hemicelluloses as a result of high temperature treatment. Furthermore, the decreased accessibility of water molecules to cellulose hydroxyl groups due to the increase in cellulose crystallinity and cross-linking in lignin can also play an important role [40,41,42]. The water uptake of the 250/4 and 250/6 specimens after 72 h decreased by about 38% and 36%, respectively. With increasingly severe charring, specimens exhibited only minor differences, though the standard deviation increased more than with the others.



There was no statistically significant difference between the water uptake of the tangential specimens (Figure 5). The average water uptake in 200/20, 350/2, and 400/1 samples increased when compared to the reference. The variability of measured data was also significantly greater than those of the radial specimens. The main reason can be found in the highly anisotropic character of the tangential specimens, which undergo more severe dimensional changes (swelling) during water soaking than the radial specimens [43]. The charred surface layer is hydrophobic, cross-linked and aromatic, but also porous and brittle, especially at temperatures above 300 °C.



When capillary absorption takes place and water molecules penetrate into the cell wall, wood starts to swell and change its transverse dimensions. As a result of the surface micro cracks in the charred layers, water uptake is increased and causes additional surface damage due to the different internal stresses of the charred surface and untreated inner wood.



The results indicate that the most important factors influencing the performance of one-sided surface charred beech wood are, not only the process parameters, i.e., temperature and time, but also the orientation of annual rings towards the heat flow, which may play a major role during a product’s life [13,44,45,46]. Density profile measurements can potentially be used as an efficient tool to verify the charring process intensity and further optimize the process according to specific requirements.




4. Conclusions


One-sided surface charred beech wood (Fagus sylvatica L.) was studied. The density profile of the studied specimens varied due to the different annual ring orientations in the specimens. The gravimetric density of charred specimens tended to decrease according to the time–temperature regime applied. Differences in water uptake between the radial and tangential one-sided charred specimens were found. A statistically significant decrease in water uptake was recorded only in the radial groups. The tangential groups did not show any statistically significant decrease. The statistically insignificant change in water uptake of charred tangential groups can be attributed to the anisotropic character and higher dimensional instability of tangential specimens, which can lead to cracking of the modified surface, as well as to the different depths of the charred layer when compared to the radial specimens. In addition, there was high data variability with the tangential specimens, and therefore further testing should be carried out to avoid the effects of natural wood variability, and other influencing factors. Concluding from the results of this study, one-sided surface charred beech wood exhibits increased potential in terms of wood–water related properties when temperatures in the range of 200–400 °C are applied. However, in-depth studies focused on the stabilization of the surface charred layer should be performed to fully exploit its potential.
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Figure 1. Density profiles of charred specimens compared to the reference—radial. 
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Figure 2. Density profiles of charred specimens compared to the reference—tangential. 
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Figure 3. Contact angle of the radial (A) and tangential (B) one-sided charred specimens. 
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Figure 4. Water uptake (%) of the radial reference and one-sided surface charred specimens over 72 h. 
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Figure 5. Water uptake (%) of the tangential reference and one-sided surface charred specimens over 72 h. 
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Table 1. Time–temperature regimes of one-sided surface charring.
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	Temperature

(°C)
	Time I.

(min)
	Coding
	Time II.

(min)
	Coding



	Reference
	-
	Ref
	
	



	200
	6
	200/6
	20
	200/20



	250
	4
	250/4
	6
	250/6



	300
	2
	300/2
	4
	300/4



	350
	1
	350/1
	2
	350/2



	400
	0.5
	400/0.5
	1
	400/1
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