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Abstract

:

Research in historical timber assessment is hindered by the limited availability of samples, yet understanding the fire resistance of historic wood is crucial for preservation efforts. There is an opinion that historic wood behaves similarly to contemporary wood in terms of fire resistance. The aim of this paper is to observe the rate of charring of historical pine wood during the experiment, the color changes in the sample that occurred due to thermal loading, and the changes in the chemical composition of pine wood. Test samples made from historic pine wood were loaded with a 50 kW∙m−2 radiation panel for 60 min. The charring process was faster at the beginning of the charred layer formation. The charring rate at the beginning of the test at a depth of 10 mm from the exposed side reached values from 1.28 mm∙min−1 to 3.16 mm∙min−1. At a depth of 30 mm from the exposed side, the individual charring rates approached a value of 1 mm∙min−1 (0.99 mm∙min−1 to 1.08 mm∙min−1). Observations during medium-scale testing revealed distinct layers forming on the exposed side: a charred layer, charring base, pyrolysis layer, and intact wood. The chemical composition of the wood changed under the influence of the thermal load. The relative contents of extractives and holocellulose decreased with the increasing temperature while the lignin content increased. The highest value of combustion heat was measured in the charred layer of the sample. Correlation analysis demonstrated a negative relationship between the combustion heat and holocellulose, while a positive correlation was found with the lignin content. Chemical changes were also monitored using the FTIR method. These findings provide valuable insights into the behavior of historic pine wood under thermal loading, which is essential for understanding and preserving historical structures.
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1. Introduction


When dealing with fire safety in existing historical buildings, it is necessary to assess the historical wood’s reaction to fire to choose the best fire protection system. Therefore, an understanding of the fire behavior of historical timber is important. There is little guidance available for the assessment of historical structures. The availability of samples is limited when researching the behavior of historical timber exposed to fire. Samples for testing are usually obtained from timber structures that have already been removed from a historical building [1]. Cracks and holes are prevalent on their surface because, as reported by Yin et al., 2010 [2], historical buildings are exposed to ultraviolet radiation, rain, snow, and long periods of natural drying for hundreds of years. These are often removed from structures because they exhibit these particular deficiencies and need to be replaced. It is, therefore, quite complicated to find a historical wooden structure that does not show the abovementioned defects.



Wood consists of cellulose, hemicelluloses, lignin, and extractives. Hemicelluloses are the least stable during the thermal loading of wood. Hemicelluloses condense with lignin at low temperatures, and they degrade to shorter-chain molecules at high temperatures. Gaseous or liquid decomposition products are formed, increasing the mass loss of wood [3]. Thermal loading of wood below 250 °C can increase cellulose’s crystallinity due to the degradation of its amorphous part. Condensation, cross-linking, and degradation reactions can be observed in lignin molecules during thermal loading [4]. The original extractives are degraded or leave the wood by temperature. The most volatile compounds are released at the beginning of the treatment, while others are degraded [5].



Thermal loading of wood leads to changes in its structure [6] and chemical composition, and thus, various properties of wood (color change, durability, hygroscopicity, MOR—modulus of rupture, MOE—modulus of elasticity) change [7,8,9,10,11,12]. The color changes after the thermal degradation of wood were evaluated by Fonsea and Barreira [13], Friquin [5], Lipinkas and Mačiulaitis [14], and White and Dietenberg [15]. According to the color changes, the authors divided the following zones: unburned wood, pyrolysis zone base, pyrolysis zone, charring base, and char layer.



In fire protection and safety, the heat of combustion is also an important characteristic. The value of the heat of combustion depends on the material’s chemical composition [16]). The heat of combustion is the absolute value of the specific energy combustion, in joules, for the unit mass of a solid fuel burned in an oxygen atmosphere in a bomb calorimeter under specified conditions. The heat of combustion assumes that the water is entirely condensed. The content of wood components and their elemental composition play an important role in its calorific value [17]. Based on this value, the calorific value serves as a parameter to calculate the fire loading when determining the fire protection of buildings.



Combustion of wood consists of several processes. At temperatures above 100 °C, evaporation of chemically unbound water from wood occurs, followed by slow pyrolysis and the beginning of decomposition of hemicelluloses, cellulose, and lignin at temperatures around 160–180 °C [5]. Between 150° and 200 °C, gases consisting of 70% non-flammable carbon dioxide (CO2) and 30% flammable carbon monoxide (CO) are formed, and above 200 °C, more and more flammable gases are formed, and the proportion of CO2 decreases [18]. As soon as the gases ignite, the surface temperature increases significantly, and in a pyrolysis zone, which is about 5 mm thick, charring of the wood takes place. This process is described by Blass [18].



According to Eurocode 5 [19], in timber structures that are exposed to fire, the charring of their surface must be considered. The position of the charring line is assumed to be 300 °C isotherm for most softwood and hardwood [19]. However, the literature gives different values at which the charring process starts. These are 250 °C [20], 300 °C [21], and 360 °C [22]. The resulting char layer acts as a thermal insulator between the exposed surface and the unburned wood. This has been confirmed by Blass [18], Harper [23], Su et al. [24], Friquin [5], White and Dietenberg [15], and Pinto et al. [25]. They reported that as the thickness of the char layer increases, its thermal insulation properties improve. At the same time, the charring rate of the remaining wood decreases. The char layer acts as a natural barrier against decomposition further inside the woodmass. However, the protective effect may be compromised because the cracks and fissures formed allow heat and oxygen to partially reach the interior of the cross-section [26,27].



The aim of this work was to investigate the behavior of historical pine wood, focusing on the charring rate over time, color changes due to thermal loading, alterations in chemical composition, and heat of combustion.




2. Material and Methods


This article focuses on assessing the behavior of wood elements in historical buildings. It concerns buildings built more than a hundred years ago. Such buildings do not meet fire safety requirements (no fire safety regulations existed at the time of their construction). At the same time, the fire risk increases due to the changes on the surface of wooden constructions caused by weathering and/or micro-organism damages, which lead to faster fire development in the initial stage.



As there was no information on the wood species (the sample was taken from a 150-year-old building), firstly, microscopic observation of the historical wood sample was carried out to identify the wood species of the sample. Then, the char layer formation process was investigated by a medium-scale test. In general, it is assumed that the charring of historical wood is faster than that of current wood. After the medium-scale test, when the sample was exposed to a radiant heat source, the chemical analysis of the sample was conducted.



2.1. Microscopic Observation of the Historical Wood Sample


Microscopic observations needed to be carried out to determine the wood species of the samples. One small wood block with the dimensions of approximately 7 × 4 × 3 mm was carefully cut out of the sample. It was observed, and the species was identified by a radial microsection. Coniferous species are identified by indentures and cross-field pitting on ray parenchyma, which were observed in the radial microsection.



The small wood block was embedded in epoxy resin and left to cure for two weeks. Approximately 15 μm thick microsections were cut from the wood–resin blocks on a sledge microtome (Reichert, Wien, Austria). The microsections were stained with Safranin stain. Safranin O, Astra blue, Fast Green FCF, and aniline blue are among the most important stains for wood anatomists. These widely utilized stains also call for minimum reagents and techniques. In many situations, Safranin O may be the only stain required to enhance contrast prior to the image acquisition and measurement [28] of various anatomical features [29,30,31,32]. After staining, the microsections were mounted in Euparal (BioQuip Products Inc., Rancho Dominguez, CA, USA).




2.2. Medium-Scale Test for Assessing the Depth of Charring


A medium-scale test to assess the formation of a char layer is a non-standardized test adapted to the laboratory conditions. It stems from the theory of Eurocode 5 [19]. According to Eurocode 5 [19], the position of the charring line for most softwoods and hardwoods was taken as the position of the 300 °C isotherm.



From the removed pieces of construction, four blocks with dimensions 190 × 190 × 1000 mm were made and used to perform the medium-scale tests. The density of the historical wood was 456 kg∙m−3, ±5%, and the moisture content of the test samples was 6.4–7.1%. In every sample, two rows of thermocouples were placed. The results of eight measurements were obtained via a medium-scale test.



These were samples with heartwood and sapwood parts. The specific wood species was determined by microscopic observation. The edge between the sapwood and heartwood was clearly seen by visual assessment. Test samples were separated into two groups according to the fraction of heart and sap. Two samples (4 measurements) had a sapwood depth of 20 mm and a heartwood depth of 170 mm. These were named sample 20S/170H (Figure 1). Two samples (4 measurements) had a sapwood depth of 50 mm and a heartwood depth of 140 mm. These were named sample 50S/140H. The results show the average values for sample 20S/170H (average of 4 measurements of sample 20S/170H) and sample 50S/140H (average of 4 measurements of sample 50S/140H).



The surface of the historical sample (exposed side) was carefully scrabbed off other building materials. Despite the gentle scrabbing off the mortar, the surface damages due to weather impacts and micro-organisms were visible.



The test samples were transferred to the laboratory, where they were conditioned to meet the medium-scale test conditions.



The test samples were placed in the test furnace on a non-combustible tray, and the unexposed sides were insulated with mineral insulation (Figure 1—cross-section view). Temperature development was recorded during the medium-scale test using 5 Ni-Cr Ni thermocouples (TC). These were temperature sensors measuring from −40 °C to 1000 °C within a diameter of 3 mm. The thermocouple locations were as follows: TC1 recorded temperature at the depth of 10 mm, TC2 at 20 mm, TC3 at 30 mm, TC4 at 40 mm, and TC5 at 50 mm from the surface of the exposed side (Figure 1).



The thermocouples were connected to AHLBORN ALMEMO 2290-8710 V7 datalogger (Ahlborn Mess- und Regelungstechnik GmbH, Holzkirchen, Germany). A thermal load test was carried out using a radiation panel. It is a ceramic panel that is heated by propane–butane, with a constant flow rate and a 480 × 280 mm radiation area. The distance between the radiation panel and the test sample was 100 mm. This distance corresponds to a radiation intensity of 50 kW∙m−2. The thermal loading of the sample was monitored by a TC0 thermocouple placed between the control panel and the sample (50 mm from the radiation source).



The measurement was performed in a closed room with a temperature of 20 ± 3 °C. Each test sample lasted 60 min, and the temperature recording interval was 10 s.



In this research, the principle of assessing the formation of a charred layer consists of the temperature development in specific places. The temperature of charring formation is characterized by a particular temperature. The charring temperature is given in Eurocode [19] and it is defined as the position of the 300 °C isotherm, which is widely accepted as a rounded value.



Four test samples (two series of measurements were recorded in each sample) were subjected to the medium-scale test.




2.3. Color Changes


Color changes occurring after the thermal loading of historical pine wood were observed visually. The sample was divided into individual zones according to Le and Tsai [33], as shown in Figure 2.



After the medium-scale test and subsequent cooling of the test sample, the sample was divided into two parts. The cut was made perpendicular to the direction of the fibers, approximately 500 mm in length.



The thermal degradation process of wood was characterized by pyrolysis processes, resulting in the formation of a char layer accompanied by a change in color [34]. Based on the color and texture, the char layer was easily identifiable.




2.4. Chemical Analyses


Samples of heartwood and sapwood were taken for chemical analyses after thermal loading of historical wood. The samples were divided into four zones according to the temperature development. The temperature in each sample’s zone was linked to the temperature recorded during 60 min. Each sample of sapwood and heartwood was disintegrated into sawdust and sieved to a fraction of 0.5–1 mm. The fractions of that sawdust of samples were used for the chemical analyses.



2.4.1. Determination of Extractives


After thermal loading, wood sawdust was extracted in the Soxhlet apparatus with a mixture of ethanol and toluene according to the American Society for Testing and Materials (ASTM) International standard procedure D 1107-96 [35]. Determination of extractives was performed on three replicates per each sample.




2.4.2. Determination of Holocellulose and Lignin


Holocellulose content was determined using the method by Wise et al. [36]. Lignin content was determined according to the ASTM International standard procedure D1106-96 [37]. Determination of holocellulose and lignin was performed on three replicates per each sample.




2.4.3. FTIR Analysis of Wood and Holocellulose


Fourier-transform infrared (FT-IR) spectra of wood sawdust were recorded on a Nicolet iS10 FT-IR spectrometer equipped with a Smart iTR attenuated total reflectance sampling accessory (Thermo Fisher Scientific, Madison WI, USA). The spectra were acquired by accumulating 64 scans at a resolution of 4 cm−1 in an absorbance mode at wavenumbers from 4000 to 650 cm−1. Spectral peaks were measured using OMNIC 8.0 software (Thermo Fisher Scientific, Madison WI, USA). The crystallinity of cellulose indices was calculated for the total crystallinity index (TCI, A1370/A2900, [38]) and the lateral order index (LOI, A1430/A898, [38]) after FTIR of wood sawdust. All samples were dried in a drying kiln and processed into capsules before measurements. Measurements were performed on four replicates per each sample.





2.5. Determination of Heat of Combustion


The Calorimeter C 200 (IKA®-WERKE GmbH & Co. KG, Staufen, Germany) was used to measure the value of the heat of combustion (QHC). The evaluation was performed using Cal Win software 2.12.000 (IKA®-Werke GmbH & Co. KG, Staufen, Germany). The samples were analyzed according to the standards STN ISO 1928:2003-07 [39]. Samples were dried to absolute dry matter in a laboratory oven. The weight of the sample before combustion was approximately 0.5 g, and it was weighed on the analytical balance with an accuracy of 0.0001 g. In the calorimeter, samples were incinerated entirely in a pure oxygen environment at 30 Bar. Benzoic acid (IKA®-Werke GmbH & Co. KG, Staufen, Germany) was used as a thermochemical standard during the experiment.



The calorific value (QCV) was calculated based on the formula (STN ISO 1928:2003 [39]):


QCV = [QHC − 206.0 × w(H)] × (1 − 0.01 × w) − 23.05 × w



(1)




where:




	
QCV—calorific value upon constant volume and water content w (kJ∙kg−1);



	
QHC—the heat of combustion upon constant volume and waterless state (kJ∙kg−1);



	
w(H)—hydrogen percentage content (6.01% for wood);



	
w—the relative moisture content (%).








Average values and standard deviation were calculated for three replicates.





3. Results and Discussion


The measurements and analyses performed are in chronological order. Due to the removal of historical wood from the building, we did not have information about the type of wood. The type of wood was determined through microscopic observation of historical wood samples. Subsequently, the historical wood was subjected to a thermal load through a radiant source for 60 min. During the medium-scale test, a charred layer and a pyrolysis layer were formed on the historical wood, which were subjected to chemical analysis.



3.1. Microscopic Observation of Historical Wood Samples


Coniferous wood species are identified by their cross-fields, which are observed on radial microsections. It is, therefore, necessary to cut the radial microsection to examine the cross-field. Figure 3 shows earlywood tracheids with bordered pits and the cross-field. In the cross-field, simple pits of the window type are visible. The window-type thinning indicates that the examined wood species is pine (Figure 3). The arrowheads in Figure 3 denote the window-type cross-fields and the arrow shows bordered pits.




3.2. Medium-Scale Test for Assessing the Depth of Charring


Figure 4 shows the temperature development in historical sample 20S/170H and sample 50S/140H at 10 mm and 20 mm depth from the exposed side. A flame on the sample 20S/170H occurred at the 29th second. The temperature between the radiation panel and the test sample was 529 °C. Above the surface of the test sample, a sufficient amount of combustible vapor was released to form a combustible mixture with oxygen in the air, and ignition consequently occurred. The sample 20S/170H burned by flaming combustion until the end of the test. On the sample 50S/140H, flame development occurred at the 42nd second and persisted until the end of the test. The temperature between the radiation panel and the test sample achieved 579 °C.



The first 10 mm of the sample 20S/170H was charred in 180 s. At the 653rd second, the char layer started to form at 20 mm. For the sample 50S/140H, the charring of the first 10 mm took 460 s. At the 1160th second, the char layer also began to form at a distance of 20 mm for the sample 50S/140H. The temperature difference was mainly due to the surface quality of the exposed side. During sample preparation, the surface was free of mortar (connecting material of two squared timber). The surface of the historical sample may have had cracks and holes and been exposed to long-term weathering and micro-organisms. Deterioration significantly affected the development of temperatures up to 20 mm for the sample 20S/170H and sample 50S/140H.



The difference in temperature development between the historical sample 20S/170H and historical sample 50S/140H was also evident on TC 2, which recorded the temperature at a distance of 20 mm from the exposed side. The temperature development at a 20 mm distance from the exposed side is directly dependent on the temperature development recorded at a 10 mm distance from the exposed side (significantly different thermal development of temperature curve measured TC1 of historical sample 50S/140H and sample 20S/170H from the beginning of the test until 1440 s). From 490 s, a significant temperature growth occurs in historical sample 20S/170H at a 20 mm distance. In the sample of historical sample 50S/140H, a moderate temperature decrease occurs, and the consequent temperature increase is not as fast as in sample 20S/170H. At 2200 s, both sample 50S/140H and sample 20S/170H achieve a temperature of 625 °C. From this moment on, the temperature of sample 50S/140H develops in the same way as in sample 20S/170H.



From this point onwards, the difference between the sample 20S/170H and sample 50S/140H temperature was a maximum of 13.3 °C. The temperature development at 20 mm depended on the temperature progress at 10 mm (see Figure 4).



The temperature development at a depth of 30 mm from the exposed side is recorded in Figure 5. At this point, the char layer formation process occurred for the sample 20S/170H at 1810th s. For the sample 50S/140H, charring occurred as early as in the 1610th s. The difference in the sample 20S/170H and sample 50S/140H temperature developments at 30 mm from the exposed side was not as intense as at 10 and 20 mm. The effect of the insulating nature of the char layer was evident.



After the end of the test and subsequent cooling and sawing, the samples in the place where the thermocouples were placed showed that the color of the wood was dark brown, almost black. This is the color of wood typical for the formation of a charred layer. According to the visual observation, charring did not occur in any of the test samples at 40 mm from the exposed surface. Based on the temperature profile, a pyrolysis layer is formed in that area, which would begin to char within a few minutes.



Figure 6 shows the time at which the temperature reached 300 °C at thermocouple TC1, TC2, and TC3 is recorded for the sample 50S/140H and sample 20S/170H. Based on the fact that charring occurs at 300 °C and the starting temperature of the charring process, we assume that charring did not occur at this point. However, Figure 5 indicates that charring at 40 mm would have occurred within a few minutes if loading continued.



The formation of the char layer resulted in a decrease in the rate of charring. Table 1 shows the differences in the charring rate at the beginning of the charring process. The charring of the first 10 mm occurred in the 460th s for the sample 50S/140H, while for the sample 20S/170H, it took 180 s. The difference in temperature development was also visible in the char layer at 20 mm, but it had a decreasing tendency. At a depth of 30 mm, there was a difference (about 200 s), which was not as intense as at the beginning (at 10 mm distance).



The charring process slowed down as the char layer grew, and the threshold of 40 mm from the exposed side was not reached by any sample at 3600 s.



The charred layer of historic wood has an insulating character. The first 10 mm of sample 20S/170H from the exposed surface charred in 190 s, the second 10 mm of heartwood charred in 440 s, the third 10 mm sample 20S/170H charred in 1170 s, and the fourth 10 mm did not char even after 2430 s. By increasing the char depth, the charring process of unburned wood is slower. The fact that the charring temperature is around 300 °C was confirmed. Temperatures on the thermocouple at 40 mm from the exposed side did not reach 300 °C, but they were close to this value (271.9 °C).



The instantaneous charring rate is the quotient of the depth of the char layer and the time during which this char layer was formed.



The recorded results from this research were compared with the results of other authors. When evaluating the tests, the study [1] concluded that at a radiation level of 50 kW∙m−2, the charring processes in the test samples were rapid at the beginning, and then they leveled off.



The depth of charring for historical wood was evaluated based on the research carried out by Wang et al. [40], who dealt with the depth of charring of historical wooden structures. It concerned a construction made of wood, also qualified as softwood. Eurocode 5 [19] states a uniform charring rate for all softwoods.



Wang et al. [40] assessed the charring rate of historical wood. They report that the instantaneous charring rate at 10 mm from the exposed side of one of the samples was 2.14 mm·min−1. The instantaneous carbonization rate at a point 30 mm from the exposed side of the same sample was 1.08 mm·min−1. Hadwig [41] assessed the rate of charring and the formation of a char layer on a sample of Norway spruce. The char layer’s formation rate was 1.8 mm·min−1 in the first 5 min. In the 40th minute, the charring rate value was 0.8 mm·min−1. Martinka et al. [42] calculated the charring rate and charring depth of pine wood from the weight loss. They stated that the examined wooden samples had a higher one-dimensional charring rate under the specified test conditions than the value given in Eurocode [19], and the average rate of carbonization of pine wood at a heat flow of 50 kW·m−2 was determined in the range of 0.86 to 1.30 mm·min−1. The charring rate values of non-historical wood are lower than those of historical wood.



Figure 6 shows the time dependence of char layer formation on historical wood (medium-scale test) and char layer formation on current wood (the results of Fonseca and Barreira [13]), who investigated the char layer formation on current wood loaded by an electro-ceramic heating system with a thermal power unit of 70 kW (approximately 56 kW). Fonseca and Barreira [13] measured the temperature at different positions—10, 20, 30, 50, and 250 mm from the heating exposure surface. The results of the measurements are shown in Figure 6 (as current wood). At 30 mm from the exposure surface, the temperature was still below 300 °C.



The charring process of historical wood is significantly faster than the charring of current wood, compared to Fonseca and Barreira [13]. A 20 mm layer of historical wood chars 2.2 to 3.8 times faster than a 200 mm layer of current wood. Comparing temperatures at the distance of 30 mm from the surface, historical wood achieved 546.7 °C, while current wood did not even achieve the value of 300 °C.



Historical wood is a higher risk in terms of fire safety. Faster charring of historical wood causes the loss of mechanical properties of wooden constructions and might cause a consequent collapse of the construction. Both effects present a hazard during the evacuation of people via escape routes that do not meet the fire safety requirements.




3.3. Char Layer and Color Changes


The test samples were loaded for 3600 s with a heat load of 50 kW∙m−2. The temperatures recorded in the 3600th s from sample 20S/170H (Table 2) represented the starting temperature for monitoring the chemical changes described below.



During the medium-scale test, color changes on the exposed side of the test sample were visually assessed. Figure 7 shows the color changes that occurred during the medium-scale test.



The char layer was identified as a black porous solid, as defined by Pinto et al. [25]. After removing char layers with assumed zero strength and stiffness (Figure 8), there was the basis-of-charring zone. This interface between charred and non-charred wood (the base of charring) was defined by a line between black and brown material. The brown color in Figure 7 represents the pyrolysis layer (it ranges from shades of light brown to dark brown). The interface between the pyrolysis zone and the intact wood was defined by the line between the brown wood and the wood with the original color. It was characterized by a temperature of around 100 °C.



The classification of the zones, which arose on the basis of the thermal loading of the test samples, was carried out on the basis of the temperature curves recorded at the end of the medium-scale test and by visual classification.



Figure 7a depicts the sample before thermal loading, with the sample 50S/140H and sample 20S/170H clearly visible. Figure 7b shows a char layer formed on the exposed side of the test sample, which consists of several layers.



The process of forming a char layer on the surface of the exposed side was relatively fast. According to the thermal development, the carbonized layer was formed at a lower rate based on the temperature curves recorded by thermocouples TC1–TC5 (Table 1).




3.4. Chemical Composition of Pine Wood


The samples of heartwood and sapwood were taken from four different temperature zones (Table 2). The content of the chemical compounds of wood differs when comparing lower and higher temperatures of treatment (Figure 9). The content of holocellulose at the lowest temperatures of thermal loading was 69.40% for heartwood and 71.21% for sapwood. The higher content of holocellulose in sapwood than in heartwood was also stated by Waliszewska et al. [43]. The content of lignin for these temperatures is 24.75% for heartwood and 25.38% for sapwood. The difference in the content of lignin in heartwood and sapwood was very little. Campbell et al., 1990 [44] state that based on the literature and their results, the variation in lignin content between pine heartwood and sapwood is not significant. The proportion of lignin is increasing with the temperature in the samples. The increase in lignin content may have been caused by the condensation reactions of lignin with hemicelluloses cleavage products or lignin macromolecule cross-linking [45,46]. In contrast, the content of holocellulose and extractives in our samples decreased with the temperature. The content of extractives was higher in the heartwood than in the sapwood. The most significant difference in the content of extractives was in the sapwood—3.40% at 109 °C—and in heartwood—5.85% at a temperature of 67 °C—and 2.86% at a temperature of 263 °C in sapwood and 5.06% at a temperature of 272 °C in the heartwood. From temperatures of 547 °C for sapwood and 529 °C for heartwood, the difference in the content of extractive substances is not so significant.



The extractives content in pine wood was established by several authors (Esteves et al., 2011 [47], Piernik et al. [9]). Our wood samples no longer contained the most volatile extractives, which had evaporated during their use in construction for approximately 150 years. The content of extractives may, therefore, differ from the content of extractives determined by other authors. One should remember that cross-study comparisons are also difficult due to the diversity of extraction procedures and analytical methods. Furthermore, seasonal variation in extractive content can occur due to changes in metabolic activity [48].



Determining the percentage proportion of the main wood constituents makes it possible to assess the value of the ratio of holocellulose to the lignin content of (H/L) after thermal loading. In our case, the holocellulose and lignin ratio ranged from 2.80 to 0.73 for the heartwood and 2.81 to 0.73 for the sapwood. The most advanced degradation of carbohydrate constituents was determined in the heartwood and sapwood with thermal loading at the highest temperature. Piernik et al. [9] and Scots Pine Wood recorded a decrease in the ratio of H/L after thermal loading. Holocellulose is composed of cellulose and hemicelluloses. Hemicelluloses do not form as crystalline and resistant structure as cellulose; they are easily degraded at about 180 °C. At higher temperatures, cellulose starts to decompose. This was the reason why the content of holocellulose decreased in thermally loaded wood. Lignin has a highly branched three-dimensional phenolic structure, including three main phenylpropane units, namely p-coumaril, coniferyl, and sinapyl. Softwood lignin contains relatively fewer sinapyl units and consists mainly of guaiacol structures. The main process of decomposition in lignin starts around 400 °C, with the formation of aromatic hydrocarbons, phenolics, hydroxyphenolics, and guaiacyl-/syringyl-type compounds, with most products having phenolic –OH groups.




3.5. Calorimetry


Figure 10 shows the results of the heat of combustion and calorific value of wood. The results show that higher heat of combustion and calorific values were measured for heartwood than for sapwood. The highest average heat of combustion, 22.99 MJ∙kg−1, was measured for heartwood and the lowest, 19.13 MJ∙kg−1, for sapwood. The highest average calorific value for sapwood was 21.00 MJ∙kg−1, and the lowest value was 17.89 MJ∙kg−1; for heartwood, it was MJ∙kg−1 and 18.27 MJ∙kg−1.



The chemical composition of wood is the main factor that affects the heat of combustion. Extractives and lignin, which are rich in carbon and hydrogen, have higher heating values than carbohydrates with a higher oxygen content. The heat of combustion of extractives is higher than that of lignin. The published results for isolated wood components, which are holocellulose, lignin, and extractives [49,50], confirm that holocellulose in wood has a lower energy content than aromatic lignin. In our study, we found a polynomial correlation between the heat of combustion and the content of extractives, with a coefficient of 0.9769 for heartwood and 0.8957 for sapwood (Figure 11). A positive correlation was found between the heat of combustion and lignin (Figure 12) for heartwood (0.9565) and sapwood (0.9902). On the other hand, the correlation between the heat of combustion and holocellulose was negative (Figure 12). According to Esteves et al., 2023 [17], there have not been many studies on the influence of chemical composition on the heating value of biomass. The study suggests that the highest calorific value was achieved by lignin and extractives.



According to Demirbas 2017 [51], hardwood lignin has a higher calorific value than softwood lignin; the calorific value of cellulose is the same regardless of the species [52]. Although cellulose differs from hemicelluloses, the heating values are not very different due to their similar chemical structures.




3.6. FTIR Analysis of Pine Wood


Figure 13 shows the FTIR spectra of the heartwood of pine under thermal loading. The FTIR spectra of heartwood and sapwood did not differ significantly. Therefore, the heartwood spectra were evaluated. During the thermal loading of wood, several reactions occur simultaneously; therefore, it is quite difficult to interpret the differences between the spectra of wood. The band at 3430 cm−1 corresponds to the O-H stretching vibration from alcohols (3600–3300 cm−1) and carboxylic acids (3300–2500 cm−1), present either in polysaccharides or lignin. In the FTIR spectra at a wavelength of 3340 cm−1 and 2900 cm−1, a decrease was observed in the band from the least to the most heat-stressed wood, indicating the loss of hydroxyl group and carboxylic acids. In the FTIR spectra between 1750 and 1700 cm−1, the C=O bond shows absorption. At approximately 1725–1700 cm−1, it is a carboxylic acid; at 1725–1705 cm−1, it is an ester and a ketone; and at 1740–1720 cm−1, it is an aldehyde. Only in the sample of wood least affected by the temperature were there two peaks in the range of bands 1750 to 1700 cm−1, namely at 1730 cm−1 and 1700 cm−1. In other samples, the peaks of the bands were located only at 1700 cm−1. According to Srinivas and Pandey [53], the decrease in peak intensities at 1730 cm−1 (non-conjugated carbonyl stretching in hemicelluloses) indicated hemicelluloses degrade with treatment.



The bands at 1595 cm−1 correspond to vibrations in the aromatic ring of lignin plus C=O stretching. The belt height increases to approximately 550 °C, then decreases slightly. We observed the same trend for the 1510 cm−1 band, corresponding to the benzene ring’s stretching vibrations for softwood lignin (Guaiacyl-G). According to Kotilainen et al. [54], the changes in the intensity of these bands result from the condensation of lignin and cleavage of aliphatic side chains in lignin during heating. The band at 1460 cm−1 corresponds to the asymmetric deformation of the CH bond of xylan, while the vibration of the aromatic ring of lignin, but also the bending of CH in cellulose, corresponds to the band at 1420 cm−1 [55]. For samples up to a temperature of approximately 300 °C, a band at 1460, 1450, and 1423 cm−1 was observed. At a temperature of 550 °C, only one extended band from 1470 to 1392 cm−1 was observed, which significantly decreased at the loading temperature of about 720 °C. The 1370 cm−1 band, primarily attributed to the C−H bending vibrations in cellulose, decreases with the increasing loading temperature, while it almost disappears at a temperature of 720 °C. We can assume that at this temperature, cellulose and lignin were degraded. The decrease in the intensity of this band was also observed by thermally loaded pine wood by Özgenç et al., 2017 [56]. The intensity band at 1160 cm−1 (C−O−C vibrations in cellulose), as well as 1030 cm−1 (associated with cellulose deformations), decreased gradually with the temperature, probably due to the beginning of cellulose degradation processes. The decrease in the height of the belt was observed at the peak of 896 cm−1 (the sugar ring tension) up to a temperature of 272 °C. At 529 °C and about 720 °C, the bands were shifted to a wave number of 871 cm−1. A change in absorption in this band indicates a decrease in cellulose and, at higher temperatures, cellulose degradation. The changes in cellulose crystallinity were calculated as a ratio of the values of the bands at the wavelength of 1370 and 2900 cm−1 (TCI) and the ratio of band values at the wavelength of 1430 and 898 cm−1 (LOI). The TCI and LOI values increased up to a temperature of 272 °C. At higher temperatures, the TCI and LOI values of the cellulose could not be calculated because the bands used to calculate the crystallinity of the cellulose disappeared (Figure 13).



The results of the chemical analysis and FTIR analysis imply that thermal loading affected the chemical constituents of wood and the chemical structure of historical pine wood.





4. Conclusions


By carrying out a medium-scale test, in which historical pine wood was loaded with a radiation panel with a power of 50 kW∙m−2 for 3600 s, the following conclusions were reached:




	-

	
The insulating character of the charred layer created was confirmed;




	-

	
With increasing distance from the exposed side, the rate of charring decreases;




	-

	
The charring temperature is approx. 300 °C, based on a visual assessment of the cross-sectional test sample and adequate temperature curves;




	-

	
The charring process of historical wood is significantly faster than the charring of current wood. This fact is confirmed by comparing the results of the medium-scale test for historical wood with the results of other authors [13] for current wood;




	-

	
The relative content of extractives decreased with the increasing temperature due to their degradation;




	-

	
The relative holocellulose content decreased with the increasing temperature due to the degradation of saccharides of the hemicellulose type;




	-

	
The relative content of lignin increased with the increasing temperature, which may have been caused by the condensation reactions of lignin with hemicelluloses cleavage products or lignin macromolecule cross-linking;




	-

	
There was a polynomial correlation between the heat of combustion and the content of extractives, a negative correlation between the heat of combustion and holocellulose, and a positive correlation between the heat of combustion and lignin;




	-

	
FTIR analysis confirmed the degradation of hemicelluloses, condensation reactions of lignin, and increase in cellulose crystallinity, while all wood components were degraded at a temperature above 550 °C.









The results obtained can serve as a basis for future studies of the behavior of historical wood during thermal loading.
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Figure 1. Experimental setup of the medium-scale test, the position of thermocouples (historical wood sample-sample 20S/170H). 
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Figure 2. Degradation zones in a section of burnt wood [13]. 
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Figure 3. Radial cross-section of historical pine wood. The scale is denoted in the lower right corner of the figure and it is 50 μm. 
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Figure 4. Temperature development recorded on the exposed side of the test sample (10 mm and 20 mm). 
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Figure 5. Temperature development recorded on the exposed side of the test sample (30 mm, 40 mm, and 50 mm). 
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Figure 6. The comparison of the dependence of the char layer formed on historical wood by a medium-scale test and the char layer formed on current wood from the research of Fonseca and Barreira [13]. 
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Figure 7. Cross-sections of the samples (a) before thermal loading and (b) after thermal loading. 
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Figure 8. The exposed side of the sample after thermal loading. 
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Figure 9. The relative content of holocellulose (HC), lignin (LIG), and extractives (EL) in heartwood (HW) and sapwood (SW) of pine. 
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Figure 10. Heat of combustion and calorific value in pine heartwood and sapwood. 
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Figure 11. Changes in the heat of combustion by the content of extractives (EL-HW are extractives in heartwood, EL-SW are extractives in sapwood). 
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Figure 12. Changes in the heat of combustion and the content of lignin and holocellulose (LIG-HW is lignin in heartwood, HC-HW is holocellulose in heartwood, LIG-SW is lignin in sapwood, HC-SW is holocellulose in sapwood). 
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Figure 13. FTIR spectra of the pine heartwood after thermal loading (blue line—67 °C, red line—272 °C, green—529 °C, orange—717 °C). 
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Table 1. Instantaneous charring rate at a depth of 10, 20, 30 mm from the exposed side.
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	Distance from the Exposed Side

[mm]
	Sample 50S/140H

[mm·min−1]
	Sample 20S/170H

[mm·min−1]





	10
	1.29 ± 0.15
	3.16 ± 0.30



	20
	1.14 ± 0.09
	1.90 ± 0.18



	30
	0.99 ± 0.05
	1.08 ± 0.06










 





Table 2. Temperatures recorded in the 3600th second of a medium-scale test.
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	TC1 (°C)
	TC2 (°C)
	TC3 (°C)
	TC4 (°C)
	TC5 (°C)





	Sample 50S/140H
	739.4
	716.4
	546.7
	262.9
	108.8



	Sample 20S/170H
	743.1
	716.7
	529.0
	271.9
	67.1
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