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Abstract

:

The qualitative and quantitative composition of volatile organic compounds (VOC) emitted from furnishings from solid wood and all kinds of wood derivative materials depends on many factors, of which the most important is the wood species. The intraspecies and interspecies differences in VOC emission result from the differences in the chemical composition and anatomical structure of heartwood and sapwood of different species. VOC composition analysis was performed separately for heartwood and sapwood of Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) Karst.) and European larch (Larix decidua Mill.) trees. The studies were conducted in a glass climatic chamber of 0.025 m3, equipped with a system for the monitoring and control of climatic conditions. Samples of air for analyses were collected after 3, 7, 14 and 28 days of exposure. The results provided evidence for interspecies and intraspecies differences in the qualitative and quantitative compositions of VOC. The concentration of total VOC (TVOC) released from heartwood of Scots pine was higher than that released from sapwood. For European larch and Norway spruce, the opposite relations were observed. The VOC emission from Scots pine heartwood was about 17 times higher than the emission from European larch and Norway spruce heartwood. The differences in TVOC emitted from the sapwood of samples from different species were smaller. For each of the species, the highest percentage contribution to TVOC was made by terpenes. The second highest percentage contribution in TVOC was made by compounds containing a carbonyl group, mainly aldehydes, while aromatic compounds made the third highest contribution.
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1. Introduction


Indoor air contains a broad spectrum of various pollutants, which have a significant influence on the comfort and health of people staying indoors [1,2,3,4,5]. The low quality of indoor air is due to, inter alia, the emissions of volatile organic compounds (VOC) from wooden elements of indoor furnishings [6,7,8,9,10,11,12,13]. These compounds account for 60% of all substances polluting the atmosphere and 73% of all compounds mentioned in the Toxic Release Inventory [14,15,16].



Wood is a basic material for the production of furniture, floors, stairs and many other elements of furnishing. It can be used in the form of solid wood or various types of wood-based boards. The quality and quantity composition of VOC released from wood products depends on many factors, but wood species is the deciding one [17]. The interspecies diversity of VOC emission is a result of the differences in the chemical composition and the anatomy of softwood and hardwood species [18,19,20]. Some softwood species contain resin ducts, where significant amounts of natural resin, which is the source of VOC (e.g., terpenes), are produced [21,22,23,24]. The interspecies as well as the intraspecies diversity of VOC emission also results from the presence of heartwood in some species. In the group of softwood species, there are species with colored and uncolored heartwood, while in the group of hardwood species, there are both heartwood species and non-heartwood species. In the process of heartwood formation, the matter of living parenchymal cells undergoes biochemical changes, and cell walls are saturated with newly formed chemical compounds called heartwood substances. These are resin substances, tannins, dyes, etc., which also fill in the gaps between fibrils and the inside of adjacent dead cells [19,25,26]. The extraneous components and heartwood substances are the main source of VOC emission from wood; however, their qualitative–quantitative composition differs within the heartwood and sapwood zones. The fresh wood is characterized by a richness of volatile compounds, whereas, after only first dry cycle, wood emits a more restricted group of compounds [27,28].



Tests of VOC emission from wood and composite wood materials are most often based on a comparison of the qualitative–quantitative composition of air sampled from the test chambers after various times of sample exposure [29,30,31,32,33]. The subject literature is more abundant in studies devoted to the research of VOC emission from composite wood materials than those concerning emission from solid wood, which is a “base” raw material intended for further processing. It is difficult to estimate the quantity of VOC emission from wood-based panels due to the diversity of VOC originating from different wood species, which can be the raw material for the production of wood-based boards [34,35,36,37,38]. Baumann et al. [31,35] observed a close interrelation between the quantity of VOC emission from wood-based panels (particleboards and medium-density fiberboards (MDFs)) and the wood species used for their production and the type of wood-based materials. Similar observations were made by Makowski and Ohlmeyer [39], who studied the influence of different wood species on VOC emission from oriented strand boards (OSB) [40,41,42]. A significant change in the emission of volatile organic compounds was observed in the case of thermally modified solid wood compared to unmodified wood [43,44,45,46]. The quantitative composition of VOC emissions also depends on the geographical region from which the trees originated [47,48]. The research of Larsen et al. [49] suggests that emissions from Scots pine (Pinus sylvestris L.) originating from different regions of Finland and Sweden were dominated either by terpenes or aldehydes, depending on the place of harvesting. Similar observations were made by Manninen et al. [44] in a study which suggested that Scots pine wood originating from the south of Finland emitted more of one of the terpenes (3-carene) and several times lower amounts of alcohols compared to pine from the southeast.



The results of the above-mentioned studies indicate that there is a need for research on the interspecies diversity of the volume of VOC emissions from fresh wood. As far as the authors are concerned, the subject literature lacks data regarding the quality–quantity composition of VOC emitted from the heartwood and sapwood zones determined on the cross-section of trees originating from the same geographical region. In this experiment, the VOC emission of Scots pine, Norway spruce and European larch wood are measured. This will be of great guiding significance when choosing species of wood for the production of wood-based boards, the furniture industry and the production of many elements of interior furnishings.




2. Materials and Methods


The material used for testing was wood from the Norway spruce (Picea abies (L.) Karst.), Scots pine (Pinus sylvestris L.) and European larch (Larix decidua Mill.). The tests were carried out on wood from the class of dominant trees at an age of 104–106 years, from a stand growing in a habitat of mixed fresh forest. The stand was located in the forest division of Łopuchówko, a commune of Murowana Goślina (in Poland; 52°26′ N; 16°43′ E). Three trees from each species of the class of dominant trees were chosen for the investigations. Next, approximately 5 cm thick test discs were cut out at the diameter at breast height, wrapped in aluminum foil and delivered to the test laboratory, and kept refrigerated (2–4 °C) until measurements. Afterwards, the test samples were cut from these discs, from the sapwood and heartwood part of the cross-section. The dimensions of the samples were selected so that the total surface area of the cross-section planes exposed in a test chamber was 0.025 m2 (test chamber loading factor 1 m2/m3). The assumption was that only the emission of volatile organic compounds from the cross section would be determined; therefore, the other surfaces (radial and tangential) of the samples were sealed with aluminum-coated adhesive tape (3M ™ Aluminum Foil Tape 425 St Paul, MN, USA), in order to avoid edge effects. The fresh wood moisture content before the emission test started ranged between 40% and 60%. All determinations of VOC emission from the tested materials were performed by the chamber method according to ISO 16000-6 [50] and ISO 16000-9 [51]. The glass test chamber with a volume of 0.025 m3 was equipped with suitable accessories such as inlet and outlet ports for airflow and an inlet port for temperature/humidity measurements. The chamber was placed in an air-conditioned room with a steady temperature of 24 °C. All experiments were carried out under the following conditions: temperature: 23 ± 2 °C, relative humidity: 45 ± 5%, air exchange rate: 1 h−1.



The samples of wood remained inside the chamber for the whole duration of the testing periods of 28 days. Air chamber samples were collected after 3, 7, 14 and 28 days with glass sorbent tubes. Tenax TA tubes (L × R = 89 mm × 3.2 mm; Perkin Elmer, Inc. Waltham, MA, USA) were packed with combination of Tenax TA and Carbopack X (with 200 mg fillers; Supelco/Sigma-Aldrich, Bellefonte, PA, USA). Tubes were conditioned at 260 °C for 5 h and exposed to the flow of helium at 15 mL min−1 before they were used in the experiment. The analysis was carried out using the gas chromatography/mass spectrometry (GC/MS) system (Thermoquest Finnigan Austin, TX, USA) coupled with a thermal desorption unit (Master TD made by DANI Instruments SpA, Monza, ITALY), according to ISO 16000-6 under the following conditions: injector temperature and adsorption trap: 280 °C; analysis of the temperature profile: first kept at 35 °C for 4 min, then increased by 5 °C/min to 140 °C and then further increased by 12 °C/min to 240 °C and held at this temperature for 3 min; type of carrier gas: helium at 99.996% purity; flow rate: 1 cm3/min; temperature of the emission source: 220 °C; electron ionization: 70 eV; range of mass analyzed: 35–550 amu; scanning frequency: 1 s; chromatographic column: RTX-VMS (30 m × 2.5 mm × 1.4 µm). Air from the chamber was taken with a portable pump FLEC AIR PUMP 1001 (Markes International Ltd., Llantrisant, UK). The sampling flow rate was set at 100 mL min−1. Two liters of air were collected during 20 min of sampling. Immediately after a collection of the chemical compounds adsorbed on traps, they were thermally desorbed on-line into the chromatographic column.



The content of volatile organic compounds was expressed as TVOC sum on the basis of chromatographic standard calibration curves and due toluene equivalents. The target compounds were identified using the National Institute of Standard Technology Mass Spectral (NIST MS) library and an in-house database of the GC retention times for the compounds. The concentration of selected individual VOCs was calculated based on standard curves. Other compounds emitted from wood were quantified by the response factor of toluene and expressed as toluene equivalents (TE). The results were analyzed by a single-factor analysis of variance (ANOVA) using the program STATISTICA 13.0 PL. Tests were carried out for a significance level of p < 0.05.




3. Results and Discussion


During the exposure of the samples in a test chamber, the VOC emissions differed in terms of quantity and quality between the studied species and also within them (depending on the cross-section zone). The concentrations of volatile organic compounds emitted from heartwood and sapwood part of Scots pine, European larch and Norway spruce wood after 3 and 28 days of exposure of samples are presented in Table 1.



Altogether 25 individual volatile compounds were identified in the collected air samples. Only 11 of them were found in the VOC emission from heartwood and 12 from sapwood of Norway spruce wood, while 14 and 13 compounds were found in the VOC emission from the heartwood and sapwood of European larch wood, respectively. The largest number of volatile compounds was identified in Scots pine wood (18 from heartwood and 21 from sapwood).



The TVOC concentration after the first 3 days of exposure in the chamber was at a level of 12,975 µg/m3 in the case of Scots pine heartwood and 1582 µg/m3 in the case of sapwood; thus, there was a greater than eight-fold difference in the emission volumes between the two zones (Figure 1a). After 28 days, TVOC concentration decreased to 3656 µg/m3 for the heartwood part and to 631 µg/m3 for the sapwood part, and the ratio of concentrations remained high (almost 6:1). Like Scots pine, European larch has colored heartwood, but the results of TVOC concentrations obtained for the determined zones of the cross-section were opposite to those of Scots pine. European larch wood was characterized by a higher VOC emission from the sapwood zone of the cross-section than from the heartwood zone (Figure 1b). On day 3 of exposure of the samples in the test chamber, the values of TVOC concentrations were at a level of 1348 µg/m3 for sapwood and 833 µg/m3 for heartwood, while on day 28, these values were 633 µg/m3 and 238 µg/m3, respectively. Therefore, one may observe that the differential of TVOC emission volumes, expressed as a relation of concentrations obtained from both zones of the cross-section, was smaller than in the case of Scots pine; i.e., the concentrations differed 1.6-fold after 3 days and 2.6-fold after 28 days. On the other hand, Norway spruce is a species with uncolored heartwood, yet, like European larch, it was characterized by higher VOC emissions from sapwood compared to heartwood (Figure 1c). On day 3 of exposure of the samples in the test chamber, the TVOC concentration was 2.5 times higher for sapwood than for heartwood and equaled 1746 µg/m3 and 686 µg/m3, respectively. After 28 days, the differential between TVOC concentrations obtained for the two zones of the Norway spruce cross-section was almost identical to that observed at the beginning of the test; i.e., the concentrations differed 2.3-fold. These interrelations are described by the regression equations y = a ln(x) + b, where the coefficient of determination (R2) for the analyzed species ranged from R2 = 0.808 to R2 = 0.983.



Roffael [28] also indicated that in pine wood, the emissions of terpenes from the heartwood zone of the trunk are several times higher than those from the sapwood zone, while in Norway spruce wood, the emissions from these zones of the cross-section are the opposite. Higher emissions of VOC from Norway spruce sapwood, compared to heartwood, were also observed by Steckel et al. [52]. After 3 days of exposure, the emissions differed four-fold, and after 28 days, they differed 2.6 fold; however, these emission levels were much lower than those observed in the present study, probably owing to the fact that we analyzed TVOC from fresh wood, while the cited authors, in their study, used wood which had been convectively dried in a dryer.



On comparing the values of TVOC concentrations obtained only for the heartwood zone of individual species, it was observed that the highest VOC emission was characteristic of Scots pine wood. Irrespective of the exposure time, the VOC emission from the zone of the Scots pine cross-section was approximately 17 times higher compared to European larch and Norway spruce. On the other hand, VOC emissions from the heartwood of European larch and Norway spruce were similar in terms of quantity, because for those species, the quotient of their TVOC concentrations decreased from 1.2 (day 3) to 1.1 (day 28) over successive exposure periods.



No such large differential between TVOC values obtained for Scots pine and the other species was observed in the case of sapwood zones. After 3 days of exposure, the highest concentration of TVOC was observed for Norway spruce sapwood (1746 µg/m3), and this was 1.1 times higher than that observed for Scots pine and 1.3 times higher than for European larch. In successive periods of exposure, VOC emissions from the sapwood of the studied species did not differ significantly between each other in terms of quantity. After day 28, the TVOC concentration for the sapwood of Scots pine and European larch was only 1.2 times higher than that for Norway spruce. Although the dynamics of TVOC concentration decrease changed by various degrees for the studied species during exposure, the relative final values after 28 days of exposure were similar. For samples obtained from heartwood, the average TVOC concentration decrease was approximately 70% (from 67% for Norway spruce to 72% for Scots pine and European larch) in relation to the concentration observed on day 3 of exposure. For the sapwood zone, the TVOC concentration decreased by 53% for European larch, 60% for Scots pine, and 70% for Norway spruce over the compared exposure time.



Hyttinen et al. [37] demonstrated slightly smaller drops in TVOC concentrations for Scots pine and Norway spruce in the case of samples taken directly from the normal manufacturing process (before thermal modification). The samples were characterized by a TVOC concentration at a level of 2000 µg/m2 × h for Scots pine and 550 µg/m2 × h for Norway spruce (after 3 days), which then decreased approximately by 50% and 60%, respectively, after 28 days of exposure. The studies of Dix et al. [53] and Roffael [28] encourage similar observations.



The performed ANOVA suggests that, for the studied species, the differences between TVOC concentrations in individual exposure periods were statistically significant for the heartwood zones and insignificant for sapwood. The value of the calculated test statistic F was 23.3887 for heartwood and 0.2676 for sapwood, while the critical value was F(3;8;0.05) = 4.0662 (Table 2).



The interspecies differences in TVOC concentrations observed for heartwood were confirmed by the results of the performed ANOVA, which suggest that the differences in the concentrations were statistically significant for heartwood and insignificant for sapwood, because the value of the test statistic F equaled 15.9292 for heartwood and 0.0011 for sapwood (Figure 2). The calculated critical value was F(2;9;0.05) = 4.2565.



The identified VOCs were divided into monoterpenes, compounds with carbonyl group (aldehydes and ketones), aromatic and aliphatic compounds, and alcohols (Table 3, Table 4 and Table 5). Values in Table 3, Table 4 and Table 5 were averages of three replicates.



For each of the species, the highest percentage contribution to TVOC was made by terpenes, which are a dominant group of compounds emitted from softwood trees. The source of monoterpenes is the considerable amount of natural resin found in the studied species, which are resiniferous. Softwood contains terpenes from mono to tetraterpenes—except sesquiterpenes, which are rare [18,32,54]. Terpenes are the source of primary emission, as those compounds are emitted directly from wood [55]. Other VOCs, such as aldehydes, are formed as a result of the oxidation of unsaturated fatty acids; e.g., hexanal, which is the main product of linoleic acid oxidation [22,28,56]. The interspecies comparison of the concentrations of terpenes emitted from the heartwood zone throughout the studied periods suggests that they reflect TVOC concentrations for individual species. Terpenes accounted for the highest percentage of TVOC, which was on average approximately 99% for Scots pine heartwood, approximately 64% for European larch heartwood, and approximately 81% for Norway spruce heartwood, throughout the 28 day exposure period. According to Manninen et al. [44], the emissions of terpenes from Scots pine originating from Finland, irrespective of geographical region, ranged from 77% to 66% of TVOC (Scots pine from the south and the southeast).



The emission of terpenes from Scots pine heartwood was approximately 20 times higher compared to the emission from the heartwood of European larch and Norway spruce. On the other hand, the quantities of terpene emission from the two latter species were very similar: the ratio of concentrations was 1.3:1. For the sapwood zone, the percentage of terpenes within the TVOC of a given species was slightly different than in the case of heartwood. The lowest percentage was observed for Scots pine—i.e., 55% of TVOC—while the values for European larch and Norway spruce were similar—i.e., 83% and 88% of TVOC, respectively. Analyses of the sapwood zone of the cross-section revealed that the highest emissions of terpenes were observed for Norway spruce wood during the first days of exposure (1539 µg/m3 after day 3). These emissions were as little as 1.3 times higher than those observed for European larch (1171 µg/m3) and 1.8 times higher than those observed for Scots pine (875 µg/m3). Although the analyzed emissions decreased after 28 days, the interspecies differential of terpene concentrations remained insignificant, ranging from 1.2- to 1.5-fold. According to Strömvall and Petersson [57] Scots pine emits many times more terpenes compared to Norway spruce; however, these authors considered the emission from the entire cross-section of the trunk of both species. The division of the cross-section into the heartwood and sapwood zones, which was employed in this study, helped prove that the above-mentioned relationship is only true for heartwood.



The high emission of terpenes from softwood species was also reported by Risholm-Sundman et al. [17] and McDonaldson et al. [58], Englund and Nussbaum [45] and Jensen et al. [10].



On analyzing the difference in the quantity of terpene emission from the heartwood and sapwood zones, the authors observed that, after 3 days of exposure in the chamber, the terpene emission from the heartwood zone of Scots pine wood was almost 15 times higher than that from the sapwood zone; i.e., the emissions equaled 12,776 µg/m3 and 875 µg/m3, respectively. Throughout 28 days, the emissions decreased, but the ratio of concentrations of terpenes emitted from the two zones in the chamber air remained high; i.e., around 10:1. Terpene emission from European larch wood was nothing like that in the case of Scots pine, because the terpene emissions of the sapwood zone were higher than those of the heartwood zone. For example, after 3 days of exposure, the terpene concentration in the chamber reached 1171 µg/m3 for sapwood and 648 µg/m3 for heartwood, while after 28 days, the concentrations were 552 µg/m3 and 160 µg/m3, respectively. The differential of terpene emission quantity between the determined zones of the cross-section was lower than that for Scots pine, because after 3 days it was 1.8-fold and after 28 days it was 3.5-fold.



As in the case of European larch, higher terpene concentrations in the chamber air were observed during the tests of a Norway spruce sapwood sample. After 3 days, the terpene concentration was 1539 µg/m3, while for a heartwood sample it was three times lower (497 µg/m3). On successive days, until the end of the test (i.e., the 28th day), the ratio of concentrations of terpenes emitted from the two zones of the cross-section remained at a similar level; i.e., it was approximately two times higher for sapwood compared to heartwood. Similar values of concentrations of terpenes emitted from Norway spruce heartwood and sapwood after 3, 7, 14 and 28 days of exposure were observed by Steckel et al. [52]. After 3 days, terpene emission was approximately 2129 µg/m3 from Norway spruce sapwood and approximately 567 µg/m3 from heartwood, while only after 28 days did the emissions decrease to a level of approximately 524 µg/m3 and 219 µg/m3, respectively, for sapwood and heartwood.



In the subject literature, VOC emission from softwood is characterized primarily based on the concentration of monoterpenes and aldehydes; i.e., the compounds with the highest share within TVOC for this species group [10,18,59,60]. This study confirmed that the second identified group of compounds with a high percentage share within TVOC was composed of compounds with a carbonyl group, primarily aldehydes (Table 3, Table 4 and Table 5). In the case of Scots pine, sapwood was characterized by a higher emission of carbonyl compounds than that characteristic of heartwood. The percentage share of carbonyl compounds within TVOC (after 28 days) was 32% for the sapwood zone, and as low as 0.6% for the heartwood zone, while the difference between the concentrations of these two compounds emitted from both zones increased as time went on. On day 3 of the test, the emission level from the sapwood zone was three times higher (300 µg/m3 and 100 µg/m3) and on day 28 it was even 10 times higher (204 µg/m3 and 21 µg/m3) compared to that observed for the heartwood zone. According to Englund [61], the emission of compounds with a carbonyl group from Scots pine sapwood may be from 3 to 25 times higher compared to the emission of these compounds from heartwood. The analysis of the reduction dynamics of the emission of compounds with carbonyl group suggests that, throughout the exposure period, these emissions decreased by 79% for heartwood and 32% for sapwood.



In the case of European larch wood, more aldehydes were emitted from heartwood than from sapwood during the first days of exposure—i.e., 139 µg/m3 and 101 µg/m3, respectively—however, as time went on, those proportions reversed, starting from day 14. On day 7, an approximately 80% increase in the concentration of the analyzed compounds was observed for both heartwood and sapwood compared to the concentrations recorded on day 3. Starting from day 7 of exposure, the concentrations of these compounds in the chamber air decreased. On day 28 of exposure, the emission of carbonyl compounds decreased by 62% for heartwood and 33% for sapwood compared to day 3 of exposure.



On the other hand, in the case of Norway spruce, the concentrations of compounds with a carbonyl group were very similar for heartwood and sapwood and equaled approximately 90 µg/m3 during the first days of exposure in the chamber. After 28 days, the concentrations of these compounds in the chamber air decreased 23-fold for the heartwood zone and 2.5-fold for the sapwood zone. Despite some increase in the emission of carbonyl compounds from heartwood observed on day 14 compared to day 7, on the last day of exposure, the total decrease in concentration was 96% for the heartwood zone and 61% for the sapwood zone compared to the concentration values of day 3. In the case of Norway spruce, carbonyl compounds accounted for 1.8% of TVOC for heartwood and 6.6 % of TVOC for sapwood after 28 days of exposure.



In the evaluation of the interspecies differences in the concentration of compounds with a carbonyl group emitted from the heartwood zone, the highest values were observed for European larch, irrespective of the exposure time. For this species, the highest concentration of these compounds in the chamber air was observed after 7 days and equaled 248 µg/m3. After 21 days, the concentration dropped, and on day 28, it was 20% of the maximum value. Likewise, the final concentration (21 µg/m3) for Scots pine wood was 20% of the maximum value observed on day 3.



On analyzing the sapwood zone, it was found that Scots pine was characterized by the highest emission of compounds with a carbonyl group; i.e., from approximately 200 to 300 µg/m3, irrespective of the exposure time. During the exposure of a larch sapwood sample, concentrations of the tested compounds in the chamber ranged from 68 to 182 µg/m3, while in the case of Norway spruce, concentrations ranged from 35 to 89 µg/m3 during the exposure of samples. Concentrations of the analyzed compounds emitted from the sapwood of Scots pine and Norway spruce decreased regularly throughout the entire test period, and in the case of European larch, some increase in emission (up to 182 µg/m3) was observed on day 7 compared to day 3 (101 µg/m3).



On analyzing the reduction of emission of compounds with a carbonyl group from the heartwood of the studied species, it was found that, on day 28 of exposure of the samples in the chamber, the greatest drop in emission (i.e., of approximately 96%) was observed for Norway spruce wood; there was a smaller decrease for Scots pine wood (79%), and European larch wood showed the smallest decrease (62%) compared to the emission observed on day 3. As regards the sapwood zone of the studied species, the greatest drop in the emission of compounds with a carbonyl group (i.e., of approximately 60%) was observed in the analogical period for Norway spruce wood, while for the other two species the observed drop was smaller, at approximately 32%.



Among the compounds with a carbonyl group emitted from the studied species, aldehydes were the dominant group in terms of concentration volumes. According to literature sources, the presence of aldehydes in the chamber air during the tests of VOC emission from softwood species is a result of oxidation of unsaturated fatty acids, i.e., oleic acid, linoleic acid and linolenic acid [17,22,43,62,63,64]. According to Makowski and Ohlmeyer [32], in Scots pine wood, aldehydes are formed through the autoxidation of free unsaturated fatty acids contained in that species (mainly linoleic and oleic acid). These authors, on the basis of the phenomenon of unsaturated fatty acid oxidation, proved that aldehyde emissions might increase at first and then decrease as time goes on.



Aromatic compounds were another identified group of VOC, and more specifically the third in terms of the percentage share within TVOC (Table 3, Table 4 and Table 5). Scots pine emitted aromatic compounds throughout the entire test period, while emissions from the sapwood sample were more than two times higher compared to that from heartwood. On day 3, the concentrations of these compounds were 177 µg/m3 and 81 µg/m3, respectively, and on day 28 they were 40 µg/m3 and 19 µg/m3, respectively. Aromatic compounds emitted from the sapwood sample throughout the entire exposure time also constituted a considerably greater percentage share within TVOC of Scots pine; i.e., on average, approximately 11% compared to those emitted from heartwood, whose share was only 0.6%.



As regards European larch, the heartwood was characterized by a higher emission of aromatic compounds than the sapwood. Although on day 3 of exposure the amounts of compounds emitted from both zones of the cross-section were very similar (36 µg/m3 and 32 µg/m3), on successive days the difference in concentrations of the analyzed compounds emitted from the determined zones of the cross-section in the chamber air started to fluctuate, varying from 39 µg/m3 (day 7) to 1 µg/m3 (day 14). Throughout the entire period of exposure of the samples in the chamber, this group of compounds accounted for approximately 9% of TVOC for heartwood and 2.5% of TVOC for sapwood.



The most significant differences in the quantity of aromatic compound emissions from the heartwood and the sapwood zones were characteristic of Norway spruce wood. The emission from the sapwood zone was on average from 1.7 (day 14) to 5.2 (day 28) times higher compared to the volume of emission from heartwood. The average percentage share of aromatic compounds within TVOC was 4.7% for sapwood and 3.2% for heartwood.



On comparing aromatic compound emissions only from the heartwood zone of the studied softwood species, the highest concentrations of these compounds in the chamber air, especially during the first days of exposure, were observed for Scots pine wood (81 µg/m3 after 3 days). On days 7 and 14, these concentrations approximated the results obtained for larch at the same time (approximately 70 µg/m3 and 35 µg/m3). The much lower emissions of aromatic compounds were characteristic of spruce wood throughout the entire test period. These emissions were at an average level of 19 µg/m3 (from day 3 to day 14), and at the end of exposure, the concentration of aromatic compounds in the chamber dropped 70% to a value of 5 µg/m3.



On analyzing the levels of aromatic compound emissions from the sapwood zone of Scots pine, European larch and Norway spruce, the highest emissions were found to be characteristic of Scots pine, which was analogous with the case of heartwood. For the sapwood zone of the cross-section, the interspecies differentiation of discussed concentrations decreased slightly throughout the entire test period. After 28 days, the concentration of aromatic compounds in the chamber air was 40 µg/m3 (for Scots pine), which was four times higher compared to European larch (10 µg/m3) and 1.5 times higher than for Norway spruce (26 µg/m3). The other identified groups of compounds were aliphatic compounds and alcohols, which constituted a very insignificant percentage of TVOC.




4. Conclusions


	
The effect of the wood species and the occurrence of heartwood and sapwood in the cross-section area on the amount of TVOC emission were evidenced. Irrespective of the time of sample exposition in the chamber, higher TVOC emission was observed for the pine wood than for larch and spruce wood.



	
For each tree species studied, the TVOC emission decreased with increasing sample exposure time in the chamber, and this relation could be described by a logarithmic function with a high coefficient of determination (R2 = 0.808–0.983).



	
In the pine wood, the heartwood emission of TVOC was about seven times higher than sapwood emission. The difference was almost at the same level for the entire time of exposition. For the larch and spruce wood, the VOC emission was higher from the sapwood than heartwood. The ratio of these emissions was 2.2.



	
A comparison of TVOC emission concentrations from the heartwood zones of the samples from the species studied has shown that the concentration was about 17 times higher for the pine wood than for larch and spruce. The differences of TVOC emission concentrations from the sapwood zone of the species were much smaller.



	
In the TVOC emission from each species, terpenes comprised the greatest contributing factor. The second most abundant group of compounds emitted was made of those containing the carbonyl group—mostly aldehydes—while the third most abundant group was aromatic compounds.
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Figure 1. Total volatile organic compound (TVOC) concentration for heartwood and sapwood of (a) Scots pine (Pinus sylvestris L.); (b) European larch (Larix decidua Mill.) and (c) Norway spruce (Picea abies (L.) Karst.) after 3, 7, 14 and 28 days of exposure in the test chamber. 
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Figure 2. Mean boundary of TVOC concentrations for the heartwood and sapwood of the studied species. Vertical bars denote a confidence interval of 95%. 
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Table 1. Concentrations of volatile organic compounds emitted from heartwood and sapwood part of Scots pine, European larch and Norway spruce wood after 3 and 28 days of exposure of samples (values before a slash represent heartwood, while those after a slash represent sapwood).
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Compounds

	
Concentration in the Air Chamber (µg/m3)




	
Exposure Time (Day)




	
Scots Pine

	
European Larch

	
Norway Spruce




	
3

	
28

	
3

	
28

	
3

	
28






	
Pentanal

	
−

	
−

	
−/29

	
−/18

	
−

	
−




	
Toluene

	
36/38

	
7/6

	
−/9

	
−

	
−

	
−




	
Hexanal

	
33/77

	
4/152

	
45/46

	
8/24

	
−/53

	
−/17




	
m/p-Xylene

	
22/80

	
12/25

	
27/23

	
17/10

	
18/15

	
5/<1




	
1-Pentanol *

	
14/39

	
<1/<1

	
−

	
−

	
−

	
−




	
2-Propanol *

	
−

	
−

	
−/11

	
−

	
−

	
−




	
o-Xylene

	
23/20

	
<1/<1

	
9/−

	
8/−

	
−/70

	
−/26




	
Terpinolene

	
40/−

	
8/−

	
−

	
−

	
−

	
−




	
α-Pinene

	
11448/649

	
3459/294

	
515/1025

	
126/509

	
345/1084

	
119/320




	
Camphene

	
198/16

	
23/10

	
12/9

	
<1/6

	
15/−

	
<1/−




	
3-Ethyltoluene *

	
−/39

	
−/9

	
−

	
−

	
−

	
−




	
β-Pinene

	
54/45

	
13/15

	
21/54

	
4/14

	
−/317

	
−/74




	
1-Decane *

	
−/60

	
−/15

	
−

	
−

	
17/−

	
3/−




	
1-Propene *

	
−/37

	
−/3

	
−/17

	
−

	
−

	
−




	
3-Carene

	
951/134

	
108/40

	
76/61

	
17/16

	
95/87

	
63/45




	
Benzaldehyde

	
2/16

	
<1/6

	
7/3

	
7/3

	
11/2

	
<1/1




	
D-Limonene

	
85/31

	
5/<1

	
24/22

	
13/7

	
42/51

	
30/19




	
Octanal

	
16/23

	
1/7

	
19/9

	
5/5

	
21/−

	
<1/−




	
2-Ethylhexanol *

	
−

	
−

	
−/16

	
−/3

	
34/16

	
1/3




	
n-Undecane *

	
1/61

	
<1/5

	
−

	
−

	
27/17

	
<1/6




	
Acetophenone

	
1/106

	
1/11

	
10/5

	
19/8

	
−/8

	
−/5




	
Nonanal

	
19/34

	
4/12

	
29/9

	
7/10

	
61/26

	
4/12




	
n-Dodecane *

	
−/28

	
−/5

	
10/−

	
<1/−

	
−

	
−




	
Decanal

	
30/44

	
11/16

	
29/−

	
7/−

	
−

	
−




	
n-Tetradecane

	
2/5

	
<1/<1

	
−

	
−

	
−

	
−








* expressed as toluene equivalents; values in the table are averages of three replicates (n = 3).
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Table 2. Analysis of variation (ANOVA) for TVOC concentrations obtained for the heartwood and sapwood of the studied species in the same exposure periods.
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Source of Variation

	
SSB

	
df

	
MSB

	
SSE

	
df

	
MSE

	
F

	
p






	
Exposure Time

	
Heartwood




	
1,605,074

	
3

	
535,025

	
183,003

	
8

	
22,875

	
23.3887

	
0.0003 s




	
Sapwood




	
18,696,335

	
3

	
6,232,112

	
186,258,993

	
8

	
23,282,374

	
0.2676

	
0.8469 ns








SSB—sum squares between groups; MSB—mean squares between groups; SSE—sum squares within groups; MSE—mean squares within groups; df—degrees of freedom; F—value of test function; p—level of significance; s significant differences at level of p < 0.05; ns not significant differences.
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Table 3. Concentration of volatile organic compounds emitted from heartwood and sapwood part of Scots pine wood (Pinus sylvestris L.) after 3, 7, 14, 21 and 28 days of exposure of samples (values in brackets represent sapwood).
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Organic Compounds

	
Exposure time (Day)




	
3

	
7

	
14

	
28




	
µg/m3

	
%

	
µg/m3

	
%

	
µg/m3

	
%

	
µg/m3

	
%






	
Terpenes

	
12776 (875)

	
98.5 (55.3)

	
8864 (874)

	
98.7 (62.0)

	
7291 (479)

	
99.1 (48.9)

	
3616 (359)

	
98.9 (57.0)




	
Compounds with a carbonyl group

	
101 (300)

	
0.8 (19.0)

	
36 (255)

	
0.4 (18.2)

	
26 (225)

	
0.4 (23.0)

	
21 (204)

	
0.6 (32.3)




	
Other compounds:

	

	

	

	

	

	

	

	




	
Aromatic hydrocarbons

	
81 (177)

	
0.6 (11.2)

	
73 (161)

	
0.8 (11.5)

	
35 (156)

	
0.5 (16.0)

	
19 (40)

	
0.5 (6.3)




	
Aliphatic hydrocarbons

	
3 (191)

	
- (12.1)

	
- (102)

	
- (7.3)

	
1 (120)

	
- (12.1)

	
- (28)

	
- (4.4)




	
Alcohols

	
14 (39)

	
0.1 (2.4)

	
9 (12)

	
0.1 (0.9)

	
4 (-)

	
0.1 (-)

	
- (-)

	
- (-)
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Table 4. Concentration of volatile organic compounds emitted from heartwood and sapwood part of European larch wood (Larix decidua Mill.) after 3, 7, 14, 21 and 28 days of exposure of samples (values in brackets represent sapwood).
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Organic Compounds

	
Exposure Time (Day)




	
3

	
7

	
14

	
28




	
µg/m3

	
%

	
µg/m3

	
%

	
µg/m3

	
%

	
µg/m3

	
%






	
Terpenes

	
648 (1171)

	
77.8 (86.9)

	
391 (1140)

	
53.6 (80.4)

	
173 (766)

	
58.8 (79.4)

	
160 (552)

	
67.2 (87.2)




	
Compounds with a carbonyl group

	
139 (101)

	
16.7 (7.5)

	
248 (182)

	
34.0 (12.8)

	
85 (131)

	
28.9 (13.6)

	
53 (68)

	
22.3 (10.7)




	
Other compounds:

	

	

	

	

	

	

	

	




	
Aromatic hydrocarbons

	
36 (32)

	
4.3 (2.4)

	
70 (31)

	
9.6 (2.2)

	
34 (35)

	
11.6 (3.6)

	
25 (10)

	
10.5 (1.6)




	
Aliphatic hydrocarbons

	
10 (17)

	
1.2 (1.3)

	
20 (16)

	
2.7 (1.1)

	
2 (12)

	
0.7 (1.2)

	
- (-)

	
- (-)




	
Alcohols

	
- (27)

	
- (2.0)

	
- (49)

	
- (3.5)

	
- (21)

	
- (2.2)

	
- (3)

	
- (0.5)











[image: Table] 





Table 5. Concentration of volatile organic compounds emitted from heartwood and sapwood part of Norway spruce wood (Picea abies (L.) Karst.) after 3, 7, 14, 21 and 28 days of exposure of samples (values in brackets represent sapwood).
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Organic Compounds

	
Exposure Time (Day)




	
3

	
7

	
14

	
28




	
µg/m3

	
%

	
µg/m3

	
%

	
µg/m3

	
%

	
µg/m3

	
%






	
Terpenes

	
497 (1539)

	
72.4 (88.1)

	
427 (948)

	
80.0 (88.6)

	
356 (719)

	
75.6 (89.0)

	
212 (458)

	
94.2 (86.7)




	
Compounds with a carbonyl group

	
93 (89)

	
13.6 (5.1)

	
33 (58)

	
6.2 (5.4)

	
54 (41)

	
11.5 (5.1)

	
4 (35)

	
1.8 (6.6)




	
Other compounds:

	

	

	

	

	

	

	

	




	
Aromatic hydrocarbons

	
18 (85)

	
2.6 (4.9)

	
18 (49)

	
3.4 (4.6)

	
21 (35)

	
4.5 (4.3)

	
5 (26)

	
2.2 (4.9)




	
Aliphatic hydrocarbons

	
44 (17)

	
6.4 (1.0)

	
40 (7)

	
7.5 (0.7)

	
22 (8)

	
4.7 (1.0)

	
3 (6)

	
1.3 (1.1)




	
Alcohols

	
34 (16)

	
5.0 (0.9)

	
16 (8)

	
3.0 (0.7)

	
18 (5)

	
3.8 (0.6)

	
1 (3)

	
0.4 (0.6)
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