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Abstract

:

Low-intensity drying is widely believed to protect waterlogged archeological wood against the adverse effects of dimensional alteration and cracking. However, slow drying generates substantial costs for the conservation process. This study compares the effects on conservation of highly-degraded sapwood (SW) and slightly-degraded heartwood (HW) from waterlogged archeological Scots pine wood treated with polyethylene glycol either as a mixture of polyethylene glycol (PEG) 400/4000 or PEG 2000 solution and air-dried using different approaches. The reference air-drying approach, using gradually decreasing air relative humidity (RH), i.e., 96, 86, 75, 66, and finally 44% (multi-stage schedule), was compared to an alternative approach, using constant RH of 44% (single-stage schedule). The Fourier-transform infrared spectroscopy (FTIR) analysis confirmed the decomposition of hydrophilic chemical wood components and revealed differences in the degree of degradation of waterlogged SW and HW. The drying time of PEG-treated waterlogged wood air-dried using a one-stage schedule was shorter compared to the drying time using multi-stage drying. Multivariate analysis (ANOVA) revealed that the drying schedule used after impregnation of waterlogged wood with PEG can have a beneficial effect on wood hygroscopicity and dimensional stability. The drying schedule significantly affected the equilibrium moisture content (EMC) of SW and HW and reduced tangential (ST) shrinkage of SW. These results show the positive effect of the single-stage alternative drying approach on the dimensional stability of highly-degraded Scots pine SW impregnated with PEG 2000. In the case of slightly-degraded HW, the drying approach did not affect wood preservation. These results can be useful for the conservation of highly-degraded waterlogged Scots pine wood.
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1. Introduction


Wood residues found in soil or water, of natural or anthropogenic origin, referred to as waterlogged wood, are a valuable source of information about historical material and human culture and its interaction with the environment, as well as about past environmental conditions. The study of annual growth rings, the width of which indicate the seasonal response of growing trees to climate, is used in chronological, geological, ecological, and climatic studies [1]. In anaerobic conditions, wood can survive thousands of years in a state of complete or partial water saturation. The anoxia of the environment limits the development of highly-destructive white and brown decay fungi [2]. However, even in anaerobic conditions there is a slow course of decomposition, mainly of cell wall polysaccharides by anaerobic microorganisms, altering wood physical and mechanical properties, i.e., reducing wood density and tensile strength [3]. Wooden elements may be well or poorly preserved, corresponding to a low and high degree of degradation of the wood tissue, respectively. However, it is common for waterlogged wood to have internal differentiation of the tissues, i.e., some of the tissues will have high and some will have low degree of degradation. Waterlogged archaeological wood is often at high risk of cracking immediately following excavation. The risk of cracking is increased by large anisotropic desorption shrinkage perpendicular to the wood grain, i.e., tangential and radial shrinkage (larger than that for contemporary wood) and the loss of wood strength, making it susceptible to collapse [4]. The risk of cracking of excavated wood can be eliminated by means of conservation procedures. The main purpose of conservation is to achieve dimensional stability of the wood (reducing the hygroscopicity and desorption shrinkage of the wood). A high coefficient of anti-shrink efficiency (ASE) is a recognized measure of the effectiveness of conservation [5].



Conservation of excavated wood requires, first of all, its saturation with an impregnating agent (impregnation stage) and then decreasing the moisture content of the wood (drying stage) [6,7]. Drying should take place in strictly-controlled conditions. The selection of an appropriate method of impregnation of waterlogged wood requires taking into account the species of wood, the degree of degradation, and the dimensions of the object. Polyethylene glycols (PEGs) with molecular weights ranging from 200 to 4000 are commonly used as an impregnant in conservation. PEG has hygroscopic properties, which varies with its molecular weight. The hydroxyl value of low-molecular weight, strongly hygroscopic, PEG 400 is approximately 10 times higher than high molecular weight PEG 4000 [8]. At the same time, low molecular weight PEGs (PEG 200–PEG 1000) is characterized by high retention in wood and, as a result, they hold great promise for providing dimensional stability of wood with a low degree of degradation. On the other hand, the advantage of using high molecular weight PEGs (i.e., from PEG 1500 to PEG 4000) is better dimensional stabilization of wood with a high degree of degradation and lower hygroscopicity than in the case of PEGs with low molecular weight [6,9].



Intensive freeze-drying and long-lasting controlled air-drying are the two most common approaches for drying waterlogged archaeological wood. The applicability of these methods mainly depends on the anatomy and chemical composition of wood, the degree of degradation, and the dimensions of the objects to be treated. Freeze-drying can avoid wood collapse caused by capillary forces [10]. However, freeze-drying of excavated wood is less suitable for large pieces. In such cases, controlled air-drying [3] or so-called “slow drying” of wood may be carried out [11]. According to Jensen and Gregory [12], the drying of degraded wood can be optimized by taking into account wood density. For example, highly-degraded wood with low density has a tendency to suffer severe collapse, and therefore impregnation with high molecular weight PEG followed by freeze-drying is a more suitable conservation method. In comparison, slightly-degraded wood with higher wood density can be treated with low molecular weight PEG, followed by controlled air-drying, as the samples are at less risk of tissue collapse. Freeze-drying is considered intensive, requires specialized equipment, and is most often used for drying small objects. Therefore, tests have been undertaken to speed up air drying, e.g., using acetone-containing consolidants, which make controlled air-drying competitive with fast freeze-drying [13]. Controlled air-drying as a method of preservation of waterlogged wood has also been investigated [14]. Drying time of slightly-degraded waterlogged oak wood was shortened using super-heated steam–vacuum drying [15].



Impregnation and drying of waterlogged wood are long-term processes that are affected by wood properties. Shortening the time of conservation procedures not only provides measurable logistic and economic benefits, it also reduces the risk of bacterial and fungal growth. The aim of the present research was to test the hypothesis that the method of drying following waterlogged wood impregnation affects the conservation of archeological wood, i.e., hygroscopicity and dimensional stability. In addition, the research evaluated the effect of the degree of degradation of waterlogged wood and the use of different impregnation methods.




2. Materials and Methods


2.1. Sampling


A wood strip of waterlogged Scots pine with dimensions of 35 × 70 × 700 mm in tangential (T), radial (R), and longitudinal (L) directions, respectively, was firstly cut from the remains of a late Medieval road sign of the 14th and 15th century [16] (Figure 1). The strip consisted of similar zones of sapwood (SW) and heartwood (HW). The strip was then cut to obtain two groups of 12 samples of SW and 12 samples of HW with dimensions of 30 × 30 × 10 mm, for tangential, radial and longitudinal directions, respectively, which were used for dimensional stability and equilibrium moisture content (EMC) measurements. The 12 samples of SW and HW obtained were divided into three sets of four samples. Two sets of samples were used for PEG impregnation (400/4000 or 2000), while the last set was untreated (control). Before impregnation, all samples were immersed in water. This procedure was caused by the necessity to bring all tested wood samples to the state of maximum water content (MWC), on the basis of which the wood density is calculated. The samples were immersed in water in a vacuum chamber at a pressure of 50 hPa and then left in cold water for 12 weeks.



The results of a previous investigation indicated higher degradation of the SW than HW, with basic wood density of 197 and 646 kg/m3, respectively [16].




2.2. PEG Impregnation


Two impregnation schedules for conserving wood samples were assessed—multi-stage impregnation and single-stage (alternative) impregnation. In multi-stage impregnation, samples were treated with low molecular weight PEG 400 in an 8% solution, followed by three stages with PEG 4000 added until the final concentration of low and high molecular weight PEG mixture amounted to 33%. In the case of the single-stage (alternative) impregnation option, the concentration of PEG 2000 was gradually increased to 8, 16, 24, and finally 33%. The single-stage method of excavated wood impregnation with PEG 2000 solution included in the study is currently considered an alternative to the two-stage method of wood preservation with PEG 400/4000 mixture, due to the possibility of shortening treatment time and reducing maintenance costs [17,18]. Untreated (control) wood samples were submerged in distilled water.




2.3. Drying


Immediately after impregnation of the prepared wood samples, one of two drying schedules was implemented, one being multi-stage drying (reference approach) and the other single-stage drying (alternative approach) (Figure 2). In the first case, the reference approach, untreated and PEG-treated SW and HW samples were air-dried with gradually-decreasing air relative humidity (RH), i.e., 96, 86, 75, 66, and finally 44%. In the second case (the alternative approach), twin wood samples were dried using single-stage drying at a constant RH of 44%. The drying experiments were performed at 20 ± 1 °C in containers provided with air circulation. The RH of the air was controlled during the experiments using salt solutions [19]. Drying times of PEG-treated and untreated (control) waterlogged wood samples were 42 weeks and 10 weeks, respectively, for the multi-stage and single-stage air-drying schedules.




2.4. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis


An FTIR analysis was performed to examine differences in the chemical composition of waterlogged Scots pine SW and HW. Three untreated samples of each type (SW and HW) were separately grounded and sieved. Before the measurements, the wood and KBr were dried in an oven for 24 h at 40 °C and palletized. The measurements were performed at 20 °C and 50% RH. Spectra of prepared samples were recorded by obtaining 32 scans from 400 to 4000 cm−1 (resolution of 4 cm−1), using an FTIR IRPrestige 21 spectrometer (Shimadzu Corp., Tokyo, Japan). Scans were accumulated in transmission mode. The IR spectra were used for the calculation of the lateral order index (LOI, A1422/A899) and total crystallinity index (TCI, A1370/A2921) [20]. To make these calculations, the spectra were normalized at a wavelength of 1030 cm.




2.5. Equilibrium Moisture Content and Dimensional Stability


The equilibrium moisture content (EMC) was calculated as follows [21]:


  E M C =   m −  m 0     m 0    · 100 ,  



(1)




where m is the mass of wood at equilibrium (g) and m0 is the freeze-dried mass of wood (g). The mass of the samples was determined with an accuracy of 0.001 g. The EMC values were calculated for each RH as a mean value of four measurements.



The dimensional changes of the investigated material were determined at two different states, i.e., immediately after impregnation and after air-drying (seasoning) at a temperature of 20 °C and air RH of 44%. The dimensions of the samples were measured by a digital flat-bed micrometer caliper with an accuracy of 0.001 mm. The swelling/shrinkage (S) was determined for the tangential (T) and radial (R) anatomical directions according to the following formula [22]:


  S =    l 0  −  l 1     l 0    · 100 ,  



(2)




where l0 (mm) is the dimension of the sample before seasoning immediately after impregnation and l1 (mm) is the dimension of the sample after seasoning. Positive values of S indicate wood shrinkage while negative values indicate swelling.



Dimensional stability was estimated by the anti-shrink efficiency (ASE) for impregnated wood after air-drying (seasoning), according to the following formula [23]:


  A S E =    S c  −  S i     S c    · 100 ,    



(3)




where Sc (%) is the shrinkage of untreated (control) wood and Si (%) is the shrinkage/swelling of impregnated wood.




2.6. Statistical Analysis


The experimental data were statistically analyzed using STATISTICA 13.3 software (TIBCO Software Inc., Palo Alto, CA, USA). A two-factor analysis of variance (ANOVA) was performed to determine whether the impregnation method and drying schedule affected the equilibrium moisture content and tangential and radial shrinkage of the waterlogged wood. Significance was established at p < 0.05. Tukey’s HSD significance test was applied to find significant differences between mean values of examined properties of waterlogged wood.





3. Results


3.1. Chemical Composition of Wood


The FTIR spectra differed between SW and HW of waterlogged Scots pine (Figure 3). Peaks visible in spectra were evident between 1800 and 800 cm−1 and are attributable to the selective absorption of infrared radiation by functional groups of the chemical components in the wood, i.e., carbohydrates, lignin, and extractable compounds. For many species of wood, these peaks are well defined [24,25,26,27,28].



The SW spectrum was characterized by peaks from lignin-related chemical groups (region 1604–1590 cm−1—benzene ring stretching, skeletal vibrations, and C=O stretch; 1510 cm−1—benzene ring stretching and skeletal vibrations; 1464 cm−1—C–H skeletal plane deformations; 1422 cm−1—benzene skeletal vibrations and C–H deformations; 1267 cm−1 and 1222 cm−1—C–O vibrations in guaiacyl rings; 1140 cm−1—C–H deformations in guaiacyl; 1034 cm−1—C–O of primary alcohol, guaiacyl C–H; and 857 cm−1—C–H out-of-plane in guaiacyl units). In contrast, the peaks typical of carbohydrates are characteristic of waterlogged Scots pine HW (region between 1383 and 1368 cm−1—deformations of C–H bonds, 1315 cm−1—deformations of CH2, 1162 cm−1—C–O–C asymmetric vibration, 1107 cm−1—glucose ring stretch, 1058 cm−1, 1033 cm−1—C–O stretch, and 901 cm−1—glucose ring stretch and C–H deformation).



The calculated LOI index was higher for HW than for SW. The LOI values for HW and SW were 0.77 and 0.56, respectively. The TCI index was higher for HW and amounted to 1.76 compared to 1.30 for SW.



A clear representation of lignin-related peaks in SW samples indicated the advanced degradation of carbohydrate compounds. The spectrum of the HW sample contained more cellulose peaks, which indicated that HW is less degraded than SW. The spectra of waterlogged Scots pine wood lacked a peak in the 1731 cm−1 region associated with the C=O (acetyl) in xylans, resulting from early biodegradation of hemicelluloses. On the other hand, the visible, very strong, narrow peak with a maximum at 1695 cm−1 in the HW of recovered wood was characteristic for carboxylic groups of resin acids [29]. Additionally, the occurrence of peaks associated with deformation vibrations at 1279 cm−1 (O–H) and 959 cm−1 (C–H) in the HW spectrum indicated the presence of diterpenoids in the resin—abietanes and pimmaranes and the products of their isomeration and ageing [30,31]. The FTIR analysis of untreated wood corresponded well with the results of previous chemical analysis [16].




3.2. Equilibrium Moisture Content and Dimensional Stability


The two-factor ANOVA of highly-degraded waterlogged Scots pine sapwood (SW) (Table 1) indicated the statistically significant effect of impregnation on all investigated parameters, i.e., EMC as well as ST and SR (p < 0.05). Additionally, the drying schedule influenced the EMC and ST (p < 0.05). There was also a statistically-significant interaction between impregnation and drying schedule (a × b) for sapwood EMC, ST and SR.



The two-factor ANOVA of slightly-degraded waterlogged Scots pine heartwood (HW) (Table 2) indicated statistically-significant effects of impregnation on EMC, ST, and SR (p < 0.05). Moreover, the results of ANOVA indicated a statistically-significant effect of drying schedule only on EMC of HW. With regard to EMC of HW, a statistically-significant interaction between impregnation and drying schedule (a × b) was also found.



Mean values of EMC, ST, and SR of untreated and PEG-treated SW and HW of waterlogged Scots pine, dried according to single and multi-stage schedules, were significantly lower for samples treated with either PEG solution, i.e., 400/4000 mixture or 2000, than untreated wood samples (Table 3). This means that impregnation with PEG solutions had positive conservation effects, because waterlogged wood samples were more dimensionally stable. However, there were differences between SW and HW. Results of post-hoc Tukey analysis indicated that, in the case of SW, the mean values of EMC, ST, and SR were significantly dependent (p < 0.05) on the PEG solution used. This means that in the case of highly-degraded SW, the preservation effect depended on the molecular weight of the preservative. In comparison, molecular weights of the preservative PEG solution did not significantly affect the properties of HW.



Figure 3 and Figure 4 compare EMC, ST, and SR of SW and HW from waterlogged Scots pine wood, respectively, dried using a multi-stage versus a single-stage schedule. In all samples, drying schedule affected EMC. Moreover, the value of EMC was always lower for both highly- and slightly-degraded SW and HW wood when dried using a single-stage schedule. In the case of untreated (control) samples the difference between EMC for the two drying schedules was much higher than in PEG-treated samples. The shrinkage of waterlogged Scots pine SW and HW in tangential (ST) and radial directions (SR) were different (Figure 4 and Figure 5). In most cases SW dried according to different schedules, the mean shrinkage differed significantly (p < 0.05), indicating the importance of drying schedule to SW wood conservation. In comparison, ST and SR of HW in most cases did not differ significantly, indicating that HW can be dried using a single- or multi-stage drying schedule with similar results.



Figure 6 show the ASE coefficient for SW and HW, respectively. These results confirm the influence of drying schedule on the conservation of highly-degraded SW impregnated with PEG 400/4000. Both ASET and ASER were higher after multi-stage drying, indicating its superiority for tissue conservation. In contrast, for samples impregnated with PEG 2000 solution, ASE values were comparable, which means that the drying approach had no effect. In the case of slightly-degraded HW, the effects of conservation as shown by ASE values were comparable, regardless of PEG solution and drying method.





4. Discussion


Results of FTIR analysis confirmed the decomposition of hydrophilic chemical components of SW and HW in waterlogged Scots pine wood. In the case of slightly-degraded HW, the absorption of infrared radiation was higher for chemical groups related to hemicellulose and cellulose. The high content of hydrophobic diterpenoids could have a beneficial effect on reducing the hygroscopicity of slightly-degraded HW. On the other hand, in the case of highly-degraded SW, stronger signals associated with lignin, which has the lowest hygroscopicity among hydrophilic chemical components of wood [23], were observed in the FTIR spectrum. Meanwhile, comparison of EMC results indicated that highly-degraded SW tissue is more hygroscopic than slightly-degraded HW (see Table 3). High EMC values of highly-degraded waterlogged wood were also observed in earlier studies [32,33,34]. The results of X-ray diffraction measurements indicated that increased hygroscopicity is a result of the lowering the degree of crystallinity of cellulose and disorganization of cellulose crystallites. Similar conclusions were formulated based on the results of deuterium-exchange measurements on the availability of hydroxyl groups in excavated wood with different degrees of degradation [35]. This hypothesis is also confirmed by the calculated lateral order index and total crystallinity index, which for the tested samples were higher for HW than for SW.



Statistical analysis of the present results confirms that the method of drying immediately after waterlogged wood impregnation treatment may, under certain conditions, improve conservation, i.e., decrease hygroscopicity and increase dimensional stability. The conservation of highly-degraded sapwood of waterlogged Scots pine wood using two-stage impregnation with PEG 400/4000 mixture and then air-drying according to a multi-stage schedule (reference/standard approach), should provide acceptable results. The low value of equilibrium humidity and ASE values above 90 and 100% in tangential and radial anatomical directions, respectively, as confirmed in the case described above, indicate limited hygroscopicity and high dimensional stability of the conserved wood. On the other hand, a much poorer conservation effect of highly-degraded SW was observed when using impregnation with PEG 400/4000 mixture and air-drying according to the single-stage schedule (alternative drying approach). In this case, lower ASE values were found for both anatomical directions. While the radial ASE value (63.4%) was only slightly lower than the value considered acceptable for dimensional stability for archaeological wood conservation (75%) [36], the decrease of tangential ASE to 12.7% was dramatically high. For this reason, the use of PEG 400/4000 followed by single-stage drying should not be considered for the conservation of highly-degraded archaeological wood.



The dependence of conservation of highly-degraded archaeological wood on the method of drying may be the result of different concentrations of PEG mixtures in the cellular lumen and cell wall. According to [37], when wood is drying after impregnation, the PEG concentration in the cellular lumen increases as a result of water evaporation, which leads to the formation of a concentration gradient of PEG in the cellular lumen and cell wall. This phenomenon occurs at different speeds depending on the size of the PEG particle. The penetration of PEG with a molecular weight of more than 3000 is limited due to the anatomical characteristic of the cell wall [38]. Slower moisture loss during multi-stage air-drying results in prolonged diffusion time. Subsequently, most of the PEG used has the ability to diffuse into the cell wall during the conservation process. The impregnate introduced into the cell wall of waterlogged wood, replacing water, keeps the wood tissue swollen and reduces shrinkage. The drying schedules evaluated in this study differed significantly in their duration. The duration of air-drying in the single-stage schedule to equilibrate the sample to air RH of 44% took about 25% of the drying time of the multi-stage schedule. The use of PEG solutions of different molecular weights used in this study allowed additional conservation effects to be elucidated. For example, in the case of highly-degraded SW, the course of diffusion of PEG during the long-term (42 weeks) multi-stage drying process ensured the effective filling of free spaces in the cell walls by low molecular weight polyethylene glycol (PEG 400).



In the case of more intensive single-stage drying, the diffusion time from the cellular lumen to the cell wall of low molecular weight polyethylene glycol with PEG 400/4000 mixture was over four times shorter (10 weeks). Moisture loss from the sample that was faster than the PEG diffusion rate may have caused rapid dehydration of the cell wall; greater shrinkage could result from limiting the opportunity for PEG diffusion. In a situation where PEG 4000 molecules are too large to penetrate the cell wall, the resulting osmotic pressure may lead to collapse within the wall, causing contraction during drainage of the sample [11].



The beneficial effect of the alternative drying approach used in this study on the dimensional stability of highly-degraded SW of waterlogged Scots pine wood was evident when the conservation schedule included impregnation with PEG 2000 solution followed by air-drying using the single-stage schedule. The lower EMC confirmed the results of previous findings on the advantages of using the less hygroscopic PEG 2000 solution for the conservation of irregularly-degraded waterlogged wood [16]. In addition, a significant increase in dimensional stability of highly degraded SW in both anatomical directions resulted from conservation using the schedule described. ASET values increased almost five times (from 12.7 to 57.5%), while the value of ASER indicated high dimensional stability (i.e., 89.2%).



In the case of impregnation with PEG 2000, the shorter drying time (faster moisture loss) did not limit the diffusion of the impregnate in the wood structure, because its concentration was four times higher than that of low molecular weight polyethylene glycol in the PEG 400/4000 mixture. In addition, when using PEG 2000 for wood impregnation, there is no impediment caused by the presence of larger molecules, as is the case of wood impregnation with a mixture of PEG 400/4000.



In the case of slightly-degraded HW, statistical analysis did not indicate differences in wood conservation with different drying approaches. This can be explained by the fact that due to the good state of conservation of HW, as well the presence of a large amount of extractable substances in the HW, there was seven times less uptake of PEG compared to highly-degraded SW. Taking into account the significantly-shorter time of single-stage drying compared to multi-stage drying and the possibility of achieving equally-satisfactory conservation effects, as measured by the reduction of hygroscopicity and high dimensional stability, it can be concluded that single-stage drying can be used with highly-degraded waterlogged wood as an alternative to long-term multi-stage drying. However, to obtain satisfactory wood conservation, it is important that the correct concentration and molecular weight of PEG be identified.




5. Conclusions


The effects of conservation of waterlogged Scots pine wood, i.e., decreasing hygroscopicity and increasing dimensional stability, is significantly dependent on the drying approach after PEG impregnation, but only in the case of highly-degraded sapwood.



The results indicate the possibility of shortening the time to conserve waterlogged wood. Air-drying highly-degraded Scots pine sapwood using a single-stage schedule results in a much shorter air-drying time than the multi-stage schedule. However, the use of PEG solution with a molecular weight permitting free diffusion through the cell wall is needed to obtain satisfactory conservation, by reducing hygroscopicity and increasing dimensional stability of the wood.



A conservation scenario that uses two-stage impregnation with a mixture of low and high molecular weight polyethylene glycol (PEG 400/4000), followed by single-stage drying to final moisture content, was unsuitable for conservation of highly-degraded sapwood from waterlogged Scots pine, due to the large shrinkage of samples perpendicular to the wood grain.



Because slightly-degraded heartwood of Scots pine achieves satisfactory dimensional stability regardless of drying method, the use of single-stage drying immediately after PEG impregnation may be beneficial for shortening the time and lowering the cost of wood conservation.
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Figure 1. Cutting scheme of waterlogged Scots pine wood samples: 1, sapwood (SW) and 2, heartwood (HW), T, R, L—tangential, radial and longitudinal anatomical direction, respectively. 
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Figure 2. Conservation scheme of waterlogged Scots pine wood sample using different drying approaches. 
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Figure 3. FTIR spectra of sapwood (SW) and heartwood (HW) waterlogged Scots pine wood corrected and normalized at a wavelength of 1510 cm−1. 
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Figure 4. Comparison of the mean value of equilibrium moisture content (EMC) for RH = 44%, tangential (ST), and radial shrinkage (SR) of untreated and PEG-treated waterlogged Scots pine sapwood (SW) dried according to different approaches (gray and dark gray bar—multi-stage and single-stage (alternative) drying schedule, respectively; error bars denote ± standard deviation; identical superscripts (a, b) denote no significant difference (p < 0.05) between mean values according to post-hoc Tukey’s HSD test). 
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Figure 5. Comparison of the mean value of equilibrium moisture content (EMC) for RH = 44%, tangential (ST), and radial shrinkage (SR) of untreated and PEG-treated waterlogged Scots pine heartwood (HW) dried according to different approaches (gray and dark gray bar—multi-stage and single-stage (alternative) drying schedule, respectively; error bars denote ± standard deviation; identical superscripts (a, b) denote no significant difference (p < 0.05) between mean values according to post-hoc Tukey’s HSD test). 
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Figure 6. Anti-shrink efficiency (ASE) in tangential (T) and radial (R) direction of waterlogged Scots pine wood impregnated with PEG 400/4000 and PEG 2000 solution. (a,b) sapwood (SW) and (c,d) heartwood (HW). Light gray bar, air drying according to multi-stage schedule; dark gray bar, air-drying according to single-stage (alternative) schedule. 
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Table 1. Two-factor ANOVA tables for equilibrium moisture content (EMC) for RH = 44%, tangential (ST) and radial shrinkage (SR) of waterlogged Scots pine sapwood (SW) taking into account impregnation and drying schedule.
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	Effect
	SS
	df
	MS
	F Value
	p-Value





	EMC
	Intercept
	368.56
	1
	368.56
	19,775.1
	0.0000



	
	Impregnation (a)
	60.411
	2
	30.206
	1620.69
	0.0000



	
	Drying schedule (b)
	4.8330
	1
	4.8330
	259.32
	0.0000



	
	a × b
	2.7852
	2
	1.3926
	74.721
	0.0000



	
	Error
	0.3355
	18
	0.0186
	
	



	ST
	Intercept
	223.99
	1
	223.99
	1136.04
	0.0000



	
	Impregnation (a)
	40.683
	2
	20.341
	103.17
	0.0000



	
	Drying schedule (b)
	3.9204
	1
	3.9204
	19.883
	0.0003



	
	a × b
	21.138
	2
	10.569
	53.604
	0.0000



	
	Error
	3.5490
	18
	0.1972
	
	



	SR
	Intercept
	6.1712
	1
	6.1712
	830.98
	0.0000



	
	Impregnation (a)
	5.3935
	2
	2.6968
	363.13
	0.0000



	
	Drying schedule (b)
	0.0084
	1
	0.0084
	1.1362
	0.3006



	
	a × b
	0.5021
	2
	0.2510
	33.803
	0.0000



	
	Error
	0.1337
	18
	0.0074
	
	







SS—a sum of squares, df—degrees of freedom, MS—mean squares, F—Fisher’s F-test, p—probability value.
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Table 2. Two-factor ANOVA tables for equilibrium moisture content (EMC) for RH = 44%, tangential (ST), and radial shrinkage (SR) of waterlogged Scots pine heartwood (HW) taking into account impregnation and drying schedule.
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	Effect
	SS
	df
	MS
	F Value
	p-Value





	EMC
	Intercept
	377.39
	1
	377.39
	3981.0
	0.00000



	
	Impregnation (a)
	14.200
	2
	7.1000
	74.895
	0.00000



	
	Drying schedule (b)
	2.9190
	1
	2.9190
	30.792
	0.00003



	
	a × b
	1.1323
	2
	0.5661
	5.9720
	0.01025



	
	Error
	1.7064
	18
	0.0948
	
	



	ST
	Intercept
	234.44
	1
	234.44
	6292.5
	0.0000



	
	Impregnation (a)
	105.78
	2
	52.890
	1419.6
	0.0000



	
	Drying schedule (b)
	0.1218
	1
	0.1218
	3.2702
	0.0873



	
	a × b
	0.0133
	2
	0.0067
	0.1785
	0.8380



	
	Error
	0.6706
	18
	0.0373
	
	



	SR
	Intercept
	25.979
	1
	25.979
	1334.8
	0.0000



	
	Impregnation (a)
	23.286
	2
	11.643
	598.23
	0.0000



	
	Drying schedule (b)
	0.0165
	1
	0.0165
	0.8497
	0.3688



	
	a × b
	0.0556
	2
	0.0278
	1.4277
	0.2657



	
	Error
	0.3503
	18
	0.0195
	
	







SS—a sum of squares, df—degrees of freedom, MS—mean squares, F—Fisher’s F-test, p—probability value.
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Table 3. Equilibrium moisture content (EMC) for RH = 44% and tangential (ST) and radial shrinkage (SR) of untreated (control) and PEG-treated waterlogged Scots pine sapwood (SW) and heartwood (HW) taking into account the drying approach after impregnation.
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Wood Samples

	
Treatment Options

	
Multi-Stage Drying Schedule

	
Single-Stage Drying Schedule






	

	

	
EMC(%)

	
ST(%)

	
SR (%)

	
EMC (%)

	
ST (%)

	
SR (%)




	
Sapwood (SW)

	
Untreated (control)

	
7.1 ± 0.2 c

	
5.3 ± 0.3 c

	
1.3 ± 0.1 c

	
5.2 ± 0.2 c

	
4.5 ± 0.5 b

	
1.1 ± 0.1 c




	
PEG 400/4000

	
3.4 ± 0.1 b

	
0.5 ± 0.1 a

	
−0.1 ± 0.1 b

	
2.9 ± 0.1 b

	
3.9 ± 0.8 b

	
0.4 ± 0.1 b




	
PEG 2000

	
2.7 ± 0.1 a

	
2.2 ± 0.4 b

	
0.2 ± 0.1 a

	
2.3 ± 0.1 a

	
1.9 ± 0.2 a

	
0.1 ± 0.1 a




	
Heartwood (HW)

	
Untreated (control)

	
5.7 ± 0.5 b

	
6.2 ± 0.3 b

	
2.4 ± 0.2 b

	
4.4 ± 0.4 b

	
6.0 ± 0.2 b

	
2.5 ± 0.1 b




	
PEG 400/4000

	
3.5 ± 0.2 a

	
1.6 ± 0.1 a

	
0.3 ± 0.1 a

	
3.3 ± 0.2 a

	
1.5 ± 0.2 a

	
0.3 ± 0.2 a




	
PEG 2000

	
3.7 ± 0.2 a

	
1.8 ± 0.1 a

	
0.5 ± 0.1 a

	
3.2 ± 0.2 a

	
1.6 ± 0.1 a

	
0.3 ± 0.2 a








Mean value (n = 4) ± standard deviation; identical superscripts (a,b,c) denote no significant difference (p < 0.05) between mean values according to post-hoc Tukey’s HSD test.
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