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Abstract

:

Furfurylation with a low concentration of furfuryl alcohol (FA) promotes the improvement of the properties and the effectiveness of FA on cell–wall action without darkening the furfurylated wood to the point that it affects its applications. In this paper, the effects of furfurylation on the hygroscopicity and water uptake dimensional stability of poplar (Populus sp.) and Chinese fir (Cunninghamia lanceolata) were analyzed. Meanwhile, the distribution of FA resin, the relationship between wood and water, the change in pore size distribution, and the weight percentage gain and cell wall bulking coefficient of wood were also investigated. The results were as follows: (1) A low concentration of FA could better enter the cell walls of the Chinese fir than the poplar, as FA resin was almost cured in the secondary walls, cell corners, and compound middle lamellae when a 10% concentration of FA was applied to the Chinese fir and poplar. When the FA concentration was increased to 30%, there were no significant increases in the amount of FA entering the cell walls and the amounts of FA cured in the cell lumen of the poplar were greater than those of the Chinese fir. Meanwhile, the modification of cell walls was more suitable in poplar than in Chinese fir. (2) The pointed ends of the pit chambers and the pit apertures (800–1000 nm) in the poplar and the small pores of the pit membranes and the pit apertures (1–6 μm) in the Chinese fir were partially deposited by the FA resin, which formed new pores in the size ranges of 80–600 nm and 15–100 nm, respectively. The porosity of the poplar was greater than that of the Chinese fir, and the bulk density of the poplar was less than that of the Chinese fir before and after modification. (3) Furfurylation with a low concentration of FA was able to better reduce the equilibrium moisture content, improve the anti-swelling efficiency, and enhance the dimensional stability of the poplar wood compared to the Chinese fir. Furfurylation effectively reduced water uptake due to the hydrophobic property of the FA resin. The water uptake of the Chinese fir increased by 17%–19% in second cyclic water soaking when treated with FA with various concentrations, which indicated the loss and leaching of FA resin during the test. Low-field NMR was used to demonstrate that the furfurylation not only reduced the amount of water but also affected the combination state of bound and free water with wood. Thus, furfurylation at a low concentration is a feasible method by which to extend applications of furfurylated wood.
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1. Introduction


Chinese fir (Cunninghamia lanceolata) and poplar (Populus sp.) are the main plantation-grown species with great importance in the timber supply system in China. However, both the Chinese fir and poplar have significant disadvantages in terms of their poor mechanical properties and dimensional instability, limiting their high-value utilization in the wood-processing industry. Numerous studies have been conducted to improve their fast-growing wood density and application performance by using various methods such as UF and PF resin impregnation modification [1,2]. Furfurylation is an impregnation modification method [3,4], and it consists of impregnation and curing processes. Furfuryl alcohol (FA) can be impregnated into wood and then cured into resin under the action of heat and a catalyst, which can effectively increase wood density, enhance the mechanical properties, and improve dimensional stability [5,6,7,8,9,10,11]. It is of utmost importance for FA to be derived from biomass materials such as corn cobs and non-fossil resources [12]. Therefore, furfurylation is considered to be an environmentally friendly modification method [13,14,15,16].



The development of furfurylated wood originated in North America during the 1950s from I.S. Goldstein [17], and the furfurylation method of commercial wood represented by Kebony® in Norway is widely used in outdoor places such as wooden buildings and trestles [18,19]. However, the treatment process has always employed high levels of weight percentage gain, and large amounts of FA tend to accumulate and deposit in the cell lumen. The effectiveness of FA-modified cell walls also diminishes with increasing concentrations of FA. Additionally, furfurylated wood of a high concentration darkens the color of modified wood and does not significantly improve dimensional stability compared to furfurylated wood of a low concentration [19,20]; neither of them are compatible with the interior furniture and wood product requirements for light colors and high dimensional stability [21]. There are also differences in the wood properties between Chinese domestic, fast-growing trees and European temperate species, and previous studies indicated that the concentration of FA-modified solutions determines the distribution area in wood; FA is mainly deposited in wood’s cell walls and is almost absent in the cell lumen when the concentration of FA is low [22]. Furthermore, compared to its greater improvement of the mechanical and hygroscopic properties of furfurylated wood with high concentrations of FA, the relationship between the modified wood with a low concentration of FA and hygroscopic properties for the main purpose of cell wall modification has yet to be scientifically evaluated.



This paper focused on the hygroscopicity and dimensional stability properties of furfurylated wood with a low FA concentration (below 30%) treatment. The effectiveness of the modification on the cell wall was analyzed by correlating the weight percentage gain and cell wall bulking coefficient. The changes in physical aspects such as the furfuryl alcohol resin distribution and pore size distribution were also analyzed. Finally, the effect of the modification treatment on the wood–water relationship of the Chinese fir and poplar was analyzed with low-field NMR.




2. Materials and Methods


2.1. Materials


Poplar and Chinese fir were harvested from Jiangsu Province and Zhejiang Province, China, respectively. The soil type of both the poplar and Chinese fir was clayey, the height of the poplar from sea level was 70 m, the height of the fir from sea level was 1500 m, and the diameters of the poplar and fir were 30 cm or more. The trees were over 25 years old. The air-dry density of the poplar was found to be about 480 kg/m3, and that of the Chinese fir was about 310 kg/m3. Specimens with straight grain and no visible defects were selected and processed into 20 × 20 × 20 mm (tangential × radical × longitudinal) when the moisture content was below 12%. Samples were selected from the sapwood of the Chinese fir and poplar. Furfuryl alcohol (FA), maleic anhydride, and borax were purchased from Tianjin Fengchuan Chemical Reagent Technologies Co., Ltd. (Tianjin, China).




2.2. Methods


2.2.1. Preparation of Furfurylated Wood


Distilled water was used as the solvent to prepare the modified solution with FA concentrations of 10%, 20% and 30% in which furfuryl alcohol, maleic anhydride, and borax were used in the mass ratio of 1:0.06:0.01, respectively. The impregnation processes were as follows.



	(1)

	
Drying: The specimens were placed in an oven at 103 °C for a 24 h drying process, and then the oven-dries mass and tangential, radical, and longitudinal directions were measured after cooling in a desiccator with an accuracy of 0.0001 g and 0.01 mm, respectively.




	(2)

	
Impregnation (full cell process): The specimens were first treated under a negative pressure of 0.06 MPa for 0.5 h, then kept under a pressure of 0.4 MPa for 2 h, and finally treated under a negative pressure of 0.06 MPa for 0.5 h [23]. After the impregnation was completed, the excess impregnation solution on the surface was wiped away. Meanwhile, in order to more uniformly diffuse the furfuryl alcohol, each specimen was wrapped in aluminum foil and kept at 30 °C for 72 h.




	(3)

	
Curing and drying: The samples were cured in an oven at 103 °C for 6 h, and then the aluminum foil was removed. The furfurylated wood mass M1 and dimensions were obtained after drying; the drying process was carried out at 50 °C for 12 h, followed by 70 °C for 12 h, and finally 103 °C for 24 h. According to the weight percentage gain, the furfurylated poplar and Chinese fir wood impregnated with 0%, 10%, 20%, and 30% concentrations were labeled as PW0, PW17, PW35, PW51, SW0, SW23, SW45 and SW75, respectively.







The weight percentage gain (WPG) and bulking coefficient (BC) were calculated using the following equation:


  WPG  ( % )  =    M 1  −  M 0     M 0    × 100  



(1)




where M0 and M1 are the oven-dried weights (g) before and after FA treatment, respectively.


  BC  ( % )  =    V 1  −  V 0     V 0    × 100  



(2)







Here, V0 and V1 are the oven-dried volume (mm3) before and after treatment, respectively.




2.2.2. Morphology and Microstructure


Each sample was placed in a beaker filled with distilled water; then, the beaker was placed in a desiccator with a pressure of −0.06 MPa until the sample was submerged; afterwards, the sample was softened in a water bath at 90 °C for 2 h. Transverse and longitudinal sections with thicknesses of 10–12 μm were sectioned with a microtome (SM2000R, Leica company, Weitzlar, Germany).



Transverse sections of the samples were observed with confocal laser scanning microscopy (SP8, Leica company, Weitzlar, Germany) using a 63× oil microscope, with a 633 nm excitation state and a detector range of 650–700 nm. Meanwhile, the distribution position of FA in the cell wall was observed with a scanning electron microscope (Quanta 200, FEI, Portland, OR, USA).




2.2.3. EMC and Dimensional Stability of Adsorption


Samples were conditioned at 20 °C and relative humidity (RH) of 33%, 65%, and 95% through moisture absorption with 12 replicates [24]. The humidity and temperature in the moisture absorption test were controlled using a climate chamber (KMF720, Binder, Tuttlingen, Germany) with a temperature accuracy of ±0.1 °C and a humidity accuracy of ±2.5%. The measurement accuracy of the balance was 0.0001 g [25]. The moisture adsorption tests were continuously conducted from the lowest to higher RH values after the samples were treated in the oven at 103 °C for 24 h. The weight and dimensions were measured when mass variations were lower than 0.1% after daily mass readings at each RH. The reduced equilibrium moisture content (EMCR) and anti-swelling efficiency (ASE*) were calculated using the following equation [26,27]:


  EMC  ( % )  =    M 2  −  M 1     M 1    × 100  



(3)




where M2 is the mass of absorption equilibrium.


    EMC  R  = EMC  (  1 + WPG  )   



(4)






  ASE  ( % )  =    α 1  −  α 0     α 0     



(5)







Here, α1 and α0 are the volume swelling efficiency of untreated and treated wood in absorption, respectively.


  α  ( % )  =    V a  −  V u     V u    × 100  



(6)






    ASE  *  = ASE  (  1 + BC  )  − BC  



(7)







Here, Va is the swollen volume and Vu is the oven-dried volume.




2.2.4. Mercury Intrusion Porosimetry (MIP)


Mercury intrusion porosimetry (AutoPore IV, Micromeritics, Norcross, GA, USA) was used to analyze the pore size distribution, cumulative pore volume, bulk density, and samples porosity with dimensions of 6 × 6 × 5 mm3 (R × T × L) under oven-dried conditions. Hg intrusion was performed using a pressure between 0 and 414 MPa with an equilibrium time of 10 s at the initial and the final pressure levels during the MIP test process.




2.2.5. LF-NMR Analysis


For the analysis of the effect of FA modification on bound and free water, low-field NMR (MicroMR-60H, Niumag, Shanghai, China) was used to analyze the control and furfurylated wood with 30% FA and to condition samples to become fully water-saturated via the full-cell vacuum-pressure process. The Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence was used to calculate the T2 of the samples, and 18,000 echoes with 64 scans were acquired. The echo time was 0.2 ms, LF-NMR data were inverted with a multi-exponential function, and the algorithm used SIRT. The test temperature was room temperature (25 °C).




2.2.6. Cyclic Water Soaking and Dimensional Stability


In order to evaluate the effect of FA treatment on the water uptake and dimensional stability, the samples were first placed in an oven at 103 °C for 24 h. Second, we conditioned samples to become fully water-saturated using a full-cell vacuum-pressure process and then soaked them in water at 30 °C for 24 h. Finally, we oven-dried them again. This process was defined as a drying–soaking–drying cycle, which was repeated three times [28]. We tested 12 replicates for each group. The reduced water uptake (MCWAR) and reduced anti-swelling efficiency (ASEws) with water saturation were calculated with each cycle repetition and using the following equations:


    MC   WA    ( % )  =    G i  −  G  i 0      G  i 0     × 100  



(8)






    MC   WAR   =   MC   WAR    (  1 + WPG  )   



(9)




where Gi is the mass of a fully water-saturated sample and Gi0 is the mass of an oven-dried sample in the same number of cycles.



Reduced anti-swelling efficiency (ASEws) values with water saturation were calculated with Equations (5)–(7) described above [25,26] during cyclic water soaking.




2.2.7. Statistical Analysis


IBM SPSS Statistics (V.23) software was employed to assess the effect of the furfuryl alcohol treatment concentration on weight percentage gain, bulking coefficient, equilibrium moisture content, water uptake, and volume swelling efficiency, according to the methods of a previous study [29]






3. Results and Discussion


3.1. WPG and BC of Furfurylation, Hygroscopicity and Dimensional Stability


The WPG and the FA concentration showed a significant positive relationship, as seen in Table 1. However, there were considerable differences in the WPG of the Chinese fir and poplar. At a 10% furfurylation concentration, the WPG values of the Chinese fir and poplar were about 23% and 17%, respectively. When the concentration increased to 30%, the WPG values of the Chinese fir and poplar were 75% and about 51%, respectively, indicating that the WPG of the Chinese fir was generally higher than that of the poplar. However, the air-dry densities of the poplar and fir were about 480 and 310 kg/m3, respectively, which led to differences in the permeability and porosity of the Chinese fir and poplar and may have resulted in different weight percentage gains in furfurylation. Additionally, there was a large number of alternate pits in the vessel that may have resulted in a lower retention of furfuryl alcohol in the cell walls of the poplar. It was also suggested that the comparatively lower WPG of poplar wood is caused by its easier evaporation during the curing and drying stages [30].



As can be seen from Table 1, the BC increased accordingly alongside the WPG. The increases in the WPG of the Chinese fir were similar to those of the BC from 10% to 20% and from 20% to 30% of FA concentration, though the increases in BC lowered in the second stage. Statistical analysis showed significant differences between various concentrations of FA and the WPG, but there were no significant differences between furfurylated wood and BC at concentrations of 20% and 30%, indicating that the amount of FA entering the cell wall did not significantly increase and the effectiveness of FA on cell wall modification decreased with the increase in WPG. In addition, the BC of the poplar was significantly higher than that of the Chinese fir, indicating that the furfurylation of the poplar cell wall required lower concentrations than that of the Chinese fir.



Dimensional stability is one of the important properties of wood products in usage, and it is related to moisture absorption. As can be seen from Table 1, The EMCR of the furfurylated wood was lower than that of the control wood. The EMC of SW75 was reduced by 23%–36% compared to the control wood of below 95% RH, and the EMC was reduced by about 11% at 95% RH while the EMC reduction in poplar was smaller than that of the Chinese fir. These results indicate that furfurylation could effectively reduce the hygroscopicity of the poplar and Chinese fir; this may have been due to the curing of FA resin in the cell wall that covered moisture adsorption sites such as hydroxyl groups in the amorphous areas [11], but the differences were not significant across the various FA concentration treatments. The changes in the hygroscopic process of ASE* after furfurylation were more intuitive than those of EMCR. It was found that the average ASE* value of SW75 was more than 45% and that the average ASE* value of PW51 was more than 61%. It was shown that a low concentration of furfurylation could better improve the hygroscopic dimensional stability of the Chinese fir and poplar, but it was more effective in improving the dimensional stability of the poplar, which was consistent with higher BC values also observed in the poplar.




3.2. Mercury Intrusion Porosimetry (MIP)


The MIP method is a common means of analyzing the large pores of wood. The cumulative pore volume reflects the total pore volume in a sample, and the log-differential pore size distribution represents the pore volume in different pore size ranges. Figure 1 (left) shows the cumulative volume and log-differential pore size distributions for Chinese fir samples. The 1–6 μm diameter variation of the pore volume of the control wood was caused by the pointed ends of the pits, the voids of the pit membranes, and the pit openings [31,32]. The log-differential distribution of the pore diameters between 1 and 6 μm decreased with increasing concentrations of FA due to the deposition of FA resin at the pointed ends of pits and tracheids. The furfurylated Chinese fir showed new pores in the range of 80–600 nm, and larger concentrations of FA led to the formation of smaller new-pore sizes because the FA resin was cured on the pores of the pit openings, pit membranes, and pointed ends of the tracheids. The diameters of between 6 and 20 μm may have been caused by latewood tracheids, and pore sizes of over 20 μm represented the earlywood tracheids in the control Chinese fir [31]. The pore volume in the 6–20 μm range decreased with increasing impregnation concentrations, but the level of change in pore volume for diameters of over 20 μm was less than 6–20 μm due to furfurylation, indicating that the amount of cured FA in the cell lumina of latewood was greater than that of earlywood in the Chinese fir.



Figure 1 (right) shows the cumulative pore volume and log-differential pore-size distributions of the poplar wood. The pore volume of the control wood significantly changed at 800–1000 nm according to the log-differential pore size due to the point ends of all the cell elements and pit chambers, openings, and fibers [33]. However, the furfurylated poplar wood showed almost no pore size distribution between 800 and 1000 nm, indicating that FA was cured at the point ends of the pit chambers, openings, and wood fibers. The pore diameters between 10 and 15 μm represented the voids of the wood fibers, and the pore diameters over 30 μm were assigned to the vessels in the control wood [33,34]. Pore volume decreased with increasing impregnation concentrations in the range of 10–15 μm, indicating that the amount of FA cured in the wood fibers increased with increased concentrations. The pores with diameters of between 15 and 80 nm reflected the voids of the pit membranes in the control wood. The pore volume of PW17, between 15 and 80 nm, was larger than that of other furfurylated poplar wood, which implied that the new pores were formed on the basis of the pores at the point ends of the pit chambers; on the other hand, smaller pore diameters formed as the WPG of FA increased in PW35 and PW51.



The newly formed pore size distribution of the furfurylated poplar (10–80 nm) was smaller than that of the Chinese fir (80–600 nm), which may have been related to the fact that poplar wood contains a much higher number of pits and smaller pore diameters in pit membranes. The amount of FA resin in the wood fibers and latewood tracheids significantly increased with increasing concentrations, as shown in Figure 1. The FA modification affected the pit structure from low concentrations, which may have been related to the fact that the pit is an important channel by which an impregnating solution can enter wood.



Table 2 shows the results of the MIP measurements. The bulk density of the furfurylated wood increased and the porosity gradually decreased with increasing concentrations of FA. The WPG of the poplar was less than that of the fir, the bulk density of the poplar was greater than that of the fir, and the porosity of the poplar was still less than that of the fir before and after modification. On the other hand, according to previous studies and changes in cumulative pore volume and log-differential pore-size distributions after furfurylation, the pore size distributions were grouped into three pore classes (below 800 nm, 800–5000 nm, and greater than 5000 nm) [32]. Additionally, the pore volume proportion was calculated as shown in Figure 2. The percentages of pore volumes below 800 nm for SW0, SW23, SW45, and SW75 were 9.9%, 33.3%, 33.8%, 37.9%, and 41.6%, respectively, and those of 800–5000 nm were 27.6%, 23.9%, and 13.6%, respectively. The trends of the pore volume percentages of the poplar and fir below 800 nm and from 800 to 5000 nm were generally consistent. These results indicate that the pore volume of the furfurylated wood decreased in the range of 800–5000 nm and increases below 800 nm, which led to changes in bulk density and porosity.




3.3. Characterization of FA Distribution


The CLSM and SEM images of the control and furfurylated poplar wood are shown in Figure 3a–d,e–h respectively. There was fluorescence in the cell walls as a whole in PW17 (Figure 3b), indicating that furfuryl alcohol could effectively penetrate the cell wall and deposit into the cell walls, especially in the lignin-rich areas such as the cell corners (CC), secondary walls (S2) and compound middle lamellae (CML). As the concentration of FA increased to 20%, the distribution of PW35 (Figure 3c) in the cell walls was consistent with that of PW17 (Figure 3b), but there was brighter fluorescence in the wood fiber lumen. These results could imply that FA was deposited in the inner walls of the wood fibers. It can also be seen from the SEM images in Figure 1 that the wood fibers in PW35 (Figure 3g) changed from clean and tidy in the lumen of PW17 (Figure 1f) cells after FA was attached. PW51 cell walls and cell lumen showed greater changes than PW17 and PW35. The cell walls and lumen of PW51 showed brighter fluorescence, and changes in the cell walls occurred due to a large number of furfuryl alcohol resin curing and bulking processes. Changes in cell lumen were caused by differences in FA conjugation lengths between the cell walls and cell lumen, resulting in stronger fluorescence in cell lumen [22]. Furthermore, the wood fiber cell morphology of PW51 (oval shaped) became crowded. The microstructure of a poplar longitudinal section can be observed in Figure 4a–d, which shows that furfurylation led to the deposition of FA resin in the alternate pits and wood fiber tracheids of the poplar that became more obvious with increases in furfuryl alcohol concentration.



The CLSM and SEM images of the Chinese fir shown in Figure 3i–p also show that the FA deposited in the Chinese fir cell walls was consistent with that of the poplar, with both mainly located in the lignin-rich area. The WPG of the Chinese fir was generally higher than that of the poplar, but the fluorescent brightness seemed to be weaker than that of the poplar at each modification level, which may have been related to the fact that the cell wall BC of the Chinese fir was smaller than that of the poplar. Meanwhile, compared to that of SW23 and SW45, the cell morphology of SW75 was deformed and apparent fluorescence in the tracheid cell cavities was observed. In addition, the amount of FA resin in the cell lumen of the 30%-concentration furfurylated Chinese fir was smaller than that of the poplar, probably due to the fact that Chinese fir cell walls could accommodate more furfuryl alcohol resin. According to the microstructure of the Chinese fir longitudinal section in Figure 4e–h, the filling of the Chinese fir pits and tracheids became obvious with increasing FA concentrations, and the pit aperture was almost completely filled at the 30% concentration.




3.4. LF-NMR


Figure 5 and Table 3 show the T2 relaxation time distribution, mean value, EMC (water saturation), and proportion of furfurylated and untreated wood, which indicate the microscopic state of water-bound hydrogen in wood and the difference in the degree of water binding to the wood according to the work of previous studies [35,36,37,38,39]. The relaxation times of the three main peaks of the T2 spectrum of SW0 were 1.05 ms, 12.75 ms, and 109.70 ms, and the proportions of their water populations were 9.9%, 3.0%, and 86.7%, respectively, which could be attributed to bound water in the cell walls and free water in the tracheids of latewood and earlywood. The results were generally consistent with those of previous studies [40]. The T2 values of SW75 were 0.56 ms, 219.64 ms, and 1245 ms, and the proportions of their water populations were 14.57%, 67.57%, and 17.22%, respectively, which could be attributed to cell walls, tracheids, and incompletely cured FA resin, respectively. The T2 values of water-saturated PW0 were 2.25 ms, 54.79 ms, and 471.38 ms, and their water populations accounted for 12.2%, 44.7%, and 41.0%, respectively; the shortest relaxation time was caused by bound water in the cell walls, and the others were caused by free water in wood fibers and vessels [41]. The T2 values of PW51 were 0.74 ms, 102.34 ms, and 880.49 ms, and the proportions of the their water populations were 15.7%, 5.2%, and 78.3%, respectively, caused by cell walls, wood fibers, vessels, and incompletely cured furfuryl alcohol resin, respectively. Compared to control wood, the relaxation times of bound water were reduced by 46% for SW75 and 67% for PW51, though the relaxation time of free water was prolonged due to furfurylation, indicating that furfurylation tightened the bound water and freed the free water. The change in the T2 value of the bound water may have been due to the increase in density and the decrease in moisture content after FA treatment. On the other hand, the effects of FA on free and bound water were different because FA resin is a hydrophobic substance that enlarged the cell wall contact angle more than that of the control wood, resulting in increasing T2 values between the wood and free water [42,43]. In addition, the proportions of the different water populations of furfurylated and control wood showed that although furfurylation reduced the moisture content of the wood, it increased the proportion of bound water and decreased the proportion of free water in the poplar and Chinese fir wood following water-saturation treatment, during which the proportion of free water in the vessel increased and that in the wood fiber decreased.



In summary, the effects of furfurylation on bound and free water included reductions in the amount of moisture content, tighter bonds between bound water and the wood, and a freer relationship between the free water and wood. The first effect can be attributed to the cell wall densification and the reduction in bound water following the furfuryl alcohol impregnation treatment, and the last effect may be attributed to the attachment of the hydrophobic FA resin to the cell walls.




3.5. Cyclic Water Soaking and Dimensional Stability


Water uptake represents the ability of wood to hold an amount of water, and it is closely related to porosity. Accordingly, water uptake also reflects the effect of FA treatment on the pore size distribution of cell walls and cell cavities [25]. Table 4 shows the MCWAR and ASEWS values of furfurylated and untreated wood during the water uptake test. It can be seen that the FA treatment could effectively reduce the MCWAR of the Chinese fir and poplar, as the MCWAR of the Chinese fir and poplar decreased along with increasing FA concentrations, with average reductions of 56%–79% for the Chinese fir and 8%–44% for the poplar compared to the control wood. Furthermore, Table 2 and Table 3 show that the MCWA of PW0 was 58% of that of SW0 and that the porosity of PW0 was 95.16% of that of SW0 in the control wood, mainly due to porosity. Moreover, the MCWAR of the furfurylated wood was different to control samples. The porosity of furfurylated Chinese fir was 13.51%–27.54% higher than that of the poplar, but the MCWAR of the furfurylated poplar wood was 22.17%–67.98% higher than that of the Chinese fir following furfurylation with various concentrations, indicating that the higher the WPG, the more significant the reduction in MCWAR. In addition, the ASEWS correspondingly increased with increases in FA concentration. However, changes in the amount of free water demonstrated insignificant effects on the dimensional stability of the wood. Thus, although the ASEWS increased with increasing WPG, it was not as significant as the decrease in MCWAR.



The number of water soaking cycles also had an effect on furfurylated wood, as seen in Table 4. As the cyclic water soaking times increased, the MCWAR of the poplar and fir control wood did not significantly change at around 276% and 161%, respectively. The ASEWS of the control wood decreased as the number of cycles of water soaking increased, but the third cycle of water soaking was less variable compared to the second cycle. Compared to the control wood, the MCWAR and ASEWS of the furfurylated wood slowly increased. The MCWAR of the second cycle of the furfurylated Chinese fir wood increased by 17%–19% compared to the first cycle, which indicated that there may have been a loss of FA impregnated in the wood during the test that resulted in increases in pore space and the water-uptake capacity. Furthermore, the loss of furfuryl alcohol was consistent with the large T2 values produced by the uncured furfuryl alcohol in low-field NMR. On the other hand, the ASEWS of PW51 decreased by more than 37% after each repetition of cyclic water uptake, which could imply that although furfurylation had a significant bulking effect on the poplar cell walls, it may have been unstable due to the large number of pits in the poplar cell walls.





4. Conclusions


	(1)

	
Low concentrations of furfuryl alcohol can better enter the cell walls of the Chinese fir than those of poplar. Compared to an FA concentration of 10%–20%, there were no significant increases in the amount of FA entering the cell walls when the FA concentration was increased to 30% in both the Chinese fir and the poplar. Furthermore, the furfurylation of the poplar cell walls was more suitable than those of the Chinese fir cell walls. The FA resin was almost cured in the secondary walls, cell corners, and compound middle lamellae when furfurylated with the 10% concentration. Once the concentration increased to 30%, the amount of FA cured in the cell lumen of the poplar was greater than that of the Chinese fir.




	(2)

	
The poplar’s pointed ends of pit chambers and pit apertures (800–1000 nm) and the Chinese fir’s small pores of pit membranes and pit apertures (1–6 μm) were partially infiltrated and deposited by FA resin at the 10%–30% concentrations and formed new pore sizes in the pore size distribution ranges of 80–600 nm and 15–100 nm, respectively. The amount of FA cured in the tracheids of the Chinese fir latewood and poplar wood rays increased along with increasing FA concentrations. The porosity of the poplar was greater than that of the Chinese fir, and the bulk density was lower in the poplar than the fir before and after modification.




	(3)

	
Wood impregnation with a low concentration of FA was able to reduce the EMCR and improve the ASE*, but the dimensional stability of the poplar wood was more significantly improved. Additionally, furfurylation effectively reduced water uptake due to the hydrophobicity properties of the furfuryl alcohol resin. Furthermore, with increases in cyclic water soaking times, furfurylation demonstrated significant effects of MCWAR reduction and ASEWS improvement. The MCWAR of the Chinese fir increased by 17%–19% when treated with FA at various concentration in secondary cyclic water soaking, suggesting the loss and leaching of FA resin during the test. In addition, low-field NMR showed that the effects of modification on bound and free water included reductions in the amount of moisture content, tighter bonds between the bound water and wood, and a freer relationship between the free water and wood. It can therefore be concluded that furfurylation is a feasible method by which to extend furfurylated wood applications when using FA at low concentrations.
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Figure 1. Cumulative pore volume and log-differential intrusion versus pore size of Chinese fir (left) and poplar (right). 
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Figure 2. Comparison of the average pore size classification of untreated and furfurylated Chinese fir and poplar wood. 
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Figure 3. (a–d) CLSM images of control poplar wood (a), SW23 (b), SW45 (c), and SW75 (d); (i–l) CLMS images of control Chinese fir wood (i) PW17 (j), PW35 (k), and PW51 (l). (e–h) SEM images of control poplar wood (e), PW17 (f), PW35 (g), and PW51 (h); (m–p) SEM images of control Chinese fir wood (m), SW23 (n), SW45 (o), and SW75 (p). 
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Figure 4. Microstructures of longitudinal sections of control poplar wood (a), PW17 (b), PW35 (c), and PW51 (d); microstructures of longitudinal sections of control Chinese fir wood (e), SW23 (f), SW45 (g), and SW75 (h). 
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Figure 5. The T2 value distribution of fully water-saturated furfurylated and control Chinese fir and poplar wood. 
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Table 1. WPG and BC and variations in EMCR and ASE* at 20 °C for Chinese fir and poplar wood with furfurylation (%).
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Sample

	
FA wt%

	
WPG

	
BC

	
RH/EMCR

	
RH/ASE*




	
33%

	
65%

	
95%

	
33%

	
65%

	
95%






	
SW0

	
-

	
-

	
-

	
5.91 a

	
11.23 a

	
25.36 a

	
-

	
-

	
-




	

	

	

	
(0.42)

	
(0.02)

	
(0.69)

	

	

	




	
SW23

	
10

	
23.69 c

	
6.22 b

	
4.18 b

	
9.25 b

	
23.55 b

	
33.23

	
28.83

	
31.42




	

	
(1.25)

	
(0.98)

	
(0.11)

	
(0.12)

	
(0.52)

	

	

	




	
SW45

	
20

	
45.80 b

	
9.31 a

	
4.43 c

	
9.14 c

	
21.89 b

	
30.91

	
41.77

	
37.61




	

	
(2.52)

	
(0.93)

	
(0.14)

	
(0.29)

	
(0.79)

	

	

	




	
SW75

	
30

	
75.02 a

	
9.85 a

	
3.83 d

	
8.68 d

	
22.36 b

	
36.42

	
58.24

	
42.80




	

	
(3.19)

	
(1.24)

	
(0.12)

	
(0.14)

	
(0.96)

	

	

	




	
PW0

	
-

	
-

	
-

	
5.15 a

	
11.04 a

	
25.22 a

	
-

	
-

	
-




	

	

	

	
(0.04)

	
(0.37)

	
(0.92)

	

	

	




	
PW17

	
10

	
17.66 c

	
11.70 b

	
3.83 b

	
8.82 b

	
22.73 b

	
48.45

	
34.94

	
44.98




	

	
(1.31)

	
(0.66)

	
(0.11)

	
(0.07)

	
(1.18)

	

	

	




	
PW35

	
20

	
35.96 b

	
13.73 a

	
3.77 c

	
8.63 c

	
21.49 c

	
42.51

	
40.79

	
36.78




	

	
(3.96)

	
(0.67)

	
(0.07)

	
(0.29)

	
(0.65)

	

	

	




	
PW51

	
30

	
51.07 a

	
14.02 a

	
3.79 d

	
8.53 d

	
22.66 c

	
77.57

	
51.29

	
55.82




	

	
(6.07)

	
(1.16)

	
(0.07)

	
(0.62)

	
(1.10)

	

	

	








The standard deviation is given in parentheses; the same letter after a mean indicates no significance at p ≤ 0.05.
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Table 2. Bulk density and porosity of control wood and furfurylated poplar and Chinese fir wood.
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	Sample
	PW0
	PW17
	PW35
	PW51
	SW23
	SW45
	SW75





	Total intrusion volume mL/g
	1.41
	1.19
	0.85
	0.72
	1.74
	1.25
	1.11



	Bulk density g/cm3
	0.47
	0.52
	0.64
	0.68
	0.40
	0.47
	0.52



	Porosity %
	66.42
	61.81
	54.32
	49.55
	69.52
	58.94
	58.31
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Table 3. The T2 mean value, peak area, and proportion of furfurylated and untreated Chinese fir and poplar wood.
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Sample

	
Peak

	
Fully

Water-Saturated (%)

	
T2 Value (ms)

	
Peak Proportion (%)






	
SW0

	
1

	
251.7

	
1.1

	
9.9




	
2

	
12.8

	
3.0




	
3

	
109.7

	
86.7




	
4

	
821.4

	
0.5




	
Sum

	

	
100




	
SW75

	
1

	
70.0

	
0.6

	
14.6




	
2

	
6.4

	
0.6




	
3

	
219.6

	
67.6




	
4

	
1245.9

	
17.2




	
Sum

	

	
100




	
PW0

	
1

	
169.6

	
2.25

	
12.2




	
2

	
11.1

	
2.0




	
3

	
54.8

	
44.7




	
4

	
471.4

	
41.0




	
Sum

	

	
100




	
PW51

	
1

	
79.7

	
0.7

	
15.7




	
2

	
15.7

	
0.8




	
3

	
102.3

	
5.2




	
4

	
880.5

	
78.3




	
Sum

	

	
32,528.3
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Table 4. Variation in MCWAR (fully water-saturated) and ASEWS of furfurylated and untreated poplar and Chinese fir with water uptake.
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Sample

	
MCWAR (%)

	
ASEWS (%)




	
1st

	
2nd

	
3rd

	
1st

	
2nd

	
3rd






	
SW0

	
278.57 a

	
276.04 a

	
277.40 a

	

	

	




	

	
(8.85)

	
9.94

	
(8.85)

	

	

	




	
SW23

	
95.80 b

	
114.15 b

	
120.88 b

	
56.56

	
38.42

	
27.40




	

	
(9.75)

	
(11.10)

	
(9.67)

	

	

	




	
SW45

	
60.24 c

	
70.35 c

	
74.20 c

	
70.22

	
47.07

	
41.20




	

	
(1.86)

	
2.69

	
(50.89)

	

	

	




	
SW75

	
57.19 c

	
66.70 c

	
62.66 d

	
70.90

	
51.16

	
42.88




	

	
(1.39)

	
3.29

	
(9.21)

	

	

	




	
PW0

	
162.22 a

	
161.66 a

	
160.64 a

	

	

	




	

	
(9.65)

	
(10.31)

	
(10.97)

	

	

	




	
PW17

	
145.17 b

	
145.92 b

	
147.68 b

	
50.48

	
23.32

	
14.90




	

	
(2.62)

	
(3.54)

	
(2.36)

	

	

	




	
PW35

	
115.24 c

	
118.18 c

	
123.04 c

	
63.79

	
35.08

	
21.40




	

	
(8.68)

	
(10.49)

	
(9.07)

	

	

	




	
PW51

	
89.80 d

	
99.15 d

	
102.91 d

	
72.36

	
45.37

	
23.47




	

	
(12.08)

	
(11.74)

	
(14.34)

	

	

	








The standard deviation is given in parentheses; the same letter after the mean indicates no significance at p ≤ 0.05.
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