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Abstract

:

Dimensional stability proves to be an important factor affecting the quality of wooden products. As a sort of crude and thermoplastic resin, shellac excreted by lac insects demonstrates water-repellent and environmental-friendly features. The research impregnated shellac with wood at room temperature and with a vacuum-pressure procedure. Efforts were made to examine how shellac treatment affected the dimensional stability, moisture absorption, chemical structure, thermostability, as well as morphological characteristics of wood. Results indicated that shellac treatment was a type of efficient solution useful in the enhancement of the dimensional stability of wood. Shellac solution had good permeability in the wood, and the weight percentage gain reached 13.01% after impregnation. The swelling coefficients of treated wood in the tangential and radial directions decreased by 20.13% and 24.12%, respectively, indicating that impregnation could improve wood dimensional stability. The moisture absorption of shellac-treated wood was reduced by 38.15% under 20 °C and 65% relative humidity. Moreover, shellac treatment significantly modified wood structure, although there were no drastic changes in the spectra. Specimens for shellac treatment ran across two decomposition peaks at 350 and 390 °C, and specimens in the control group saw one more common derivative thermogravimetric curve when the sharp peak approached 355 °C. After impregnation of shellac into wood, the shellac blocked pits and hardened on the intrinsic layer of the wood for fear of hygroscopicity. The practice was applicable to a variety of wood products, such as buildings, furniture, and landscape architecture.
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1. Introduction


Wood has a porous structure and is made up of natural, organic macromolecular materials [1,2,3]. Consequently, when the temperature and humidity of surroundings change, wood can absorb or release moisture [4]. This general ability of wood to adjust to the environment has made it an important material in the field of building engineering, furniture manufacturing, and renovation [5,6] among other recent applications. However, if wood has defects, such as cracks, as moisture is absorbed and released, it can be transformed and decay [7], which significantly impairs the life span and utilizability of wood products and narrows the scope of application.



Reinforcing the dimensional stability, hydrophobicity, and durability of wood by reducing its hygroscopicity has become a major focus of research in recent years [8,9,10,11,12]. Reductions in hygroscopicity may be realized through a variety of means, such as steam-heat treatment [13,14,15], acetylation and silylation treatment [16], methyltrimethoxysilane modification [17], styrene modification [18], boron and compatibilizer modification [19], siloxane modification [20], alkoxysilanes modification [21], silicone oil heat treatment [6,22], and tricine and bicine modification [23]. However, thermal processing is likely to darken the original color of wood, undermine its mechanical functions [1,24,25,26], and induce chemical modifications that are environmentally deleterious. Besides that, existing methods of improvement are quite complicated and energy-intensive.



Shellac belongs to a natural, thermoplastic resin secreted by lac insects that mostly grows on host trees across countries such as China, India, Malaysia, and Thailand [27]. Shellac is a natural mixture consisting of resinous material and odoriferous composite containing waxy components, and a combination of both polar and nonpolar dyes. The resin portion of shellac contains esters (approximately 30%, soft resin) and polyesters (approximately 70%, hard resin) originating from sesquiterpenic and hydroxy fatty acids [28,29,30,31,32]. Nevertheless, the composition of shellac varies relying on the species of insects and host tree where the raw material is obtained [32]. Shellac has been adopted for centuries in the art sector, primarily as a varnish to protect the surface of wooden artworks, such as wooden furniture restoration and musical instruments; for its ability to form films; ease of application; high adhesiveness to wooden surfaces; aesthetic appearance of its coatings; protective properties; and low toxicity [5,33]. More recently, shellac has been applied in a wide variety of domains (pharmaceuticals, food treatment, toys for children, electrical insulation) due to its peculiar characteristics, namely low toxicity, thermoplasticity, insulating properties [5,34,35,36,37]. In addition to these features, shellac is characterized by good film forming and protective properties, ease of application, and a high adhesion to the wood surface and provides aesthetically excellent coatings [37], although, to date, it has not been commonly applied to promote the moisture absorption of wooden products.



Following a recent study examining the dimensional stability of Tung oil-treated wood [38], this paper examines the efficacy of using shellac as an environmentally friendly modifier to improve the dimensional stability and hygroscopicity of wood. Specifically, a shellac alcohol solution was used as a modifier to impregnate wood at room temperature, and then, the experiment tested how the shellac affected the dimensional stability and physiochemical structures, and thermostability of wood.




2. Materials and Methods


2.1. Sample Preparation


Ailanthus (Ailanthus Desf.), a white-colored wood with a similar grain to a white oak commonly endemic to Sichuan Province of China was used. Specimens collected for the test were prepared from sapwood with dimensions of 20 × 20 × 20 mm3 (length × width × thickness) and a primary moisture content of 70% ± 5% in accordance with the GB/T 1931–2009 criterion [39]. The drying treatment was conducted at 103 °C.




2.2. Impregnating the Wood with Shellac


Shellac (98% purity, wax free) and ethyl alcohol (90%) were provided by Chuxiong DES Shellac Co., Ltd. headquartered in Chuxiong, Yunnan of China. Shellac was treated by impregnation inside one vacuum chamber in Shanghai Laboratory Instrumental Works Co., Ltd., Shanghai of China. Twenty dry specimens were weighed, immersed in shellac ethyl alcohol solution (20%), and processed inside one vacuum chamber under 0.01 MPa pressure at room temperature (20 °C) for 1.5 h. Then, pressure was allowed to equilibrate to atmospheric levels for 1.5 h, followed by vacuuming and performance of the reverse process three times to obtain samples impregnated with shellac solution. By contrast, there was no impregnation operation in the control group. Specimens went through natural drying for 7 days until the alcohol evaporated completely and air-dried at 103 °C to take measurements of the oven-dried weight.




2.3. Weight Percentage Gain (WPG)


The determination of WPG depends on the weight before and after impregnation according to Equation (1) as below:


  W P G =    w w  −  w 0     w 0    × 100 %  



(1)




where w0 suggests the pretreatment oven-dried weight of specimens (g), while ww states the posttreatment oven-dried weight of specimens (g). Then, a comparative study was performed on the treatment method and the t-test at p = 0.05 in SAS (v. 9.4, SAS Institute, Cary, NC, USA).




2.4. Estimation of Wood Dimensional Stability


Swelling tests adhered to the GB/T 1931–2009 criterion [40]. Specimens from the treated group and the control group were all conserved in the temperature control chamber at 20 °C with 65% humidity after drying, so as to obtain the equilibrium moisture content (EMC). The scales and weights of the specimens were estimated before and after conditioning. Equation (2) was the algorithm for the swelling coefficient [39]:


  a =    l w  −  l 0     l 0    × 100 %  



(2)




where a means the swelling coefficient at radial, tangential, and longitudinal directions; l0 illustrates primary dimension of specimens; and lw suggests the postconditioning dimension. Treatment was performed to compare with the t-test in SAS at p = 0.05.




2.5. Moisture Absorption (MA)


The specimens were placed inside the chamber with the temperature presetting as the constant of 20 °C and humidity as 65% to meet the EMC as stipulated by the GB/T 1931–2009 criterion [40]. Following conditioning operations, the MA would be calculated via Equation (3):


  M A =    w a  −  w b     w b    × 100 %  



(3)




where wb (wa) means denote the specimen weight before and after conditioning in the climate chamber (g). Treatment was performed to compare with the t-test in SAS at p = 0.05.




2.6. Chemical Structure Analysis Using FTIR Spectroscopy


Both ATR-IR spectra of the control and shellac-treated wood milled specimens were collected using a standard FTIR spectrometer (Tensor 27, Bruker, Germany) via straightforward transmittance with the resolution of 4 cm−1 for 32 scans in a span of 700–4000 cm−1. Adjustment on light devices and background spectra was performed before measurements were taken. The spectra were averaged over six measurements for each treatment.




2.7. Thermogravimetric Analysis


For comparing the degradation properties of wood and shellac-treated wood, the experiment adopted one thermogravimetric analyzer developed by Netzsch STA449F3 in Germany. The wood and treated wood powder were heated at a speed of 10 °C/min in a nitrogen environment, with a final temperature of 800 °C.




2.8. Morphological Characteristics


The macroshape of specimens as well as variation in physical structure were assessed via morphological observations made with a scanning electron microscope (SEM) produced by Hitachi S-3400N II in Tokyo of Japan.





3. Results and Discussion


3.1. Weight Percentage Gain (WPG)


WPG indicates the net weight of the wood-extracted shellac (Table 1). WPG ultimately depends on the permeability of the shellac solution inside the Ailanthus wood. The oven-dried weight of unrefined specimens was 4.636 g, the average posttreatment oven-dried weight with shellac was approximately 5.239 g, and the WPG was 13.01% (Table 1). The specimen weights before and after shellac solution impregnation are shown in Table 1.




3.2. Estimation of Wood Dimensional Stability and Moisture Absorption (MA)


3.2.1. Wood Dimensional Stability


The dimensional stability of wood is an important factor affecting its utilization and quality, but this property depends on a variety of factors, such as tree species, tree age, and age of the wood. The tangential and radial swelling coefficients are more sensitive than those in the longitudinal direction and are thus important for estimating the dimensional stability of wood. Figure 1 shows that the shellac solution impregnating treatment influenced the dimensional stability of wood. The mean of the tangential swelling coefficient in the control group totaled 3.08%, while that in treated group was just 2.46%. In comparison with the control group, the postshellac treatment tangential swelling coefficient in the treated group was lowered by 20.13%. The mean of the radial swelling coefficient in the control group and treated group was 2.28% and 1.73%, respectively. The radial swelling coefficient in the control group was 24.12% lower than that in the treated group. The mean of the longitudinal swelling coefficient in the control group and treated group was 0.83% and 0.74%, respectively. For this reason, shellac treatment clearly reduced the wood swelling coefficients in the tangential and radial direction (p < 0.0001) but did not drastically influence the wood swelling coefficient in longitudinal direction (p = 0.1112). The pattern makes sense, given that wood tends to shrink and swell in the tangential and radial direction but remain stable in the longitudinal direction. The increase in wood dimensional stability stems from the fact that shellac is an excellent water repellent [40].




3.2.2. Moisture Absorption (MA)


Moisture content is an important factor affecting wood stability when it is below the threshold of fiber saturation. In order to further elucidate the effect of shellac solution impregnation on wood dimensional stability, the hydrophilicity of wood was evaluated via the measurement of MA. Figure 2 shows the specimen weight before and after conditioning inside one climate chamber, with the temperature set as 20 °C and humidity as 65%. The specimen weights before and after conditioning were 5.239 g and 5.618 g, respectively, and the MA was approximately 7.23%. Weight in control group before and after conditioning were 4.636 g and 5.178 g, respectively, and MA was approximately 11.69%. In comparison with the control group, MA in treated group had reduced by 38.15%. In consequence, shellac treatment significantly lowered wood MA performance and thus promoted wood dimensional stability.





3.3. Chemical Structure Analysis Using FTIR Spectroscopy


Wood dimensional stability is related to its hydrophilic chemical composition, which generally contains hydroxyl groups and other chemical components. By reducing these components, the dimensional stability of wood is improved [41,42]. FTIR-ATR spectrometry has been widely employed to reveal chemical changes associated with various treatments. Infrared spectra are sensitive indicators of chemical changes, as demonstrated by previous research on wood treatments [43,44,45,46]. Figure 3 presents the FTIR spectra for shellac, shellac treatment specimens, as well as the control group. In comparison with the control group, the specimen chemical structure after shellac treatment in the treated group was adjusted, with spectra remaining constant. The weakening of band intensity at ~3400 cm−1, matched with the −OH stretching, showed that the shellac treatment reduced the number of hydroxyls in wood but augmented wood dimensional stability [47,48]. Furthermore, band intensity at 1384 and 2900 cm−1 was matched with −CH stretching, while bands at 1709 and 1631 cm−1 were allocated to C=O and aromatic carbon skeleton stretching vibration, separately. No changes occurred in the other chemical groups after shellac treatment. Though shellac treatment changed the chemical groups of wood to some extent, the overall structure of the wood remained unchanged.




3.4. Thermostability


In order to evaluate the thermal characteristics of wood before and after shellac solution impregnation treatment, the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of the specimens in treated group and control group were constructed, respectively, as shown in Figure 4. The first region expressed as “a” in the TG curve is referred to as the depolymerization and dehydration stage, which implies the presence of slight weight loss (approximately 6–8 wt%) in 30–120 °C for entire samples. During the stage, wood specimens may take in heat, leading to evaporation and loss of low-weight molecules in specimens. Additionally, no evidence saw an apparent degradation of wood components [44,45,46]. In regard to region “b”, with temperature varying in the range of 120 to 230 °C, wood components such as hemicellulose were possibly degraded [2,24,49,50], but those with sophisticated structures were very likely to have bond fragmentation. Most quality loss can be seen in region “c”, with temperature varying in the range of 230–490 °C. For region “c”, overall structural components, accounting for approximately 80% of the gross mass in specimens experienced thermal degradation. Additionally, in region “c”, specimens after shellac treatment had a different reaction, and two peaks occurred at 350 and 390 °C, respectively. On the contrary, control specimens in the more common DTG curve saw a sharp peak at 355 °C due to cellulose decomposition [51]. In region “d”, the gross quality loss of specimens was slow. In this stage, residuals in the treated group dropped by 12.01% in comparison with that in the control group (16.30 wt%). Reductions in residuals may be related to the degradation of most shellac, but several wood constituents were nondegradable.




3.5. Morphology


SEM micrographs of the specimens in the treated group and control group are presented in Figure 5. Shellac treatment was found to be greatly influential in specimen structure, especially wood impregnated with shellac solution. Pits were the main moisture passages inside wood; these pits had to be blocked in the treated group, preventing MA in the condition that wooded product were placed in the environment, which improved wood dimensional stability. Shellac could, therefore, prevent MA when it covered intrinsic layers of wood, thereby enhancing wood dimensional stability.





4. Conclusions


Shellac solution impregnation treatment seems to be a useful means in the enhancement of wood stability. The shellac solution had good permeability in the wood, and the WPG reached 13.01% after impregnation. After treatment of shellac, the swelling coefficients of wood in the tangential and radial directions decreased by 20.13% and 24.12%, respectively, improving wood dimensional stability. The MA of shellac-treated wood was reduced by 38.15% with humidity set as 65% and temperature as 20 ºC. Moreover, the shellac treatment slightly altered wood structure, although there were no changes in the spectra. Specimens under shellac treatment experienced two decomposition peaks at 350 and 390 °C, respectively, and those in the control group witnessed one more common DTG curve in which the sharp peak occurred at 355°C in the TG analysis. Shellac impregnated with wood blocked the pits used as prime water passages and then hardened on the internal layer of the wood after ethanol vaporization, which prevented MA in the application of wooden products. Furthermore, shellac modification was performed at room temperature. Thus, shellac modification has become a solution featured by energy conservation and environmental friendly properties that warrants further study.







Author Contributions


M.L. has made substantial contributions to the conception and design of the work; and the acquisition, analysis, and interpretation of data for the work. G.X., J.W. and X.T. carried out the experiments. J.L. and X.L. gave valuable suggestions on the experiments and manuscript. Z.W., X.L., and W.X. modified the manuscript in detail. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Nanjing Forestry University Foundation for Basic Research (Grant No. 163104127) and the Priority Academic Program Development (PAPD) of Jiangsu Province, China.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Popescu, C.M.; Popescu, M.C. A near infrared spectroscopic study of the structural modifications of lime (Tilia cordata Mill.) wood during hydro-thermal treatment. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2013, 115, 227–233. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Cheng, D.L.; Avramidis, S.; Wålinder, M.E.P.; Zhou, D.G. Response of hygroscopicity to heat treatment and its relation to durability of thermally modified wood. Constr. Build. Mater. 2017, 144, 671–676. [Google Scholar] [CrossRef]

	



Liu, L.; Kong, S.; Zhang, Y.; Wang, Y.; Liang, X.; Yan, Q.; Lingaswamy, A.P.; Shi, Z.; Lv, S.; Niu, H.; et al. Morphology, composition, and mixing state of primary particles from combustion sources—Crop residue, wood, and solid waste. Sci. Rep. 2017, 7, 5047. [Google Scholar] [CrossRef] [PubMed]

	



Kržišnik, D.; Lesar, B.; Thaler, N.; Humar, M. Micro and material climate monitoring in wooden buildings in sub-Alpine environments. Constr. Build. Mater. 2018, 166, 188–195. [Google Scholar] [CrossRef]

	



Wang, J.; Chen, L.; He, Y. Preparation of environmental friendly coatings based on natural shellac modified by diamine and its applications for copper protection. Prog. Org. Coat. 2008, 62, 307–312. [Google Scholar] [CrossRef]

	



Okon, K.E.; Lin, F.; Chen, Y.; Huang, B. Effect of silicone oil heat treatment on the chemical composition, cellulose crystalline structure and contact angle of Chinese parasol wood. Carbohydr. Polym. 2017, 164, 179–185. [Google Scholar] [CrossRef]

	



Rostand, M.P.; Dubois, F.; Sauvat, N.; Fournely, E. Strain analysis in dried green wood: Experimentation and modelling approaches. Eng. Fract. Mech. 2013, 105, 182–199. [Google Scholar] [CrossRef]

	



Saeed, M.A.; Andrews, G.E.; Phylaktou, H.N.; Gibbs, B.M. Raw and steam exploded pine wood: Possible enhanced reactivity with gasification hydrogen. Int. J. Hydrog. Energy 2016, 41, 16566–16576. [Google Scholar] [CrossRef]

	



Li, M.Y.; Cheng, S.C.; Li, D.; Wang, S.N.; Huang, A.M.; Sun, S.Q. Structural characterization of steam-heat treated Tectona grandis wood analyzed by FT-IR and 2D-IR correlation spectroscopy. Chin. Chem. Lett. 2015, 26, 221–225. [Google Scholar] [CrossRef]

	



Lykidis, C.; Bak, M.; Mantanis, G.; Németh, R. Biological resistance of pine wood treated with nano-sized zinc oxide and zinc borate against brown-rot fungi. Holz Als Roh Und Werkstoff 2016, 74, 909–911. [Google Scholar] [CrossRef]

	



Sandberg, D.; Kutnar, A.; Mantanis, G. Wood modification technologies—A review. Iforest Biogeosciences For. 2017, 10, 895–908. [Google Scholar] [CrossRef]

	



Lykidis, C.; De Troya, T.; María, C.; Galván, J.; Mantanis, G. Termite resistance of beech wood treated with zinc oxide and zinc borate nanocompounds. Wood Mater. Ence Eng. 2016, 1–5. [Google Scholar] [CrossRef]

	



Yin, J.P.; Yuan, T.Q.; Lu, Y.; Song, K.L.; Li, H.Y.; Zhao, G.J.; Yin, Y.F. Effect of compression combined with steam treatment on the porosity, chemical compositon and cellulose crystalline structure of wood cell walls. Carbohydr. Polym. 2017, 155, 163–172. [Google Scholar] [CrossRef] [PubMed]

	



Ziegler, I.M.; Tánczos, I.; Hórvölgyi, Z.; Agoston, B. Water-repellent acylated and silylated wood samples and their surface analytical characterization. Colloids Surf. A-Physicochem. Eng. Asp. 2008, 319, 204–212. [Google Scholar] [CrossRef]

	



Broda, M.; Mazela, B. Application of methyltrimethoxysilane to increase dimensional stability of waterlogged wood. J. Cult. Herit. 2017, 25, 149–156. [Google Scholar] [CrossRef]

	



Devi, R.; Maji, R.; Ali, T.K.I. Chemical modification of rubber wood with styrene in combination with a crosslinker: Effect on dimensional stability and strength property. Bioresour. Technol. 2003, 88, 185–188. [Google Scholar] [CrossRef]

	



Ayrilmis, N. Combined effects of boron and compatibilizer on dimensional stability and mechanical properties of wood/HDPE composites. Compos. Part B Eng. 2013, 44, 745–749. [Google Scholar] [CrossRef]

	



Giudice, C.A.; Alfieri, P.V.; Canosa, G. Decay resistance and dimensional stability of Araucaria angustifolia using siloxanes synthesized by sol–gel process. Int. Biodeterior. Biodegrad. 2013, 83, 166–170. [Google Scholar] [CrossRef]

	



Broda, J.; Majka, M.; Olek, W.; Mazela, B. Dimensional stability and hygroscopic properties of waterlogged archaeological wood treated with alkoxysilanes. Int. Biodeterior. Biodegrad. 2018, 133, 34–41. [Google Scholar] [CrossRef]

	



He, Z.B.; Qu, L.J.; Wang, Z.Y.; Qian, J.; Yi, S.L. Effects of zinc chloride–silicone oil treatment on wood dimensional stability, chemical components, thermal decomposition and its mechanism. Sci. Rep. 2019, 9, 1601. [Google Scholar] [CrossRef]

	



Popescu, M.C.; Jones, D.; Krzisnik, D.; Humar, M. Determination of the effectiveness of a combined thermal/chemical wood modification by the use of FTIR spectroscopy and chemometric methods. J. Mol. Struct. 2020, 1200, 127–133. [Google Scholar] [CrossRef]

	



Esteves, B.; Videira, R.; Pereira, H. Chemistry and ecotoxicity of heat-treated pine wood extractives. Wood Sci. Technol. 2011, 45, 661–676. [Google Scholar] [CrossRef]

	



Esteves, B.; Pereira, H. Wood modification by heat treatment: A review. BioResources 2009, 4, 340–404. [Google Scholar]

	



Esteves, B.; Graça, J.; Pereira, H. Extractive composition and summative chemical analysis of thermally treated eucalypt wood. Holzforschung 2008, 62, 344–351. [Google Scholar] [CrossRef]

	



Weththimuni, M.L.; Capsoni, D.; Malagodi, M.; Milanese, C.; Licchelli, M. Shellac/nanoparticles dispersions as protective materials for wood. Appl. Phys. A 2016, 122, 1058. [Google Scholar] [CrossRef]

	



Farag, Y.; Leopold, C.S. Physicochemical Properties of Various Shellac Types. Dissolution Technol. 2007, 16, 33–39. [Google Scholar] [CrossRef]

	



Wang, Y.L.; Ishida, H.; Ohtani, S.; Tsuge, T. Nakayama, Characterization of Natural Resin Shellac by Reactive Pyrolysis−Gas Chromatography in the Presence of Organic Alkali. Anal. Chem. 1999, 71, 1316–1322. [Google Scholar] [CrossRef]

	



Licchelli, M.; Malagodi, M.; Somaini, M.; Weththimuni, M.; Zanchi, C. Surface treatments of wood by chemically modified shellac. Surf. Eng. 2013, 29, 121–127. [Google Scholar] [CrossRef]

	



Simunková, K.; Pánek, M.; Ales, Z. Comparison of Selected Properties of Shellac Varnish for Restoration and Polyurethane Varnish for Reconstruction of Historical Artefacts. Coatings 2018, 8, 119. [Google Scholar] [CrossRef]

	



Chang, Y.J.; Yan, X.X. Preparation and self-repairing properties of MF-coated shellac water-based microcapsules. Coatings 2020, 10, 778. [Google Scholar] [CrossRef]

	



Remadevi, O.K.; Mahtab, Z.S.; Nagaveni, H.C.; Ranganathan, R.; Venkateswara, R.M.; Shiny, K.S. Efficacy of shellac-based varnishes for protection of wood against termite, borer and fungal attack. J. Indian Acad. Wood Sci. 2015, 12, 9–14. [Google Scholar] [CrossRef]

	



Pearnchob, N.; Dashevsky, A.; Bodmeier, R. Improvement in the disintegration of shellac-coated soft gelatin capsules in simulated intestinal fluid. J. Control. Release 2004, 94, 313–332. [Google Scholar] [CrossRef] [PubMed]

	



Kennedy, J.F.; Knill, C.J. Edible Coatings and Films to Improve Food Quality. Carbohydr. Polym. 1997, 33, 86–87. [Google Scholar] [CrossRef]

	



The, D.P.; Debeaufort, F.; Luu, D.; Voilley, A. Moisture barrier, wetting and mechanical properties of shellac/agar or shellac/cassava starch bilayer bio-membrane for food applications. J. Membr. Sci. 2008, 325, 277–283. [Google Scholar]

	



Bai, J.; Hagenmaier, R.D.; Baldwin, E.A. Volatile Response of Four Apple Varieties with Different Coatings during Marketing at Room Temperature. J. Agric. Food Chem. 2002, 50, 7660–7668. [Google Scholar] [CrossRef] [PubMed]

	



Hedva, B.; Havazelet, B.P. Modification of shellac coating using Jeffamine for enhanced mechanical properties and stability. Prog. Org. Coat. 2020, 141, 105559. [Google Scholar]

	



Tai, L.I.; Kuo, Y.C.; Yu, C. Modeling shallow gravity-driven solid-fluid mixtures over arbitrary topography. Commun. Math. Ences 2009, 7, 1–36. [Google Scholar]

	



He, Z.B.; Qian, J.; Qu, L.J.; Yan, N.; Yi, S.L. Effects of Tung oil treatment on wood hygroscopicity, dimensional stability and thermostability. Ind. Crop. Prod. 2019, 140, 111647. [Google Scholar] [CrossRef]

	



Zhao, R.J.; Fei, B.H.; Lv, J.X.; Yu, H.Q.; Huang, R.F.; Zhao, Y.Q.; Huang, A.M.; Cui, Y.Z. Wood Moisture Content Measuring Method. Wood-determination of Moisture Content for Physical and Mechanical Test. Chin. Stand. 2009; MOD, CN-GB, GB/T 1931–2009. [Google Scholar]

	



Humara, M.; Lesara, B. Efficacy of linseed- and tung-oil-treated wood against wood-decay fungi and water uptake. Int. Biodeterior. Biodegrad. 2013, 85, 223–227. [Google Scholar] [CrossRef]

	



He, Z.B.; Yang, F.; Wang, Z.Y.; Zhao, Z.J.; Yi, S.L. Reducing wood drying time by application of ultrasound pretreatment. Dry. Technol. 2016, 34, 1141–1146. [Google Scholar] [CrossRef]

	



Jiang, J.; Li, J.; Gao, Q. Effect of flame retardant treatment on dimensional stability and thermal degradation of wood. Constr. Build. Mater. 2015, 75, 74–81. [Google Scholar] [CrossRef]

	



Basso, M.C.; Pizzi, A.; Polesel, M.J.; Delmotte, L.; Colin, B.; Rogaume, Y. MALDI-TOF, 13C NMR and FTIR analysis of the cross-linking reaction of condensed tannins by triethyl phosphate. Ind. Crop. Prod. 2017, 95, 621–631. [Google Scholar] [CrossRef]

	



Chen, W.; Yu, H.; Liu, Y.; Chen, P.; Zhang, M.; Hai, Y. Individualization of cellulose nanofibers from wood using high-intensity ultrasonication combined with chemical pretreatments. Carbohydr. Polym. 2011, 83, 1804–1811. [Google Scholar] [CrossRef]

	



He, Z.; Wang, Z.; Zhao, Z.; Yi, S.; Mu, J.; Wang, X. Influence of ultrasound pretreatment on wood physiochemical structure. Ultrason. Sonochem. 2017, 34, 136–141. [Google Scholar] [CrossRef]

	



Naron, D.R.; Collard, F.X.; Tyhoda, L.; Görgens, J.F. Characterisation of lignins from different sources by appropriate analytical methods: Introducing thermogravimetric analysis-thermal desorption-gas chromatography–mass spectroscopy. Ind. Crop. Prod. 2017, 101, 61–74. [Google Scholar] [CrossRef]

	



Çetinkol, Ö.P.; Dibble, D.C.; Cheng, G.; Kent, M.S.; Knierim, B.; Auer, M.; Wemmer, D.E.; Pelton, J.G.; Melnichenko, Y.B.; Ralph, J. Understanding the impact of ionic liquid pretreatment on eucalyptus. Biofuels 2010, 1, 33–46. [Google Scholar] [CrossRef]

	



Kumar, R.; Mago, G.; Balan, V.; Wyman, C.E. Physical and chemical characterizations of corn stover and poplar solids resulting from leading pretreatment technologies. Bioresour. Technol. 2009, 100, 3948–3962. [Google Scholar] [CrossRef]

	



Kesik, H.I.; Korkut, S.; Hiziroglu, S.; Sevik, H. An evaluation of properties of four heat treated wood species. Ind. Crop. Prod. 2014, 60, 60–65. [Google Scholar] [CrossRef]

	



Lin, B.J.; Colina, B.; Chen, W.H.; Pétrissansa, A.; Roussetd, P.; Pétrissans, M. Thermal degradation and compositional changes of wood treated in a semi-industrial scale reactor in vacuum. J. Anal. Appl. Pyrolysis 2018, 130, 8–18. [Google Scholar] [CrossRef]

	



Giuntoli, J.; Jong, W.; Arvelakis, S.; Spliethoff, H.; Verkooijen, A.H.M. Quantitative and kinetic TG-FTIR study of biomass residue pyrolysis: Dry distiller’s grains with solubles (DDGS) and chicken manure. J. Anal. Appl. Pyrolysis 2009, 85, 301–312. [Google Scholar] [CrossRef]








[image: Coatings 10 00881 g001 550] 





Figure 1. Swelling coefficients in different directions for the control and shellac-treated groups. 
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Figure 2. Weights of the specimens before and after conditioning. 
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Figure 3. FTIR spectra of the samples treated by shellac and those in the control group. 
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Figure 4. Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of untreated wood samples and samples treated with shellac. 
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Figure 5. SEM micrographs of the control group (left) and the shellac treatment group (right). 
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Table 1. Weights of specimens before and after shellac solution impregnation.
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	Wood Sample
	Before Impregnation
	After Impregnation





	Weight (g)
	4.636 ± 0.221
	5.239 ± 0.319
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