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Abstract

:

The local chemistry and mechanics of the control and phenol formaldehyde (PF) resin modified wood cell walls were analyzed to illustrate the modification mechanism of wood. Masson pine (Pinus massoniana Lamb.) is most widely distributed in the subtropical regions of China. However, the dimensional instability and low strength of the wood limits its use. Thus, the wood was modified by PF resin at concentrations of 15%, 20%, 25%, and 30%, respectively. The density, surface morphology, chemical structure, cell wall mechanics, shrinking and swelling properties, and macro-mechanical properties of Masson pine wood were analyzed to evaluate the modification effectiveness. The morphology and Raman spectra changes indicated that PF resin not only filled in the cell lumens, but also penetrated into cell walls and interacted with cell wall polymers. The filling and diffusing of resin in wood resulted in improved dimensional stability, such as lower swelling and shrinking coefficients, an increase in the elastic modulus (Er) and hardness (H) of wood cell walls, the hardness of the transverse section and compressive strength of the wood. Both the dimensional stability and mechanical properties improved as the PF concentration increased to 20%; that is, a PF concentration of 20% may be preferred to modify Masson pine wood.
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1. Introduction


Pinus massoniana Lamb., commonly known as Masson pine, is one of the most widely distributed tree species in the subtropical regions of China [1]. The wood from Masson pine planted forests has become an important industrial raw material for wide commercial use such as wood construction, wood-based panels, and polymer composites due to the beautiful wood grain, good adaptability to the environment, and shorter growth cycle [2,3]. However, as one of the common fast-growing tree species, Masson pine wood also presents drawbacks which limit its practical application, such as low dimensional stability, softness, and low bio-durability [4,5]. In the past few decades, a number of modification methods have been proposed to enhance the quality and high value-added utilization of plantation wood, including thermal or densification treatment, surface coating, and chemical impregnation [6,7,8,9,10]. Above all, chemical impregnation under vacuum or pressure has been proven to be an effective method to improve the properties of the wood. Among the existing chemical modification methods, impregnating and curing the wood with resins appears to especially promote the industrial utilization of wood [11,12].



Phenol formaldehyde (PF) resin is a popular thermosetting agent that forms a three dimensional structure via cross-linking reactions after curing, which are extensively used in exterior grade wood-based panels for its excellent performance, including water resistance and chemical stability [13,14,15]. It has therefore been widely used to improve dimensional stability and strength and prolong the service life of wood for indoor and outdoor use [16,17,18]. To date, changes in physical, mechanical, and chemical properties of chemically modified wood have been intensively analyzed at the macro scale [19,20]. The modified wood achieved high dimensional and stiffness stability and biological resistance. Monomers such as methyl methacrylate, styrene-methyl methacrylate and styrene-glycidyl methacrylate have been utilized for wood modification and have proven that the monomers not only filled in the cell lumens, but also penetrated into the cell walls [21,22]. However, for a pre-polymer like PF resin with a higher molecular weight, it is still unclear whether it can penetrate into cell wall or not, or what the accompanied influence on the cell wall would be. In particular, only limited attempts have been made to find out the correlations between chemical, physical, and mechanical performance between the cell wall- and macro-level to indicate the contribution of cell wall modification. Nanoindentation (NI) has been successfully applied for measuring the mechanics of wood cell walls including modulus of elasticity, hardness, etc. [23,24,25] and the Raman spectra technique can detect the local chemical structure of wood cell walls [26], which facilitates in situ characterization of the effects of PF resin impregnation on wood cell walls.



The purpose of this study was to characterize the properties of PF resin modified Masson pine wood for enriching the fundamental theory of wood chemical modification, which may benefit the modification process. For this purpose, the changes in morphology, local chemical structure and mechanics at the cell wall level and the density, dimensional stability, and mechanical properties at the macro-scale of Masson pine wood after PF resin impregnation were analyzed using scanning electron microscopy (SEM), Raman, NI, and conventional physical and mechanical test instruments, respectively.




2. Materials and Methods


2.1. Materials


Wood samples were obtained from 40-year-old Masson pine (Pinus massoniana Lamb.) wood harvested from plantation forestry located in Fujian Province, China. Wood blocks with the dimensions 20 mm3 × 20 mm3 × 160 mm3 and 50 mm3 × 50 mm3 × 70 mm3 (longitudinal × tangential × radial) were cut from the sapwood around the 21st growth ring. The initial moisture content was about 11%. A commercial phenol formaldehyde (PF) resin (Dynea Co., Ltd., Guangdong, China) with a solid content of 48% and a viscosity of 150 mPa·s at 25 °C was used in this experiment.




2.2. Impregnation Treatment


The wood samples were oven-dried at 103 ± 2 °C until a constant weight was achieved, and the weight was determined before impregnation. The PF resin was diluted with distilled water into resin concentrations of 15%, 20%, 25%, and 30% for separate treatments. Twenty replicate samples in each treatment group were conducted in a stainless-steel chamber under a vacuum of 0.09 MPa for 30 min and then at 0.8 MPa for 2 h. After impregnation, the samples were air-dried at room temperature for 48 h after removing the excess resin on the surface, and then were cured at a temperature of 130 °C for 2 h in an oven.




2.3. Determination of Weight Percent Gain and Density


The oven-dried weight and volume of the 20 replicate samples with the dimensions 20 mm3 × 20 mm3 × 20 mm3 (L × T × R) cut from the PF resin modified wood were determined to calculate the oven-dried density and weight percent gain (WPG) of the samples. The WPG was calculated according to Equation (1):


WPG (%)=W1−W0W0×100%



(1)




where W1 is the oven-dried weight of the modified wood and W0 is the oven-dried weight of the control wood.




2.4. Morphology Observation


Both the cross-section and tangential section of the surfaces of the control and modified wood samples were observed using scanning electron microscopy (SEM, JSM-7600F, JEOL Japan Electronics Co., Ltd., Japan) at an accelerating voltage of 20 kV.




2.5. Raman Measurement


The local chemical distribution analysis in the transversal section of the control and modified wood samples was analyzed by a laser Raman spectrometer (DXR532, Thermo Fisher Scientific Inc., USA) equipped with a linear-polarized 780 nm laser. The cross-sections of the wood samples were sliced by an ultra-microtome (Leica MZ6, Germany) with a thickness of 20 μm and then placed on glass slides covered with glass coverslips. All spectra were collected in the range of 1800 cm−1 to 600 cm−1.




2.6. Dimensional Stability Analysis


The dimensions (L × T × R) of the control and modified wood samples were measured under three different moisture contents (> fiber satruated point, air-dried, and oven-dried) to analyze the dimensional stability according to the testing procedure of Chinese National Standards (GB/T 1932-2009 and GB/T 1934.2-2009). For determination of shrinkage, samples were soaked in distilled water at 20 °C until the dimension was constant, and then the wet samples were conditioned at 20 °C and relative humidity (RH) of 65%, and finally the air-dried samples were dried in an oven at 103 °C until a constant weight was achieved. In contrast, the determination of swelling was processed in reverse order. The swelling coefficient (α), shrinkage coefficient (β), anti-swelling efficiency (ASE), and anti-shrinking efficiency (ASE’) can be calculated by Equations (2)–(13):


αw (%)=lw−l0l0×100%



(2)






αmax (%)=lmax−l0l0×100%



(3)






αVw (%)=Vw−V0V0×100%



(4)






αVmax (%)=Vmax−V0V0×100%



(5)






ASEw (%)=αVw(c)−αVw(m)αVw(c)×100%



(6)






ASEmax (%)=αVmax(c)−αVmax(m)αVmax(c)×100%



(7)




where αw and αmax are the linear swelling coefficient from oven-dried to air-dried and from oven-dried to wet, respectively; lmax, lw, and l0 are the length in the tangential and radial directions of wet, air-dried, and oven-dried samples, respectively; similarly, αVw and αVmax are the volumetric swelling coefficients; Vmax, Vw, and V0 are the volume of samples at different moisture conditions; αVw(c) and αVmax(m) are the volumetric swelling coefficient of the control and modified wood samples, respectively.


βmax (%)=lmax−l0lmax×100%



(8)






βw (%)=lmax−lwlmax×100%



(9)






βVmax (%)=Vmax−V0Vmax×100%



(10)






βVw (%)=Vmax−VwVmax×100%



(11)






ASE’max (%)=βVmax(c)−βVmax(m)βVmax(c)×100%



(12)






ASE’w (%)=βVw(c)−βVw(m)βVw(c)×100%



(13)




where βmax and βw are the linear shrinking coefficient from oven-dried to air-dried and from oven-dried to wet, respectively; lmax, lw, and l0 are the length in the tangential and radial directions of oven-dried, air-dried, and wet samples, respectively; similarly, βVmax and βVw are the volumetric shrinking coefficients; Vmax, Vw, and V0 are the volume of samples at different moisture conditions; βVmax(m) and βVw(c) are the volumetric shrinking coefficients of the control and modified wood samples, respectively.




2.7. Mechanical Property Testing


Wood samples with the dimensions 5 mm3 × 5 mm3 × 10 mm3 (T × R × L) were obtained for nanoindentation (NI) to evaluate the effect of modification on the wood cell wall. The transverse section of the samples was polished by an ultra-microtome with a diamond knife (Micro Star Tech Inc., Huntsville, AL, USA). As shown in Figure 1, the cell wall mechanics of both the control and modified wood, which had been equilibrated at 20 °C and 65% RH for 48 h, were measured by using a Hysitron TriboIndenter system (Hysitron Inc., USA) equipped with scanning probe microscopy (SPM). Testing was operated with the load function: loading, holding at the peak load of 400 μN, and unloading for 5 s, respectively. About 30 valid indents were obtained to calculate the reduced elastic modulus (Er) and hardness (H) based on Equations (14) and (15) introduced by Oliver and Pharr [27]:


H=PmaxA



(14)




where Pmax is the peak load, and A is the projected contact area of the tips at peak load.


Er=π2βSA



(15)




where Er is the combined elastic modulus; S is initial unloading stiffness; and β is a correction factor correlated to indenter geometry (β = 1.034).



The Janka hardness of a transverse section and the compressive strength parallel to the grain of the wood was determined in accordance with GB/T 1941-2009 and GB/T 1935-2009 standards, respectively. The dimensions of the samples were 30 mm3 × 20 mm3 × 20 mm3 (L × T × R). A total of 20 replicate samples for each treatment were conditioned until they reached a moisture content of approximately 12% before testing.





3. Results and Discussion


3.1. Weight Percent Gain and Density


Figure 2 shows the weight percent gain (WPG) and density of the control and modified wood samples. It can be observed that the WPG and density increase with increasing PF concentration. Density was positively correlated with WPG, which gradually increased by 34.7% and 39.6% as compared to the control when the PF concentration was 30%, respectively. The increased density of the samples was mainly attributed to the filling of the cell lumens with PF resin. Meanwhile, the lower increased rate of density than that of WPG may due to the swelling of cell wall filled with PF resin. However, both the WPG and density increased slowly when the PF concentration was above 20%. In a previous study, the viscosity of the solution has been found to affect the penetration in wood [28,29]. That is, higher concentration PF resin could decrease the permeability of the resin in wood.




3.2. Morphological Analysis


The scanning electron microscopy images of the cross-sectional and tangential-sectional surfaces of the wood samples are shown in Figure 3. The presence of the polymeric structure of PF resin can be easily noted in many cell lumens and pits (Figure 3d,f). During impregnation in Masson pine wood, the chemicals entered the interior of the wood primarily through the wood tracheids and then circulated through the pits in an axial and transverse direction [10,26]. Under the action of exterior pressure, the PF molecules freely diffused into the intercellular spaces of the wood. It also can be observed that there is no obvious boundary between the wood cell wall and the filled PF resin, which may indicate that some PF resin has penetrated into the cell wall and that they interact with each other well. Furthermore, some cracks appear on the cell walls that are not filled with resin; however, the surface of the cell walls filled with resin was smoother and more compact after drying. This finding illustrates that the penetration of resin into the cell wall can enlarge the differences in shrinkage properties of the filled and unfilled cell walls and might be responsible for the cracks between them (Figure 3e).




3.3. Local Chemical Analysis by Raman


Raman was used to detect the local chemical groups to confirm the possible interactions between the wood cell wall materials and the resin. Figure 4 shows the typical spectra for the control wood cell wall, PF resin within the lumen, and cell wall filled with resin. The spectra with black and blue color in Figure 4 indicate that the chemical nature of the native cell wall material is clearly different from the cured PF resin. Wood cell walls are mainly composed of cellulose, hemicelluloses, and lignin. The bands at 1091 cm−1, 1336 cm−1, and 1376 cm−1 on the black IR spectra corresponded to the C-O stretching and flexural vibrations in cellulose and hemicellulose, and the absorption at 1595 cm−1 and 1656 cm−1 arises from the non-conjugated and conjugated C=C stretching vibrations in the aromatic ring of the phenol in lignin [30,31,32]. For phenol formaldehyde resin, the intensive band at 1607 cm−1 originates from the C=C stretching vibration in the aromatic ring of the phenol, while the bands at 1287 cm−1 and 778 cm−1 are attributable to the biphenyl C-C bridge stretching vibration and C-H flexural vibration in the aromatic ring. It is intriguing that a number of spectral modifications appeared on the spectra with red color for the modified cell wall, although the general aspect of the spectra remained unchanged. The intensity of the C=C stretching and C-O stretching at 1656 cm−1, 1376 cm−1, and 1336 cm−1 decreased significantly, while some new bands at 1287 cm−1 and 778 cm−1 appeared as compared to the control cell wall, which can be attributed to the penetration of PF resin into the cell wall [33,34]. Moreover, a relatively broader band between 1150 cm−1 and 1100 cm−1 appeared in the spectra of modified wood, corresponding to the asymmetric stretching vibration of C-O-C aliphatic ether, which is in agreement with the literature that the chemical reactions of the -OH groups of wood and PF resin occurred at the cell wall level [35,36].




3.4. Dimensional Stability


The swelling and shrinking coefficients (α and β) of the control and chemically modified wood samples under different moisture conditions are presented in Figure 5. The swelling and shrinking coefficients of wood with the changing moisture content (MC) between oven-dried and air-dried conditions (αw and βw) were primarily measured to evaluate the dimensional stability of wood applied on locations with low equilibrium moisture content. Both the αw and βw in the radial direction were about half of that in the tangential direction, resulting from the anatomical structures such as the limitation of xylem ray, the difference of lignin content in the radial and tangential cell wall, etc. [10]. The αw and βw decreased significantly at first and then kept stable with an increase in PF resin concentration in comparison with the control, indicating that chemical treatment could effectively improve wood dimensional stability [19]. The radial, tangential, and volumetric αws of wood modified by PF resin with 20% concentration were about 45%, 58%, and 54% lower than that of the control, respectively. However, the βw became stable when the PF concentration was beyond 15%, indicating that PF resin concentrations ranging from 15% to 20% are better for wood impregnation.



As applied in areas with a larger moisture content range, such as outdoors, the swelling and shrinking coefficients of wood with the changing MC between oven-dried and wet conditions (αmax and βmax) need to be analyzed too. It can be observed from Figure 5c and 5d that the effect of PF resin impregnation on the αmax and βmax is similar to that of αw and βw; that is, the dimensional stability of wood can be modified effectively by the PF resin at concentrations below 20%. The radial, tangential, and volumetric βmaxs of wood modified by PF resin at 20% concentration decreased by about 49%, 50%, and 51%, respectively. Moreover, both the αmax and βmax were almost twice as high as the αw and βw, respectively, which can be attributed to the different moisture content. The MC of air-dried wood is approximately 12–15%, which is half of the fiber saturation point (FSP). Generally, the hygroscopic water located within the cell wall plays the most important role on the dimension stability rather than the free water occupied in the cell lumen or other macro-voids.



The anti-swelling efficiency (ASE) and anti-shrinking efficiency (ASE’) were positively affected by the PF resin concentration (Figure 6). The ASEw and ASE’w initially increased at a concentration of 20% and then kept stable or only increased slightly with a further increase in concentration. The ASEw and ASE’w of the wood treated with 20% PF resin reached 54% and 50%, respectively. The deposition of PF in the cell walls reduced the space within the cell walls, which could be occupied by water in untreated wood. In addition, the reduction in swelling and shrinking of the modified wood could be partly attributed to cross-linking of particle cell wall polymers [37,38]. However, the ASEmax and ASE’max of the wood kept increasing with the increased concentration and reached the maximum of 59% and 62% as PF resin concentration increased to 30%. As the MC of wood exceeded the FSP, the free voids in the wood provided space for free water, which also affected the swelling and shrinking. Thus, the higher WPG attributed to the higher PF resin concentration could occupy more free space and finally increase the ASEmax and ASE’max. The ASEw and ASE’w of the wood treated with 20% PF resin is close to the maximum ASEmax and ASE’max, indicating that the lower concentration PF resin is suitable for treating the wood utilized in areas with small MC range.




3.5. Micro-Mechanics of Wood Cell Walls


The longitudinal reduced elastic modulus (Er) and hardness (H) of the control and modified wood cell walls are presented in Figure 7, respectively. It is remarkable that the Er and H values increased after impregnation by PF resin. For instance, the Er and H values of the wood cell walls modified with PF resin at 15% concentration increased by about 24.9% and 47.3%, which further confirmed the results of the Raman measurements that some PF molecules penetrated into the cell wall successfully. The filling of the voids and the cross-linking of -OH groups of the wood polymer with the resins may reinforce the cell wall [39,40]. However, the cell wall mechanics increased slowly and even decreased accompanying the increase in PF resin concentration. The Er and H of the wood cell walls modified by 30% PF resin were 8.7% and 11.6% lower than that of the cell wall modified by 20% PF, which can be easily interpreted as a result of the increasing bulking effects attributed to the deposition of resin in the cell walls at higher WPG.




3.6. Macro-Mechanics of Wood


Figure 8 shows the hardness of the transverse section and the compressive strength parallel to grain of the control and modified wood at the macro-level. The initial hardness and compressive strengths of the control wood are 39.5 N·mm−2 and 49.1 N·mm−2, respectively. Both the hardness and compressive strength gradually increased with an increase in PF resin concentration, reaching the maximum of 54.9 N·mm−2 and 59.7 N·mm−2 with a concentration of 30%. The higher filling degree of the wood voids led to a higher density, which mainly contributed to the improved hardness and compressive strength after curing of the PF resin [41]. In addition, the increased mechanics of wood cell walls induced by the chemical modification also played an important role to achieve the desired modification effect. However, as the PF concentration was above 20%, the hardness and compressive strength kept stable, which was in agreement with the results of dimensional stability and cell wall mechanics. That is, the PF concentration of 20% may be preferred to modify Masson pine wood.





4. Conclusions


The effects of PF resin impregnation on the density, dimensional stability, mechanical strength, and microscopic chemical and mechanical properties of Masson pine wood were determined in this paper. PF resin was impregnated into the wood cell lumen and diffused into the cell walls, as verified by scanning electron microscopy and Raman spectrum. Swelling and shrinking coefficients were significantly reduced while the anti-swelling and anti-shrinking efficiency of wood were improved accompanying the increase in PF resin concentration. The inter-reaction between the resin and cell walls made a positive contribution to the cell wall mechanics of wood cell walls. The elastic modulus (Er) and hardness (H) of the wood cell walls modified by 15% PF resin increased by about 24.9% and 47.3% as compared to the control. Both the increased density attributed to the filling of resin in cell lumens and cell walls and the improved cell wall mechanics resulted in the remarkable increase in hardness and the compress strength of wood. However, both the dimensional stability and mechanical properties improved slowly as the PF concentration was above 20%; that is, the PF concentration of 20% may be preferred to modify Masson pine wood.
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Figure 1. Microscope images showing the positioning of indents: (a) and (c) optical micrograph of the transverse section of wood samples; (b) and (d) scanning probe microscopy (SPM) images of wood cell walls after nanoindentation (NI). 






Figure 1. Microscope images showing the positioning of indents: (a) and (c) optical micrograph of the transverse section of wood samples; (b) and (d) scanning probe microscopy (SPM) images of wood cell walls after nanoindentation (NI).



[image: Forests 10 00646 g001]







[image: Forests 10 00646 g002 550]





Figure 2. Weight percent gain (WPG) and density of the control and modified wood. PF = phenol formaldehyde. 
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Figure 3. Micrographs of the cross-sections of (a,b) the control wood, (d,e) the wood modified by PF resin, and tangential-section of (c) the control wood, (f) the modified wood. 
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Figure 4. Raman spectra of the control and modified wood. 
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Figure 5. The swelling and shrinking coefficients of the control and modified wood: (a) and (b) swelling and shrinking coefficients from oven-dried to wet; (c) and (d) swelling and shrinking coefficients from oven-dried to air-dried. 
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Figure 6. The anti-swelling and anti-shrinking efficiency of the modified wood: (a) anti-swelling efficiency; (b) anti-shrinking efficiency. 
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Figure 7. The reduced elastic modulus and hardness of the control and modified wood cell walls. 






Figure 7. The reduced elastic modulus and hardness of the control and modified wood cell walls.



[image: Forests 10 00646 g007]







[image: Forests 10 00646 g008 550]





Figure 8. The compressive strength and hardness of the control and modified wood. 
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