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Abstract

:

For this paper, two kinds of waterborne coatings, polyurethane acrylate (PUA) and epoxy resin, were synthesized and then coated onto neat bamboo and bamboo scrimber (BS), respectively. The coating performance of the samples was investigated. The results showed that, for the two kinds of coatings, there was a chemical reaction occurring between both coatings and the substrates. The permeability with respect to bamboo was higher than that of BS, while that of the epoxy resin coating was better than PUA. However, the PUA film was smoother than epoxy resin. The epoxy resin coating on bamboo had the best adhesion, which was at a 1 level. The abrasion values of the four samples varied in the same substrate. A higher hardness of the coating film was obtained when coated with PUA. In general, the coating performance of bamboo scrimber was poorer than that of bamboo, either coated with PUA or epoxy resin. The epoxy resin had a better coating performance than PUA.
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1. Introduction


Bamboo scrimber (BS) is a novel bamboo-based composite made from bamboo bundles compressed and bonded in the parallel direction. It has gradually become one of the main commercial products in the bamboo industry. During the forming processes of BS, there are many physical and chemical changes to bamboo cells, such as compressing, bonding, and densifying [1,2,3,4,5]. Compared with other bamboo composites, bamboo scrimber has comparatively higher raw material utilization rate because the bamboo bark has not been removed [6,7,8,9,10]. Therefore, bamboo scrimber has a desirable texture, high hardness, and longitudinal strength properties [11,12,13,14]. However, a dense structure and fewer hydrophilic groups are predicted because the parenchyma and bamboo fiber are compressed and filled with adhesive.



Recently, coating processes carried out on materials have received more and more attention because of their good protective and beautifying effects for various substrates [15,16,17,18,19]. With the development of greater environmental protection awareness, waterborne coatings play an important role in coatings [20]. However, few studies focus on the coating techniques and processes of waterborne coating materials. A whole coating process includes facts such as substrate wetting, leveling, infiltrating, and drying into the film, so the hydrophilicity and porosity of the substrate have a great impact on the coating process and coating performance [21]. Thus, there is a large demand for research on the coating performance of bamboo scrimber, whose hydrophilicity and porosity differ greatly from those of wood.



For this paper, bamboo and bamboo scrimber were coated with polyurethane acrylate (PUA) and epoxy resin coating. The coating performance of those materials was investigated, aiming to compare different types of waterborne coatings for bamboo and bamboo scrimber.




2. Materials and Methods


2.1. Materials


Maso bamboo (Phyllostachys pubescens), age 3–4 years, was taken from the Jian’ou Forest Reserve, Fujian Province of China. The reagents for the waterborne coatings are listed in Table 1.




2.2. Synthesis of Waterborne Coatings


PUA: The monomers of 24 g AA, 4 g ST, and 7 g EA with 44 g distilled water were blended in a three-neck glass reactor at 150 min−1. Afterwards, the initiator (8g APS) was added at 10 wt %. In the next 70–90 min, the remaining 96 g AA, 16 g ST, and 133 g EA were dripped into the reactor. Afterwards, the remaining 32 g APS and 36 g KH550 were dripped into the reactor within 90–110 min. The reactor was heated up to 85 °C and kept for 4 h. The next step was to graft the pre-polyurethane onto the pre-polyarylate chain. For this step, 100 g TDI, 200 g PEG-400, and 8 g DBTD were dissolved in N-methyl-2-pyrrolidone solvent and blended into a three-neck glass reactor at 150 min−1. The reactor was heated to 40 °C. During stirring, 66 g HEA were dripped into the reactor within 2 h. The pre-polyurethane emulsion was obtained. Afterwards, both the pre-polyarylate and pre-polyurethane emulsions were mixed in the three-neck glass reactor and blended at 150 min−1. The reactor was heated up to 85 °C and kept for 2 h. The PUA emulsion was obtained after cooling and filtration. A 2% defoamer agent was added into the emulsion at 100 min−1 for 10 min. The PUA waterborne coating was obtained with a solid content of 90 wt % and viscosity of 200 mPa·s. It was kept in a black bottle and protected against light.



Epoxy resin: A 80 g portion of phenolic epoxy resin was added into a three-neck glass reactor at 150 min−1. The reactor was heated up to 60 °C for 10 min. The solvent consisting of ethanol and ethylene glycol monobutyl ether was carefully poured into the reactor and stirred until the resin was completely dissolved. The reactor was then heated up to 80 °C and a 20 g portion of diethanolamine was dissolved in the ethanol (80 wt %) and dripped into the reactor within 1 h. The reaction was kept for 2 h. Then, the modified epoxy resin was obtained after removal of the solvent under vacuum. The modified epoxy resin was heated at 60 °C for 10 min and slowly dripped with glacial acetic acid for neutralization. The liquid was stirred for 30 min and the waterborne epoxy resin was obtained with a solid content of 90 wt % and viscosity of 150 mPa·s. It was kept in a black bottle and protected against light.




2.3. Fabrication of Bamboo Scrimber


A bamboo column with a longitudinal dimensional of 2600 mm was split longitudinally into two semicircular tubes. The inner nodes were removed and then pushed into bamboo bundles with the removal of siliceous wax surfaces. Simultaneously, a series of dotted and linear cracks were formed on its surface. The diameter of the bamboo fiber bundle was lower than 0.2 mm. An impregnation process was employed to load phenol-formaldehyde (PF) resin. The target PF loading was 13 wt %. The bamboo bundles were immersed into the PF resin for 6 min at room temperature at a PF concentration of 22 wt %. Then, the bundles were taken out and laid aside for about 6 min to remove excess resin and weighed. The amount of resin was controlled by the solid content of resin and weight gains. The immersed bamboo bundle was dried in an oven at 70 °C to a constant weight, where the moisture content was about 12%. The fabrication of bamboo scrimber was carried out by a cold-in and cold-out process. The target density of the bamboo scrimber was 1.30 g/cm3. The bamboo bundles were assembled along the grain direction in a mold for hot-pressing. The pressure was kept at 3.5–7.0 MPa at 140 °C for 30 min for resin curing. Afterwards, cold water was introduced into the hot plate. When the temperature cooled down to 60 °C, the pressure was released. The dimension of the bamboo scrimber was 2600 × 1300 × 16 mm3. Subsequently, all mats were cut into the required dimensions and conditioned in a room at 20 °C and 65% RH for 2 weeks for further tests. The neat bamboo, which was designed as the control group, was prepared by the removal of inner and outer nodes of the bamboo tube, and cut into the dimensions of 2600 × 35 × 5 mm3.




2.4. Coating


The Maso bamboo and BS were coated using a semi-automatic roll coater (BGD 218, BIUGED Laboratory Instruments, Guangzhou, China) according to ISO 15528:2000 [22] and the relative film thickness requirement. In theory, the dry film thickness was 18 μm. The film sample was then dried in a cool, dry, and dark environment for 1 week before use [23]. Three replicates were coated for each sample.




2.5. Film Physical Properties


The adhesion level, abrasion, and pencil hardness of the coating films were measured according to ISO 2409-2013 standard methods, the ISO 7784-2-2016 rubber wheel abrasion test, and the ISO 15184-2012 pencil hardness test [24,25,26], respectively. The adhesion test was carried out using a cross-cut knife, where the gap was about 2 mm. An adhesion tape was pasted on the center of the scratch and steadily peeled off. The detached coating along the intersections of the cuts was observed and the classification of 0–5 was made on the percentage of the detached area. The abrasion test was carried out using a Taber-type abrasion tester (TST-C1020, TST Instruments, Quanzhou, China) with a load of 500 g. P180-type abrasive papers were attached to the grinding wheel. The abrasion value was determined based on the weight loss after testing of 100 revolutions. The size of the testing sample was 100 × 100 mm2. For PUA- and epoxy resin-coated bamboo, three samples were spliced together by white latex in the direction of width to ensure a sufficient size. The pencil hardness test was carried out on a car pencil hardness tester (QHQ-A, Tianjin Jinke Instrument, Tianjin, China), where a cylindrical hole was inclined at an angle of 45° for the pencil. A force of 7.5 kg·m·s−2 for the tip of the pencil was applied on the surface of the sample. The results were determined by the lower level hardness of the pencil when defects occurred. To understand the inherent coating properties, the hardness and abrasion tests were performed on a non-permeable glass pane coated with the two types of coatings.



The thickness of the coating film was measured using a digital ultrasonic thickness gauge (PT700, Beijing Pengxiang Technological Co. Ltd., Beijing, China).




2.6. Characterizations of Basic Properties and Structures


The specimens, including coated and uncoated bamboo and coated and uncoated BS, were investigated. The chemical groups of the samples were examined using a Fourier transform infrared spectrometer equipped with an attenuated total reflection device (ATR-FTIR, BRUKER Vertex 70v, Hamburg, Germany). The specimens were put in contact with a ZnSe crystal at a 45° angle of incidence.



Samples of coated and uncoated bamboo and coated and uncoated BS with an area of 10 × 10 mm2 were prepared. The number of dominant functional groups present on the surface was characterized by X-ray photoelectron spectra (XPS) analysis (Escalab 250Xi, Thermo Scientific, Waltham, MA, USA). The pass energy was 10 eV and non-monochromatic MgKα and AlKα X-radiations (hγ = 1253.7 and 1486.7 eV, respectively) was used with a current of 10 mA and a voltage of 13 kV. The survey scans were collected from the binding energy range of 0 to 1350 eV. The sample was mounted onto a holder with double-sided adhesive tape and vacuum-treated ranging from 1.33 × 10−6 to 1.33 × 10−5 Pa. The atomic percentages of the elements were obtained from the area of spectra.



The surface microstructures of the above samples were observed by SEM (JEOL JSM-6301F, Tokyo, Japan) with an acceleration voltage of 20 kV. Samples with an area of 10 × 10 mm2 were prepared and sputter-coated with gold using an ion sputter coater (ISC 150, SuPro Instruments, Shenzhen, China). The thickness of the gold was approximately 10 nm.



The surface morphologies were captured by atomic force microscopy (AFM) images, which were collected using a scanning probe microscope (Dimension Fast Scan, Bruker, Hong Kong, China) in contact mode. The tested area was 2 × 2 μm2. For each sample, three replicates were carried out.





3. Results and Discussion


3.1. Chemical Synthesis and Curing Process


According to relevant studies [15,16,17,18,19,20], the chemical synthesis processes of the two kinds of coatings are shown in Figure 1. As seen in Figure 1a, first, the addition action occurred in the C=C bonds of the AA, ST, and EA in the case of initiator. Thereafter, the silane KH550 grafted onto the main chains and the pre-polyarylate was synthesized. In the third step, the polycondensation reaction occurred between the O=C=N groups of TDI and the –OH groups of PEG-400. Simultaneously, the HEA grafted onto the main chains at the end group of O=C=N, and the pre-polyurethane was synthesized. Finally, the pre-polyarylate and pre-polyurethane bonded together via C=C bond addition action. As for the epoxy resin (Figure 1b), part of the epoxy groups reacted with the N–H group of diethanolamine, which turned the hydrophobic resin into hydrophilicity and soluble in water. Finally, the modified resin was neutralized by glacial acetic acid.



The curing process of the water-based coatings on wood substrates can be divided into three steps. First, the water slowly evaporated, and the small particles of the coating moved closer to each other. Second, the water kept on evaporating and the small particles squeezed, forming a continuous film. Third, with the final evaporation of residue water, some of the small particles penetrated into the wooden substrates through capillary force, and others squeezed with each other, forming a smooth film layer.




3.2. Chemical Analysis


The ATR-FTIR results of the specimens, including coated and uncoated bamboo, and the BS are shown in Figure 2. Figure 2a shows the results of the uncoated specimens. From Figure 2a, chemical group bands in intensity varied between the two specimens, which indicated that there were chemical reactions during the preparation of the bamboo scrimber [11]. The absorption band of C=O at 1737cm−1 is the characteristic band of hemicellulose. In the case of the BS, this band almost disappeared, which indicated that the hemicellulose and polysaccharide of bamboo degraded during curing. The absorption band at 1475 cm−1 is the characteristic band of the –CH2 and the band of BS significantly increased, which indicated that much phenolic resin was added to the bamboo materials. In addition, the C–O absorption band of BS at 1043 cm−1 increased, and the C−O vibration band of the ester bond at 1265 cm−1 shifted to 1240 cm−1, which indicated that aromatic ester bonds and ether bonds formed between the phenolic resin and cellulose. The skeletal stretching vibration band of the lignin aromatic benzene ring C=C at 1630 cm−1 of BS shifted to 1607 cm−1, which was due to the side chain substitution on the lignin benzene ring during heating [27,28].



Figure 2b shows the ATR-FTIR results of the specimens coated with PUA. There was little difference in the ATR-FTIR between coated bamboo and coated BS, which indicated that the coating covered the surface of materials and formed a paint film. In addition, the characteristic absorption bands attributed to the polyurethane acrylate coating were reflected in the spectrum, including 3414 cm−1 (–OH stretching vibration), 2940 cm−1 (–CH2/CH3 symmetry and antisymmetric stretching vibration), 1736 cm−1 C=O of ester stretching vibration), 1671 cm−1 (C=O in unsaturated acid stretching vibration), 1549 cm−1 (–NH2 stretching vibration), 1485 cm−1 (–CH2 in-plane bending vibration), 1383 cm−1 (–OH in-plane bending vibration), 1248 cm−1 (C–O of ester stretching vibration), 1080 cm−1 (C–O of ether stretching vibration), 1010 cm−1 (C–OH stretching vibration), 910 cm−1 (–OH of acid out-of-plane bending vibration), 812 cm−1 (–NH out-of-plane bending vibration), and 620 cm−1 (–CH2 out-of-plane bending vibration) [28,29].



Figure 2c shows the ATR-FTIR results of the specimens coated with the epoxy resin. Unlike the specimens coated with polyurethane acrylate, there were some differences between coated bamboo and coated BS in the range of 4000 to 2800 cm−1. Among them, the symmetry and antisymmetric stretching vibration of –CH2 at 2950 and 2870 cm−1 of bamboo coated with epoxy resin was weak. In the range of 2000 to 400 cm−1, the spectrum of coated bamboo was basically the same as the spectrum of coated BS, where both exhibited the characteristic of the epoxy resin coating, including 1735 cm−1 (C=O stretching vibration in the fatty amine curing agent), 1453 cm−1 (–CH2 in-plane bending vibration), 1395 cm−1 (–CH in-plane bending vibration), 1268 cm−1 (CO stretching vibration of ester bond), 1171 cm−1 (alkane skeleton C–C stretching vibration), and 1114 cm−1 (–C–OH stretching vibration) [28,30].



Table 2 shows the percentage results of XPS elements of each sample before and after coating. The atomic percentages of C, O, and N in bamboo were 70.35%, 26.63%, and 3.02%, respectively. After fabricating the bamboo into BS, the element C increased to 78.37%, whereas the element O decreased and the N content was essential unchanged. The reason may be associated with the higher content of C in PF resin, which was added into the BS. For the bamboo coated with PUA, the atomic percentages of C, O, and N were 74.77%, 20.43%, and 4.81%, respectively. Compared with uncoated bamboo, the contents of C and N increased, and the content of O decreased, which was due to the presence of more C and N elements in the PUA coating. In addition, the C of the BS, coated with PUA, was basically the same as the coated bamboo, but the N content was significantly increased. The explanation is that the PF resin in the reconstituted bamboo could react with the ester groups of the urethane acrylate. Thus, more amino groups were exposed on the surface of the sample and more N was obtained. Another possible reason may be associated with the film thickness. The BS coated with PUA showed a larger film thickness than the bamboo coated with PUA, indicating the difficulty for PUA penetrating into the BS. Therefore, the N content was higher. The C element of bamboo, coated with epoxy resin, was significantly increased to 81.10%, and the O element greatly decreased, which was due to the epoxy coating that coated the substrate surface. However, the C content of BS, coated with the epoxy coating, was lower than that of the coated bamboo, which indicated that the epoxy group was more likely to react with the hydroxyl group of bamboo and the O content decreased [31]. In addition, the larger film thickness of the epoxy resin-coated BS contributed to the larger O content.



In order to further analyze the binding of C in each material, the four bands were observed, including C1 (C–C/C–H), C2 (C–O/C–OH), C3 (O–C–O/C=O), and C4 (O–C=O) [32]. The results are shown in Figure 3 and Table 3. It can be seen that there is no C4 band except for the BS sample coated with PUA. It may be due to the fact that PUA contains ester bonds and has poor permeability with respect to recombinant bamboo, resulting in a large accumulation of PUA molecules, thus detecting a small amount of C4 bands. The proportions of C1, C2, and C3 in bamboo were 54.82%, 34.78%, and 10.40%, respectively. In contrast, the proportion of C1 of BS increased significantly, and the proportion of C2 decreased, due to the PF resin containing a large amount of C–H. Moreover, there was no C3 band in the samples coated with the epoxy coating, which indicated that there were few ketones and aldehydes in the epoxy coating. In addition, a higher C1 content and a lower C2 content were observed in the coated bamboo as compared with those in the coated BS. this was mainly because the epoxy bond of the coating reacted with the –OH on the bamboo/BS surface so that less residual C–OH was present.




3.3. Morphologies


The surface morphologies of each sample before and after coating are shown in Figure 4. The microstructure of the bamboo was clearly observed before coating, including the dense bamboo fibers and looser parenchyma cells. After the recombinant processing into BS, the parenchyma cells of bamboo were destroyed and the cell structure became dense. When coated with PUA, the sample surface was well covered. Therefore, a flat coating film was received. There was a small number of micro-nano-particle protrusions on the surface of the PUA coating samples. It may be due to the bubbling caused by the penetration of the coating into the interior of the BS during the curing process. The result was as same as the XPS results and could be also inferred from the film thickness results. On the other hand, for the samples coated with epoxy, the particles and bubbles on the surface were obviously increased, indicating that the epoxy coating had a better permeability with respect to bamboo, but its covering ability was poor and an uneven coating film was obtained. In addition, the epoxy coating was more likely to agglomerate on the surface of the BS, so that more bubbles on the surface of the BS were observed [33].



AFM can show the morphology of coating and obtain the roughness of the sample at nanometer scale [34]. The surface topography of the coated samples is shown in Figure 5. The roughness obtained by AFM is listed in Table 4. As can be seen from the figure, bamboo and BS were both well covered by PUA and a smooth film surface was obtained, with few defects in the small area that was assessed. Tiny flow marks of the coating film could be seen on the surface of the bamboo, with a surface roughness value of 1.35 nm. The coating film surface of BS was rougher after drying, with an average roughness value of only 1.41 nm. Compared with the samples coated with PUA, the surface roughness of the samples coated with epoxy was greater, which was consistent with the SEM results. The surface defects of the samples coated with epoxy were significant, and the maximum roughness value was 2.79 nm.




3.4. Surface Properties


The adhesion of coating films for coated bamboo and coated BS is shown in Figure 6. It can be seen from the figure that in addition to the coating film adhesion of the epoxy-coated bamboo of 1 level, the coating film adhesion of the other samples were all 2 level, which was probably because epoxy resin could penetrate into bamboo well compared with PUA, but the permeability with respect to BS was poor.



The adhesion level, hardness, abrasion value, film thickness, and roughness of coating films of coated bamboo and coated BS are shown in Table 4. From the results, we can see that the hardness and abrasion resistance of PUA was higher than that of epoxy coating (see the results on the glass pane). However, when the substrates changed to bamboo and BS, the results were different. It seemed that the hardness decreased while the abrasion resistance was improved due to the permeability of coatings with respect to the bamboo and BS. Compared with the effects of two types of coatings, the tendency was almost the same. The coating film hardness of the bamboo and BS coated with PUA was H, which was higher than the HB hardness of the samples coated with epoxy. The bamboo coated with epoxy had the highest coating film adhesion and the lowest abrasion value of 0.075 g/100r, and the lowest film thickness value of 8.7 μm. However, the abrasion value of BS coated with the epoxy coating was the highest, which may be associated with the high film thickness, roughness, and also the inherent property of the coatings. As mentioned, the SEM analysis showed that more bubbles were found on the surface of the BS coated with the epoxy coating. Thus, its surface performance was poor.





4. Conclusions


In the case of different coatings and substrates, the coating performance varied. Compared with bamboo, BS had a poorer performance, whether the coating was PUA or epoxy. On the other hand, different coatings had different finishing coating properties for bamboo scrimber with the better adhesion level and hardness and the low abrasion value. However, the PUA-coated samples had smoother surfaces with an adhesion level of 2 and a, pencil hardness of H. Moreover, the abrasion value of PUA-coated samples was acceptable in the range of 0.088–0.092 g/100r. Further study on the coating mechanism of different waterborne coatings on bamboo scrimber should be done as the next step, and a new kind of waterborne coating should be developed to further improve coating performance.
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Figure 1. Chemical synthesis processes of the two kinds of coatings. (a) Polyurethane acrylate (PUA); (b) epoxy resin. 
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Figure 2. ATR-FTIR of (a) uncoated bamboo/BS and (b) bamboo/BS coated with PUA and (c) epoxy resin. 






Figure 2. ATR-FTIR of (a) uncoated bamboo/BS and (b) bamboo/BS coated with PUA and (c) epoxy resin.



[image: Coatings 09 00161 g002]







[image: Coatings 09 00161 g003 550]





Figure 3. XPS C-band spectra of bamboo, BS, and coated samples: (a) bamboo; (b) BS; (c) bamboo coated with PUA; (d) BS coated with PUA; (e) bamboo coated with the epoxy coating; (f) BS coated with the epoxy coating. 
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Figure 4. SEM of uncoated and coated bamboo/BS: (a) bamboo; (b) bamboo coated with PUA; (c) bamboo coated with epoxy resin; (d) BS; (e) BS coated with PUA; (f) BS coated with epoxy resin. 
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Figure 5. AFM of coated bamboo/BS: (a) bamboo coated with PUA; (b) BS coated with PUA; (c) bamboo coated with epoxy resin; (d) BS coated with epoxy resin. 
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Figure 6. The adhesion images of coating films of coated bamboo and BS: (a) bamboo coated with PUA; (b) BS coated with PUA; (c) bamboo coated with epoxy resin; (d) BS coated with epoxy resin. 
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Table 1. Reagents for waterborne coatings.
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	Reagent
	Type
	Abbreviation
	Manufacturer





	Ammonium persulfate
	Initiator
	APS
	1



	Acrylic acid
	Monomer
	AA
	1



	Styrene
	Monomer
	ST
	1



	Ethyl acrylate
	Monomer
	EA
	1



	Hydroxyethyl acrylate
	Monomer
	HEA
	1



	Toluene-2,4-diisocyanate
	Monomer
	TDI
	1



	Polyethylene glycol (Mn: 400)
	Monomer
	PEG-400
	1



	Dibutyltin dilaurate
	Catalyzer
	DBTD
	1



	γ-aminopropyl triethoxysilane
	Silane
	KH550
	2



	Polyether siloxane copolymer composition
	Defoamer agent
	–
	3



	Phenolic epoxy resin
	Resin
	–
	4



	Ethanol
	Solvent
	–
	3



	Ethylene glycol monobutyl ether
	Solvent
	–
	3



	N-methyl-2-pyrrolidone
	Solvent
	–
	3



	Diethanolamine
	Modifier
	–
	3



	Glacial acetic acid
	Neutralization reagent
	–
	3







Note: (1) Xilong Chemical Co. Ltd. (Guangzhou, China); (2) Qufu Chengguang Chemical Co. Ltd. (Jining, Shandong, China); (3) Tianjin Jinke Fine Chemical Institute (Tianjin, China); (4) Shandong Deyuan Epoxy Technological Co. Ltd. (Feicheng, Shandong, China).
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