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Abstract: In order to improve hydrophobic characteristics which will affect the service performance of fast-growing poplar due to growing bacteria in the humid environment. In this study, a simple method was proposed to treat poplar via the high voltage electric field (HVEF) with copper as the electrode plate. Scanning electron microscope (SEM), Fourier transforms infrared spectroscopy (FTIR), X-ray diffraction (XRD) and contact angle tester were adopted to evaluate the surface morphology, surface group of poplar, crystallinity and wettability under HVEF. It was found by SEM that a large number of copper particles were uniformly attached to the surface of poplar. In all three sections, the weight percentage of the Cu element was accounting for more than half. The diffraction peaks of copper-containing compounds appeared in the (XRD). FTIR analysis confirmed that the reaction between copper and poplar took place. The surface contact angle of three sections of poplar increased in the following order: cross section < radial section < tangential section (increased by 34°, 45° and 53°, respectively). An environment-friendly and efficient method of HVEF treating fast-growing wood with copper as the electrode plate can promote its outdoor application.
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1  Introduction

As a kind of economical wood, poplar has the characteristics of fast-growing and environmental protection, and it has been widely used in various fields [1]. However, poplar is easy to absorb moisture, especially in a humid environment, which can cause bacteria to grow on the surface of the wood, accumulate impurities and dirt, etc., and which will eventually deform or mildew [2,3]. In recent years, Many physical [4,5], chemical [6–8], biological [9] or mechanical [10] methods have been used to improve the performance of poplar in harsh environments.

The hydrophobic surface has the characteristics of self-cleaning and anti-pollution, so improving the hydrophobicity of the wood surface can effectively improve its performance under high humidity conditions. Wood is a porous structural material with micron-level pore diameters and has a natural micron-level surface roughness. Therefore, to obtain a super-hydrophobic surface for wood, theoretically only need to construct a nano-scale structure and reduce surface energy treatment can be achieved [11,12]. At present, the main methods are sol-gel method [13], hydrothermal method [14], plasma technology [15,16], chemical vapor deposition method [17,18] and so on. Yang et al. [19] prepared core-shell particles by infiltrating silica and polystyrene into the hollow microspheres. The ethanol dispersion of core-shell particles was sprayed onto the epoxy-treated wood surface in different proportions. The contact angle of treated wood is around 150°. Wang et al. [20] used rose petals as a template, polydimethylsiloxane (PDMS), and different concentrations of polyvinyl alcohol (PVA) as reagents. The research adopted the stencil printing method, and after the second replication, it has the same characteristics as roses. The results show that the contact angle of wood is increased from 59.25° to more than 140° after bionics, which has hydrophobic properties similar to rose petals. Song et al. [21] build hydrophobicity and resistance to damage to the wood surface through the reaction of hydroxyl with metal ions. The original woodblock is immersed in a salt solution and then dried, and the surface of the treated wood shows a better hydrophobic behavior. The surface of Zr4+ ion-treated wood shows the best modification effect. The contact angle of radial direction is 145° and the cross section is 139°. Wang et al. [22] used the adhesion properties of polydopamine and chemical deposition to coat copper nanoparticles on the wood surface. The contact angle of the coating is about 157°, showing excellent chemical stability and antibacterial properties. Coating metal ions on the surface of wood by chemical means can improve the hydrophobic and antibacterial properties of wood. The cost of copper ions is lower than that of silver ions, so this study chooses copper ions to modify wood. However, the conditions of chemical processing are demanding, the cost is high, and it has a negative impact on the environment. Therefore, an environmentally friendly processing method is urgently needed.

High voltage electric field (HVEF) technology is widely used in the process of material manufacturing and modification due to its unique mechanism of action on the surface and interface of materials [23,24]. Ju et al. [25] studied the interaction mechanism of copper particles with hemicellulose and lignin in bamboo under different high-voltage electric field treatment conditions. The results show that the copper particles are present on the surface of treated bamboo in the form of different valences copper ions and copper oxide. As the treatment time and voltage intensity increase, the copper content on the surface of the bamboo increases. The size of the copper particles also increases. Also, the treated wood has excellent antibacterial and anti-ultraviolet functions. Furthermore, He et al. [26] studied the chemical characteristics and antifungal properties of poplar and other susceptible species under the HVEF treatment with silver as electrode plate particles. The silver particles reacted with polar groups on the surface of treated wood. Laboratory antifungal tests showed that the quality loss of treated samples decreased (<1%) after exposure to rotting fungi. The results indicate that the effect of silver particles and HVEF treatment can effectively enhance the antifungal properties of the poplar. In the existing HVEF research, metal ions are mainly loaded on wood to improve performance in various aspects [27,28], but few studies on the hydrophobic properties of the wood surface were reported. Our group has deep research in the treatment of wood with HVEF, so it is feasible to apply HVEF technology to improve the hydrophobic properties of wood. In addition, the high-voltage electrostatic treatment method is a pollution-free, low-cost and efficient treatment method.

This paper was to treat poplar via HVEF with copper as the electrode plate. Thereby changing the wettability of the poplar surface and making it a new type of hydrophobic material. The treatment of intensity with HVEF was optimized and the wettability of the three sections of poplar after the treatment of HVEF is studied.

2  Materials and Methods

2.1 Materials

The poplar wood was selected from the northern region of Jiangsu Province, China. The moisture content is about 10%, cut the sample with the size of 20 mm × 20 mm × 20 mm (longitudinal × radial × tangential), sand with 240 grit sandpaper until its surface roughness (Ra) is 2.8 μm, and use an air compressor to blow off the excess wood powder. The position of the sample is closer to the sapwood, and the sample has no defects. The size of the metal copper electrode plate is 150 mm × 150 mm × 1.5 mm (length × width × height).

2.2 High-Voltage Electric Field Treatment

First, the surface of poplar samples is clean and the copper plates are clean and smooth. The three sections of the poplar cubes are discharged in an orderly manner and exposed to HVEF (Fig. 1). The copper plate on the upper surface is connected to the electrostatic generation system as a negative electrode, and the copper plate on the lower surface is grounded as a positive electrode. The surface to be processed is contacted with the negative plate, and pressure of 0.1 MPa is applied to the copper plate to make the copper plate and the samples in close contact during the processing. To ensure the safety of the experiment, the outside of the upper and lower copper plates are insulated with the polytetrafluoroethylene (PTFE) sheet. The voltage of the high voltage device is 60 kV, the temperature is 40°C, the time is 24 h, and the pressure is controlled within the sample compression rate of 5%.

[image: images]

Figure 1: Schematic diagram of experimental set-up

2.3 Testing and Characterization

2.3.1 Observation of Surface Morphology and Elements Contents

Environmental scanning electron microscopy with EDS system (ESEM 200, FEI Co., Ltd., USA) was used to observe the surface morphology and the element content of poplar samples. Before ESEM/EDS experiments, the samples were baked in an oven at 100° for 8 h and sprayed the gold film on the sputtering device. The treated samples of three sections were cut into small blocks with treated surfaces. To determine the contents of the element of the samples, energy dispersion spectroscopy (EDS) analysis of the samples was adopted.

2.3.2 FTIR

Fourier transform infrared spectroscopy (Vertex 70 X type, German BRUKER Company, Germany) was used to analyze the changes of chemical groups before and after treatment of the three sections of poplar wood. The positive electrode surface layer of the poplar sample before and after the treatment was scraped and ground into 80 mesh wood powder for the test. The three sections only scrape the surface, and the inside of the block is not considered. The KBr compression method was adopted. The measuring range is 4000–400 cm−1 with a resolution of 4 cm−1.

2.3.3 XRD

The D8 X-ray diffractometer (Bruker, Germany) was adopted to determine the surface chemical states and crystallinity of the poplar samples. The positive electrode surface layer of poplar samples before and after the treatment was scraped and ground into 80 mesh wood powder for the test. The three sections only scrape the surface, and the inside of the block is not considered. The scanning speed is 4°/min, the acceleration voltage is 40 kV, the current is 30 mA, and the range is 5–90°. The crystallinity of wood cellulose was calculated by the empirical method of Segal et al. [29]. As shown in Eq. (1):


CrI%=I002−IamI002×100%
(1)

CrI% is the relative crystallinity, I002 is the maximum intensity of the (002) lattice diffraction angle (near 22°), and Iam is the diffraction intensity of the amorphous region (near 18°).

2.3.4 Wettability

At room temperature, ultrapure (4 μL) water was used to test the water contact angle of the sample surface through the contact angle tester. The contact angle was tested immediately after the water droplets touched the sample surface. The five samples were tested and the average value represents the overall wettability of the poplar surface.

3  Results and Discussion

3.1 Surface Morphology and Elements Contents

Fig. 2 shows the surface morphology and elemental contents of treated poplar samples (cross section, tangential section and radial section). On untreated poplar surfaces, the cell walls are smooth and the lumen is empty on all three sections. After the treatment of HVEF, the covered copper particles can be seen on the poplar surface and form a rough surface. Some surfaces without copper particles may be caused by the fluctuation of voltage and time between the anode and cathode of copper plates in HVEF [30]. Gao et al. [31] fabricated a hydrophobic film containing cuprous oxide (Cu2O) microspheres on a wooden substrate with a similar covering effect. The different structure distribution forms in the three sections have different effects on the coverage and reaction of the wood and copper particles. The distribution of tracheids or vessels can be seen on the cross section. And the different structural characteristics of the tube holes or tracheid channels, pits and wood rays can be observed on the tangential section and the radial section [32,33]. The presence of relatively large-sized vessels on the cross section causes the coverage of copper particles to be lower than that of the tangential section and the radial section. The microstructure of the tangential section and the radial section are closer, so the cover effect is similar.

[image: images]

Figure 2: Surface morphology and elements contents of poplar samples: (1) SEM for three sections (cross section, tangential section and radial section) before (a1, b1, c1) and after (d1, e1, f1) treatment (60 kV) (2) Elements contents obtained by EDS for three sections before (a2, b2, c2) and after (d2, e2, f2) treatment (60 kV)

The previous research has been reported that with the increase of processing voltage intensity and processing time, the size of copper particles attached to the surface increased and tended to be uniform. And the average size of copper particles was less than 60 nm [25]. Similar research mentioned electrospraying technique allows us to obtain particles with sizes less than 100 nm [33]. In view of the micron-level rough structure of the wood itself, the micro-nano level structure similar to the lotus leaf can be constructed after the uniformly distributed copper particles are loaded, which theoretically has the basic structural characteristics required for a superhydrophobic surface [34,35].

Table 1 shows the specific content of the element from EDS in three sections of the poplar surface. The element content analysis of the three sections is carried out in conjunction with the EDS diagram in Fig. 2. The results show that the content of C and O elements decreased and the Cu element increased. Among them, C and O elements belong to the components of wood, the Au element comes from the conductive coating used for electron microscopy observation, and the Cu element is transmitted from the copper plate into the prepared sample. In all three sections, the content of Cu by weight accounts for more than half, while the proportions of C and O are respectively reduced to 10–15% of the total weight of the surface elements after treatment. Mu et al. covered more copper particles by controlling the processing time, and the weight percentage of Cu element in the EDS results can reach 86.12% [36]. Moreover, the copper content of the three sections is also slightly different. The copper content of the cross section is more than the tangential section and the radial section. The possible reason is that due to the existence of the vessels, the copper particles on the cross section are not uniformly distributed, and the local coverage is relatively high [37]. After the treatment, the surface of the poplar wood is covered with a layer of Cu nanoparticles, which contains a large number of Cu elements, which changes its surface morphology and roughness. Shirtcliffe et al. [38] used copper nanoparticles to construct a super-hydrophobic surface with a water contact angle as high as 160°. For the same surface, the more content of Cu element, the more uniform the rough surface can be obtained, so the hydrophobic performance is better [36]. For the three sections of wood, the initial surface structure is very different, which will cause the improvement effect to be inconsistent with the content of the Cu element. Since there is no copper element in the wood, the result of EDS can prove the effectiveness of HVEF treatment.
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3.2 FTIR

FTIR spectra of untreated poplar and treated poplar were obtained in Fig. 3, the marked main characteristic absorption peaks are all partially reduced. The absorption peak at 3419 cm−1 is caused by the stretching vibration of the hydroxyl (−OH) on the surface of the wood, which was significantly reduced. The change of the hydroxyl (−OH) group indicates that the hydrophilic group on the surface of the sample is reduced, which will affect the wettability of the wood [36]. The band at 2922 cm−1 is attributed to the asymmetric stretching vibration of C–H groups. The decrease in the absorption peak of C–H can also support the improvement of hydrophobic performance [39]. The C=O group in the hemicellulose corresponding to the absorption peak at 1737 cm−1 is significantly reduced. The reason is that the high-voltage electrostatic field stimulates the copper ion to react with the hemicellulose on the surface of the poplar wood, which causes an increase in carboxylate anions on the poplar wood surface [40]. The vibration absorption peaks at 1505 cm−1 corresponding to the Aromatic nucleus vibration decreased,the decrease of this absorption peak indicates that the lignin in poplar wood is also involved in the reaction [28]. The absorption peak at 1326 cm−1 was decreased, which means that the hydroxyl group was involved in the reaction between lignin and copper ions. The reduction of the 1246 cm−1 peak was caused by the Syringyl ring C–O stretching vibration and the acyl oxygen bond of hemicellulose. The absorption peak at 1168 cm−1 corresponding to antisymmetric bridge C–O–C stretching decreased. The absorption peak at 1056 cm−1 is attributed to the C–H aromatic in-plane curve, and the absorption peak intensity is also slightly weakened. The absorption peak at 897 cm−1 corresponds to the decrease of C–H groups in cellulose, while the other characteristic absorption peaks of celluloses have not been significantly reduced [26]. It indicated that although the characteristic peaks of cellulose, hemicellulose and lignin on the surface of poplar wood are all weakened, the reaction still mainly happens on hemicellulose and lignin which is consistent with previous research [25].
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Figure 3: FTIR spectra of poplar samples and treated poplar samples: the wavenumbers of 400 to 4000 cm−1 (a), and 400 to 2000 cm−1 (b)

Table 2 shows the relative peak intensities of characteristic peaks of hemicellulose and lignin. The position of 1900 cm−1 is used as a standard peak which has no change after treatment. The ratio of the characteristic peaks of hemicellulose and lignin to the standard peak is the relative peak intensity mentioned. The characteristic peaks of 1737 cm−1 and 1246 cm−1 of hemicellulose and 1505 cm−1 and 1326 cm−1 of lignin are adopted to calculate. It can be seen that the decreased of characteristic peak intensity in the following order: cross section < radial section < tangential section. The spectra of the three sections of poplar have obvious differences which are closely related to the growth characteristics, wood structure and main chemical components of the wood [41]. The porosity and the low density of the cross section contribute to that the decrease of intensity of characteristic peaks being lower than that of the radial section and the tangential section.

[image: images]

3.3 XRD

Fig. 4 shows the different absorption peaks before and after the treatment, It can be seen from the figure that not only new characteristic peaks are obtained after HVEF treatment, but the crystallinity of the wood cellulose is also improved. According to the JCPDS standards (Nos. 5-2872, 84-1108 and 42-0874), the peaks in the XRD pattern can be attributed to cellulose (101), cellulose(002), Cu(110), * (Peak of CuO), Cu(111), Cu(200), *, Cu(220), Cu(311), * are the peak of CuO, and the others are the peak of Cu2O. The presence of elemental Cu, Cu2O and CuO can be determined (The concept of phase needs to be introduced here, that is, there are phases with specific physical and chemical properties in a substance. The same element can exist in multiple or one compound states in a substance. For example, Cu element may exist in the form of elemental Cu, Cu2O and CuO) [5]. The results show that after HVEF treatment, the reaction between the copper particles and the poplar surface composition does exist. The crystallinity of the treated poplar was significantly increased and the crystallinity of the three sections has a significantly different increase (Table 3). The possible reason for the increase is that the increase of the crystallization zone is caused by the oriented arrangement of the microfibrils which indicates that the reaction of Cu with hemicellulose and lignin which is discussed in the FTIR result affects the degree of crystalline formation of cellulose aggregates in the wood [42]. In addition, the different characteristic structures of the three sections lead to different degrees of increase in crystallinity is consistent with the result in FTIR. The degree of increase in the crystallinity of the tangential section and radial section is greater than that of the cross section, which may be due to the porous structure and lower density of the cross section.
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Figure 4: XRD of three section before and after treatment
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3.4 Wettability of Treated Poplar

Fig. 5 and Table 4 show the wettability of untreated and treated poplar wood, which is cross section, tangential section and radial section, respectively. It can be observed that the water contact angle of treated poplar (cross section, tangential section and radial section) are 121°, 157° and 143°, respectively. The results showed that the surface of treated poplars is near a superhydrophobic state, which means the treatment had a great influence on the hydrophobic state of the poplar surface. It can also be seen that with the increase in the voltage intensity, the contact angle of each section increases. The three sections of treated poplar (cross section, tangential section and radial section) were increased by 34°, 53° and 45° respectively after treatment. It gets the best processing effect at 60 kV which is consistent with the previous research [25,26]. Similar literature has reported that as the processing voltage increases, copper particles with smaller diameters and more uniform distribution will be obtained [43,44]. The increase of cross section angle is smaller, and the increase of tangential section angle and radial section angle is obvious, which means that there are differences in the treatment effect of the three sections. This difference in hydrophobic properties of different sections is caused by the special surface morphology of the wood surface such as roughness and porous structure. The characteristics of the wood tangential section and radial section are concave cell cavity ducts and ridged cell wall protrusions. The combination of the two forms the initial rough structure of the wood surface. Wood cell wall pits and ray parenchyma cells further increase the wood’s surface roughness [30]. Since the cross section of poplar has many vessels, its porosity is relatively large, while the fiber voids in the tangential and radial sections are relatively small. Amorim et al. [45] reported the difference between the radial and tangential sections of the wood contact angle, and the results showed that the radial surface exhibits better wettability with water among the tested wood samples. Based on the difference in the structure of the wood itself, the increase in the contact angle of the treated poplar surface is also different which is consistent with the result in FTIR.
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Figure 5: Wettability of cross section, tangential section and radial section of treated poplar before (a, b, c) and after (d, e, f) treatment
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4  Conclusion

In this study, hydrophobic poplar was prepared via HVEF with copper as the electrode plate. The results of SEM showed that a large number of copper particles were uniformly attached to the surface of poplar. In all three sections, the newly-emerged Cu element has a high weight percentage after treatment, accounting for more than half. FTIR analysis confirmed that the reaction mainly happens on hemicellulose and lignin of poplar wood, the main characteristic peaks of the three sections have different degrees of decrease. From the results of the relative peak intensities of hemicellulose and lignin, the copper particles have a higher degree of reaction with the functional groups of the tangential section. The diffraction peaks of copper-containing compounds appeared in the (XRD), copper ions with the forms of Cu(110), Cu(111), Cu(200) and Cu(311) react with poplar functional groups under HVEF treatment. The crystallinity of the cellulose of different sections has different increases, the tangential section has the greatest increase. The water contact angle of the treated poplar (cross section, tangential section and radial section) are 121°, 157° and 143°, respectively. Different increased degrees in the following order: cross section < radial section < tangential section (increased by 34°, 45° and 53°, respectively). With the increase in the voltage intensity, the contact angle of each section increases and gets the best processing effect at 60 kV. This is a simple, efficient and environmentally friendly method to modify poplar wood and expand its potential for outdoor applications.
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Table 1: Elements content in three section of treated poplar

Cross section

Tangential section

Radial section

Element Control Treated Control Treated Control Treated
weight%o weight%o weight% weight%o weight%o weight%o

C 40.66 11.64 40.33 11.47 41.03 13.96

O 59.34 10.96 59.67 15.91 58.97 14.95

Cu 0 77.4 0 66.62 0 71.09

Totals 100 100 100 100 100 100
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Table 3: Crystallinity in three sections before and after treatment

Crystallinity Cross section Tangential section Radial section

Control 29.21% 27.15% 45.32%
Treatment 46.87% 63.03% 65.54%
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Table 4: Wettability of treated poplar

Wetted contact angle

Cross section
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Table 2: Comparison of relative peak intensities of characteristic peaks of hemicellulose and lignin

Cross section Tangential section Radial section

Control Treated Decreased Control Treated Decreased Control Treated Decreased

(%) (%) (%)
1326 cm™' 0.75 076 1.14 038 053 1540 0.63 070  7.71
1246 cm ' 0.85  0.87  1.58 0.53 066 1231 075 079  3.59
1505cm ™' 0.72  0.80 836 027 048 2143 0.56  0.66  10.04

1737 cm™' 0.84 0.86 1.69 0.50 0.61 11.72 0.74 0.78 4.14
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