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Abstract

:

In this study, the microstructure and mechanical properties of poplar (Populus tomentosa) catkin fibers (PCFs) were investigated using field emission scanning electron microscope, atomic force microscopy (AFM), X-ray diffraction, and nanoindentation methods. Experimental results indicated that PCFs had a thin-wall cell structure with a large cell lumen and the hollow part of the cell wall took up 80 percent of the whole cell wall. The average diameters of the fiber and cell lumen, and the cell wall thickness were 5.2, 4.2, and 0.5 µm, respectively. The crystallinity of fibers was 32%. The AFM images showed that the orientation of microfibrils in cell walls was irregular and their average diameters were almost between 20.6–20.8 nm after being treated with 2 and 5 wt.% potassium hydroxide (KOH), respectively. According to the test of nanoindentation, the average longitudinal-reduced elastic modulus of the PCF S2 layer was 5.28 GPa and the hardness was 0.25 GPa.
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1. Introduction


Nanocellulose can be widely used in many fields, such as those of papermaking, composite materials, medical, purification and filtration, chemical, and information. In particular, the addition of nanocellulose can greatly enhance the physical properties of pulp. Nanocellulose has a high biomass compatibility, high specific surface area, and other excellent properties, so it can be added to the composite as a reinforcing agent. Nanocellulose is a stable colloid, so it can be used as a drug carrier in the pharmaceutical industry. Therefore, the study of natural cellulose and its derivatives has received increasing attention [1,2]. Cellulose nanofibrils (CNFs) have a length of several microns and a diameter that is around 15 nm [3]. Because of their unique supramolecular structure and morphology, CNFs have excellent mechanical, optical, and small-molecular physical barrier properties [4]. Therefore, CNFs have broad potential applications in biomaterials, medicine, information, and other industries [5,6].



Poplar (Populus tomentosa) catkin fiber (PCF) is a cotton-like catkin fiber covering the seeds of white poplar trees [7]. Poplar is a kind of fast-growing tree species with a short growth cycle and low price. It is mainly concentrated in the northeast, north China, and northwest areas. The total area of poplar forest in China exceeds 70,000 km2, and it increases year by year. Each poplar tree can harvest about 25 kg of catkins. The tassel fiber is mainly composed of cellulose and hemicellulose, as well as lignin, with a thin cell wall and large lumen [8]. During the period from April to June each year, PCFs float in the air, causing great trouble for the environment and residents’ health. Zhang et al. [9] focused on poplar (Populus tomentosa) catkin fiber as a new resource for bioethanol production via enzymatic hydrolysis. Yin et al. [10] studied the water absorption and oil absorption of poplar catkins. They studied how to inhibit the production of PCFs, but not how to utilize them. There are few studies on the microstructure and mechanical properties of PCFs.



In recent years, microscopic imaging and spectral characterization methods have been used in nanostructure and chemical composition analyses of cell walls of plant fibers like wood fibers [11,12,13,14,15,16], bamboo fibers [17,18,19,20,21,22], and cotton fibers [23,24]. Chen et al. [25] characterized the aggregation of microfibrils in the cross-section of thin-wall cells using the atomic force microscopy (AFM) technique. Xiao et al. [26] and Hao et al. [24] investigated the cell wall layer structure of kapok fibers using X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR) through formulating an efficient organic solvent system to isolate cellulose from lignin and concluded that both kapok and cotton fibers had similar multi-wall layer structures. Fernandes et al. [27] investigated the nanostructures of spruce fibers using a series of spectroscopic techniques, such as small angle neutron ray scanning (SANS) and wide-angle X-ray scattering (WAXS).



Oliver and Pharr. [28] established an improved technique of determining the hardness and elastic modulus of wood fibers using load-displacement sensing indentation. Micromechanical testing in combination with spectral analysis technology is an effective way of studying the microstructure and properties of plant fibers [29,30] because of the development and application of microscopic mechanical characterization methods, such as single fiber stretching and nanoindentation technologies. In addition, Himmel et al. [31] pointed out that biodegradable barriers of biomass affect the bioconversion cost of wood fiber raw materials. A more comprehensive and in-depth understanding of the barriers will help break down the biodegradable barrier of plant fibers more effectively.



Cell walls are thin, flexible layers (0.1 to 1.0 microns) of complex polysaccharides, lignin, and a few structural proteins that form a three-dimensional network structure of fibers, playing an important role in plant growth, cell differentiation, and plant support [8]. The cell wall of PCFs has three layers, which are the primary wall, secondary wall, and epidermal layer, respectively. The thickness of the primary wall and epidermal layer is relatively thin, and the secondary wall is relatively thick [9]. Cellulose is the main component of plant cell walls and provides the tensile strength. The cellulose in plants is mainly in the form of small microfibers, which is the basic unit of a cellulose molecule [8]. In plant cells, lignin, the second most abundant macromolecular substance, is found in the gaps in the structure formed by cellulose. The effect of lignin enhances the toughness of the xylem and thus enhances the mechanical strength of plants [10]. The microfibril arrangements of primary walls and the epidermis have been shown to be similar. PCFs have a lower lignin content and higher cellulose content, undoubtedly breaking down the biomass degradation barrier to a large extent [11,31], which is of great benefit for improving the conversion rate of CNF. Therefore, this study investigated the microstructure and nanomechanical properties of PCFs using field emission scanning electron microscopy (FE-SEM), atomic force microscopy (AFM), X-ray diffraction (XRD), infrared spectrometer (FT-IR), and nanoindentation methods. The results of studying the structure and cell wall mechanical property of PCF may play a vital role in the use of PCF in high value-added fields, such as nanocellulose.




2. Materials and Methods


2.1. Materials


The PCFs were collected from poplar trees in Beijing, China, during April 2016. The poplar fiber in this experiment was collected by an automatic collection device composed of a fan and filter. The poplar catkin fibers were carefully isolated from the wind-dispersal seeds after air-drying and kept in sealed plastic bags for further use. Commercial chloroform (CHCl3), sodium chlorite (NaClO2), glacial acetic acid (CH3COOH), potassium hydroxide (KOH), ethanol (CH3CH2OH), and deionized (DI) water were all purchased from Sigma-Aldrich.




2.2. Pretreatments


The pretreatment started with grinding PCFs, followed by dewaxing, delignification, and hemicellulose removal [31,32,33,34,35,36]. The dewaxing treatment started with ground PCFs being added into a 100 mL chloroform beaker, followed by stirring of the mixture in a 70 °C water bath for 20 min and then washing of the mixture with deionized water and a pressure filter to produce a neutral pH value. Finally, the mixture was stored in a condition chamber at 4 °C and relative humidity of 40% ± 2%. The dewaxed fibers were treated with a 0.5 wt.% concentration of acidified sodium chlorite (pH was adjusted to 4–5 with glacial acetic acid) for 2 h to remove lignin. The delignified PCFs were dipped in 2 and 5 wt.% concentrations of sodium hydroxide (KOH) solutions at 90 °C for 12 h, respectively, to remove hemicellulose, and the catkin fibers were then washed with deionizer (DI) water thoroughly to remove KOH residual until the pH value of 7 was reached. The fiber mass to alkali weight ratio was 1:20. The obtained fiber suspensions were frozen in liquid nitrogen first, followed by drying for 24 h in a freeze dryer [37,38].




2.3. Specific Surface Area


The specific area of a PCF was measured through recording the adsorption-desorption of the PCF using the N2 adsorption method at 77 K.




2.4. XRD


The crystallinity index of untreated PCF powders was characterized using an Xpert’Pro Parna Co. X-ray diffractometer (The Netherlands).




2.5. Micro-Morphology


FE-SEM images of PCFs were obtained using XL30 FEI (USA) to characterize their micro-morphology and wall cavity ratio. A PCF was glued on a carrier using conductive adhesive for FE-SEM imaging of its longitudinal direction. The cross-section of a PCF was made by placing the fiber vertically in a slender container. Following this, the container was frozen in liquid nitrogen, cut crossly, and placed on a carrier with conductive adhesive, and vacuum gold spraying was carried out to enhance the electrical conductivity.




2.6. AFM


Compared to an optical microscope, the atomic force microscope (AFM) has more varieties for different working environments and a higher resolution for obtaining images like amplitude, height, and phase images. The amplitude is the image formed through vibrating the probe on the sample surface. The height reflects the smoothness of a sample surface. The phase image reflects the viscosity and hardness of a sample, assisting accurate analysis of the height images.



The cell wall microfibrils’ morphology and modulus of PCFs were analyzed using an AFM instrument (Icon, Bruker Co, Billerica, MA, USA) equipped with an 8 nm radius probe and 125 nm long cantilever beam. The instrument modes were set to tapping mode and peak force quantitative nanomechanics (PQNM) mode, respectively. PQNM is an extension of the peak force tapping mode, where the vertical motion of the cantilever oscillates far below its resonant frequency. Each tapping event during the imaging is actually an action of the probe indenting into the surface of the materials [9]. Silicon OTESPA probes with a nominal spring constant of 12–103 N m−1 and tip radius of 10–20 nm were used. The vibration frequency, scanning speed, and force constant of the instrument were set to 320 kHz, 42 N/m, and 1 Hz, respectively. The size and distribution of microfibrils’ aggregation in the inner and outer walls of a fiber cell wall can be accurately measured using the phase imaging mode. The diameters of aggregated microfibrils were measured using an AFM-related image processing software (NanoScope Analysis 4.0, Bruker Co, Billerica, MA, USA). Ten microfibril aggregates were measured for each KOH solution-treated sample, and the average diameter value was calculated. AFM can be used to obtain not only in situ images, but also modulus images, using PQNM mode. In addition, the corresponding 3D modulus image can be obtained through AFM analysis software of NanoScope Analysis 4.0 [22]. A single fiber was observed directly, without being embedded in epoxy resin for measuring properties in its longitudinal direction, but the fiber was chemically treated.




2.7. FT-IR


The hemicellulose-removed and -untreated poplar catkin fibers were dried first and then ground to powders, and the fiber powder (1 part in weight) was then mixed to potassium bromide (KBr) (100 parts in weight). Chemical compositions and functional groups of these poplar catkin fibers were analyzed using Bruker’s FT-IR spectrometer (Avance 300, Bruker Co, Billerica, MA, USA). The transmission mode was selected. The frequency of spectral scanning was 200 times, and the range of spectral acquisition was 650~4000 cm−1.




2.8. In Situ Nanoindentation


The sample for studying the transverse section of a PCF was prepared through wetting, freeze-drying, and embedding a PCF in epoxy resin, followed by cutting the fiber-embedded block crossly to the size of 100 µm wide × 100 µm deep using the ultra-thin slicing machine. The nanoindentation on fiber cell walls was performed using an in situ imaging nanoindenter (Triboindenter, Hysitron, Eden Prairie, MN, USA) with the load-controlled mode set to a peak load of 250 µN. The cell walls of a PCF were selected first using a light microscope and then raster-scanned with a Berkovich tip with its radius being less than 100 nm. Thirty valid indents were made on the 5–8 cell walls selected. The reduced elastic modulus and hardness values were calculated in reference to the method developed by Oliver and Pharr. [28]. The environmental temperature of the instrument chamber was kept at 23 °C and the relative humidity was kept at 40% ± 2%.





3. Results and Discussion


3.1. Specific Surface Area


Figure 1 illustrated that the adsorption capacity of nitrogen increased rapidly first, then slowly increased, and finally increased rapidly as the relative pressure increased, indicating a typical S-type isotherm. As usual, the sudden increases of nitrogen adsorption at the high-pressure end indicated the existence of mesopores and macropores on the surfaces, which is the result of multi-layer adsorption on the solid uniform surfaces. However, the results of the N2 adsorption and desorption test showed that the average pore size of PCFs was larger than 20 nm, and there was no hysteresis ring in the middle and high-pressure region, indicating that there were no micro-pores in PCFs. The N2 adsorption capacity of PCFs was 5.2 cm3/g, and the specific surface area of PCFs, which was calculated by using the Brunauer, Emmett, Telter (BET) method was 5.2 m2/g.




3.2. Crystallinity Analysis


Figure 2 showed that characteristic peaks of the cellulose I crystal plane (110) and cellulose I structure (200) appeared at 16° and 22°, respectively [34]. The crystallinity was calculated based on the formula, crystallinity = [(I002 − Iam )/I002] × 100%, where I002 and Iam represent the diffraction intensity at 22° and 18°, respectively, using the Segal method [39]. The intensity at 18° corresponds to the minimum diffraction intensity in the amorphous region of cellulose. The crystallinity of PCFs was 32%, which is lower than the one (56%) of cotton fibers [34], the one (36%) of kapok fibers [26], and also the one (68.9%) of bamboo [40,41,42,43], respectively. Compared with the amorphous region, cotton fibers and kapok fibers are more difficult to separate and dilate. Therefore, the low crystallinity made the energy consumption of PCFs for the preparation of nano cellulose lower than that of the cotton fibers and kapok fibers.




3.3. Microstructure of PCFs


The surface morphology of untreated PCFs (Figure 3A,B) showed that PCFs had a long, thin wall, and smooth surface structure with no twist and winding between fibers, indicating similar microstructures to wood and cotton fibers. The surface of treated PCFs (Figure 3C) was uneven because PCFs were the seed fiber of poplar with waxy materials on the surface, after dewaxing the fiber bundles and microfibril aggregates were exposed and the surface became rough. The cross-sections of treated PCFs (Figure 3D) were circular or oval shapes, the cell walls were thin and had serrated edges, and the cavity was large. The results measured by NanoScope image analysis software indicated that the average outer diameter, wall cavity diameter, and wall thickness of PCFs were 5.2, 4.2, and 0.5 µm, respectively; the ratio of the wall to cavity was 25%; and the hollowness was as high as 80%. These results were consistent with those of natural fibers, such as wood and cotton fibers [42]. The PCFs had the characteristics of a thin wall and cavity, and good hygroscopicity, benefiting from the high specific surface area. The moisture regained in the standard state was about 18%, and the moisture absorption rate was twice as high as that of other textile fibers. The insets of Figure 3C,D show that the microfibril arrangement of PCF cell walls was tight.




3.4. AFM Analysis


The AFM height image of untreated PCFs (Figure 4) indicated that there was a close-packed uneven layer of materials on fiber surfaces, confirming the existence of a waxy layer on PCF surfaces.



AFM was used to observe the microscopic appearance of PCF surfaces after chemical pretreatment. In Figure 5, he height image is shown on the left (Figure 5A) and the phase image is displayed on the right (Figure 5B). It can be seen from the figure that the surface of PCF after dewaxing treatment was composed of several irregular and uneven shaped materials, which related to the smooth waxy layer on the surface of PCF being exposed after chemical pretreatment.



As can be seen from Figure 6, after dewaxing and treating PCFs with 2 wt.% KOH solution for 12 h, the arrangement of microfilaments on the cell wall surface of PCFs could be clearly observed in the height image. The disordered arrangement of the outer filaments on the cell wall showed the distribution characteristics of microfilaments in the S1 layer of PCF. The disordered and irregular arrangements of microfibrils observed on PCFs were consistent with those observed by Yu et al. [44] on bamboo fiber cell walls using AFM. Chen et al. [18] concluded that the surface roughness of bamboo fibers increased with an increasing sodium hydroxide (NaOH) concentration from 6% to 10%. In the phase image, because the matrix was much less elastic and stiff than the microfilaments, the bright parts represented the cellulose microfilaments, and the spaces between the non-cellulose polysaccharide matrix and the microfilaments were darker. Image processing software (NanoScope 8.15 Analysis) was used to measure the size of microfilament aggregates. In order to make the data authentic and reliable, 10 pieces of PCFs were measured in the scanning images at different positions. Finally, the average value was obtained and the size of microfilament aggregates was 20.8 nm after being treated with 2 wt.% KOH solution for 12 h. After dewaxing treatment, the characteristic peaks of aliphatic substances still existed at 2923 and 1738 cm−1, respectively. The dewaxing process of PCFs requires further discussion in order to obtain a clearer arrangement and more accurate morphological information on microfibrils.



After dewaxing and treatment with 5 wt.% KOH solution for 12 h, the arrangement of microfilaments in the cell wall was observed in Figure 7 by AFM. Compared with the sample images of 2 wt.% KOH solution treatment, the arrangement of microfilaments was almost completely observed, indicating that hemicellulose was basically removed and microfilaments were arranged in irregular layers. According to statistics obtained by the software, the size of microfilament aggregates was 20.6 nm after being treated with 5 wt.% KOH solution for 12 h. Comparing the size of microfilament after treatment with 2 wt.% KOH solution, no difference was found between the two conditions, indicating that the alkali treatment in this study had little effect on the size of microfilaments.



The partial removal of hemicellulose using the KOH solution with different concentrations of 2 and 5 wt.% might have contributed to the rougher surface of PCFs, resulting in the microfibrils being easily aggregated [15,45]. Figure 8A,B indicated that the cross-section of a PCF was an oval shape, and the cell wall had a uniform thickness.



Figure 8 and Figure 9 show the wall-layer structure of the PCF cell wall obtained by AFM. From Figure 9A, the wall structure of the cell wall of a poplar catkin fiber can be seen. It can be clearly seen from Figure 9 that the cell wall of PCF has three layers, and the cell wall thickness was about 0.5 µm. The cell wall has three layers, including a primary wall, secondary wall, and epidermis layer. The primary wall and epidermal layer were relatively thin, the secondary wall was relatively thick, and the connection between the primary wall and epidermal layer with the secondary wall was the darkest. In the modulus image, cellulose microfibril is the bright part, and the interstitial space between the non-cellulose polysaccharide matrix and microfibril is the dark part, because this matrix is significantly less elastic and harder than the microfibril [29,45,46,47,48]. Chen et al. [17,25] concluded that from the inside of the cell wall to the outside of the cell wall, the density of cellulose microfibril aggregates was unevenly distributed. The test data indicated that the number of cellulose microfibrillar aggregates in the boundary position was significantly higher than that inside the three layers, and the arrangement was dense.




3.5. FT-IR Analysis


The FT-IR spectrum (Figure 10) of untreated PCFs indicated that there were strong characteristic peaks of cellulose near 1040 and 3430 cm−1, indicating that PCFs had a similarly high cellulose content to kapok and cotton fibers. The absorption peaks of aromatic ring skeleton groups, unconjugated carboxyl groups, and other vibrational groups of lignin occurred between 1500 and 1750 cm−1. The peaks of cellulose absorption characteristics, i.e., free O–H stretching vibrations of -OH groups, C–H stretching vibrations of alkyl groups, C–H bending vibrations, C–O stretching vibrations, and C1 vibrations, appeared at 3430, 2850, 1380, 1040, and 900 cm−1, respectively, showing that celluloses also existed in PCFs. The existence of the absorption peak at 2350 cm-1 was mainly because of carbon dioxide in the air. The absorption peak at 2920 cm−1 was because of the C–H stretching vibration of aliphatic groups from waxy layers, indicating that PCFs mainly consist of cellulose, hemicellulose, lignin, and a waxy surface.




3.6. In Situ Nanoindentation


Because the S2 layer was thicker than the other two layers and it was the main carrier of the mechanical properties of PCF, the nanoindentation test was mainly concentrated in this layer. The SEM image of the PCF cell wall cross-section, the nano-indentation image of the indent positions, and the typical load-displacement curve are shown in Figure 11A–C, respectively. The average reduced elastic modulus of the S2 layer was 5.28 GPa and the hardness was 0.25 GPa, which was lower than that of softwood (6.55–27.5 GPa) and hardwood (16.9–24.6 GPa) [11], but higher than that of cotton fibers (4 GPa) [23] and kapok fibers (2 GPa) [41]. Huang et al. [49,50] found that the reduced elastic modulus of bamboo fiber cell walls in the transverse direction was 5.91 GPa, and in the longitudinal direction, was 17.6 GPa, and the hardness was 0.37 GPa. The samples were embedded in epoxy resin, which might result in undesirable chemical modifications caused by epoxy impregnation [50,51]. Therefore, the influence of epoxy resin, the interface between the fiber and resin, and the microfibril angle of the fiber on the nanomechanical properties of PCF will be evaluated in future work.





4. Conclusions


The microscopic morphology and mechanical properties of PCF cell walls were investigated. The PCFs mainly consisted of cellulose, hemicellulose, lignin, and a small wax layer. The PCFs were characterized as having a thin cell wall and large cavity, as well as a good hygroscopicity. After dewaxing treatment by chloroform, the PCF surface was uneven, and the wrinkle and roughness exhibited torsion. PCF cell walls were composed of a primary wall, secondary wall, and epidermis. The microfibril arrangements of primary walls and the epidermis were similar. The PCFs had a three-layer composite structure, and the S2 layer was the thickest one. Cellulose nanocrystals (CNCs) or CNFs are mainly obtained by acid hydrolysis, alkali, tempo, or enzyme treatments. The outer layer of hemicellulose in PCFs is covered with wax and trace lignin. The lower relative crystallinity and loose structure make it easy to dissociate. Therefore, PCFs can be an excellent raw material for the preparation of CNCs or CNFs.
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Figure 1. N2 adsorption and desorption curves recorded for poplar catkin fibers. 
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Figure 2. X-ray diffraction pattern of untreated poplar catkin fibers. 
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Figure 3. SEM and optical microscope images for poplar catkin fibers ((A) and (B) longitudinal surface before dewaxing; (C) longitudinal surface after dewaxing; (D) cross-section after dewaxing; the insets in C and D are large magnification images). 
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Figure 4. Atomic force microscopy (AFM) micrograph of the longitudinal surface of a poplar catkin fiber ((A) height map; (B) phase diagram). 
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Figure 5. AFM images of the longitudinal surface of a poplar catkin fiber after chemical pretreatment ((A) height image, (B) phase image). 
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Figure 6. AFM images of the longitudinal surface of microfibrils arrangement of poplar catkin fibers treated with 2 wt.% potassium hydroxide (KOH) solution: (A,B) height images; (C,D) phase images; (E) FT-IR spectroscopy of untreated fibers and hemicellulose-removed fibers. 
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Figure 7. AFM images of the longitudinal surface of microfibrils arrangement of poplar catkin fibers treated with 5 wt.% KOH solution: (A,B) height images; (C,D) phase images. 
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Figure 8. AFM observation of the cell wall modulus of a poplar catkin fiber (cross-section; size of 20 µm × 20 µm, (A) height image; (B) modulus image; (C) 3D height image; (D) 3D modulus image). 
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Figure 9. AFM observation of the cell wall structure of a poplar catkin fiber (cross-section; (A) height image; (B) modulus image; (C) 3D height image; (D) 3D modulus image). 
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Figure 10. Fourier-transform infrared spectrogram and partial rendering of a poplar catkin fiber. 
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Figure 11. SEM image of the cross-section of poplar catkin fibers (A), inserted nano-indentation image of indent positions for the PCF cell wall by nanoindentation (B), and a typical nanoindentation load-displacement curve (C). 
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