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Abstract: Bamboo vascular bundle fiber and parenchyma (BP) are separated by high-temperature treatment with saturated steam. Bamboo vascular bundle fiber is widely used in the market, but how to develop and utilize parenchyma tissue is a difficult problem. The sulfated cellulose nanofibers (ANFs) were obtained by sulfating BP with a deep eutectic solvent (DES), which provided a theoretical basis for the value-added utilization of BP. Using DES as the reaction medium and reagent, the BP was grafted with a sulfonic acid group to form a gel substance in water, ANFs and nanocellulose gel were obtained by ultrasonic cell crusher. The highest yield of ANFS was 75%. The width of the ANFs was about 3 nm, and a small number of nanofiber aggregates existed at the same time. A high aspect ratio of ANFs, due to their high viscosity, has potential applications as enhancers at low concentrations. Lewis acid (ZnCl2) added based on binary (DES) greatly improved the thermal stability of the ANFs and maintained the crystal form of cellulose I.
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1  Introduction

The depletion of fossil resources is inevitable and brings serious environmental, economic and social problems. The search for renewable, sustainable materials and energy is a top priority. New reinforcement techniques [1], passively controlled structural systems [2,3], wood, and bamboo as a sustainable green building material, are attracting more attention from the construction sector [4–8]. Bamboo is one of the fast-growing and most productive renewable natural resources in the world and has a high growth rate in the growing season [9,10]. Among plants, bamboo is the most important material-producing variety that is planted over large areas. Because of its fast growth, excellent strength, and conversion ability, it is widely used in pulping, construction, spinning, and other industries. In addition, it can be used to produce bioethanol, bio-methane, natural foods, flavonoids, composites, and functional nanomaterials [11]. The development and utilization of Phyllostachys pubescens can effectively promote the industrial utilization of biomass. At present, the industrial production of Phyllostachys pubescens is increasing year by year, and the waste residue is burned or discarded in large quantities, which produces great pressure on the environment. It is necessary to promote the transformation of Phyllostachys pubescens into high-value and biological-based products. In the previous investigation, the research group used the high-temperature saturated steam method to treat bamboo, and mechanically separated the bamboo fiber bundle to obtain it with good performance, while the remaining part of the fiber bundle was wasted because of the complex composition and difficult use [12]. If the resources that should have been discarded can be reused, it is not only in line with sustainability, but can also contribute to the development and utilization of biomass.

At present, most of the raw materials for preparing nanocellulose are pulp, such as bleaching birch pulp [13] Cotton fibre [14] cork soluble cellulose pulp [15] and almost all cellulose with low lignin content [16]. The turbid gel cellulose nanofiber suspension with an average spherical diameter of 262 nm was obtained from Ramie fiber by two systems of choline chloride oxalate dihydrate (CO) and choline chloride urea (CU) in the study. Hong et al. [17] pretreated birch fiber with betaine hydrochloride and glycerol to obtain 72.5% of high-yield nanocellulose fiber (CNF). Song et al. [18] extracted Nanocellulose from loofah collaterals and thin films with high tensile strength (134 MPa). Herrera et al. [19] successfully isolated nanocellulose with a lignin content of 23% from eucalyptus wood pulp (LCNFs) by catalytic chemical oxidation and high-pressure microfluidic technology. Using ball mill and ultrasonic aid, the nanofibers prepared with sunflower stem fiber as raw material contained 76% of lignin, and the ultrathin nanofilms were prepared, and the hydrophilicity was lower than that of traditional cellulose nanomaterials.

The pretreatment of nano-cellulose is an essential step to reduce the crystallinity of cellulose, increase the accessibility and porosity of biomass materials, release more available substrates, and improve the utilization of cellulose [20]. There are generally four methods of pretreatment: physical (mechanical grinding, pyrolysis irradiation), chemical (acid, alkali, and organic solvents, ozone, ionic liquid), physical and chemical (steam blasting, fiber blasting, wet oxidation), biological (fungal pretreatment, bacterial pretreatment, termites pretreatment, enzyme pretreatment) [21,22]. These methods are to pave the way for subsequent steps. However, conventional physical and chemical pretreatment methods need high energy consumption and professional corrosion resistance, and high-pressure equipment. Post-treatment also requires relatively complex operations such as detoxification of raw materials, which not only pollutes the environment but is also relatively expensive. Although the reaction conditions of the biological method are mild and the energy consumption is small, it needs a long process and strict requirements for the system environment. Moreover, the solvents used in traditional methods in large quantities (volatile, reactive, phase solubility, etc.) and environmental problems. The development of new, green, and inexpensive solvents as pretreatment agents has become one of the most important research directions in recent years. A deep eutectic solvent (DES) is the most promising solvent to meet this need [23].

DES is a green solvent consisting of a hydrogen bond acceptor and another hydrogen bond donor (HBD). DES has low vapor pressure, has good solvent potential, and is recoverable under best conditions [24]. In organic synthesis and biomass processing, DES has been studied as a solvent [25], reagent [26], and catalyst [27]. Jiang [28] proposed an ternary DES system for the production of lignin-containing cellulose nanocrystals from coniferous wood thermal mechanical pulp, and sulfated cellulose was prepared from DES containing p-toluenesulfonic acid. The DES system of long nanofiber bundles was successfully prepared by choline chloride and urea system [29]. The length of cellulose nanofibers can reach 15–200 nm, and the width is 2–5 nm. Due to the hydrogen bonding and dense structure of cellulose fibers embedded in a strong lignin matrix, the liberation of nanofibers from woody biomass is a tedious process and requires a lot of energy [30,31]. Bian et al. [32] proved the feasibility of p-toluenesulfonic acid (p-TSOH) acidolysis of wood fibers. Cellulose nanofibers (LCNFs) containing lignin were prepared with the values of height of CNFs (10.6–86.4 nm) and excellent thermal stability to produce biodegradable composites.

The obvious disadvantage of sulfated cellulose is its poor thermal stability, which limits its use in the production of nanocomposites. The improvement of thermal stability of pure sulfated cellulose needs further study. Lewis acid is one of the ways to improve thermal stability [33]. The addition of halogen atoms promotes the formation of hydrogen bonds, the connection of cross-linked networks, and thermal stability. In addition, the presence of lignin also enhanced the thermal stability of the material.

In this study, sulfated cellulose was obtained by using the DES, a mixture of sulfamic acid and urea as a pretreatment before mechanical disintegration. Among the DES systems used by other researchers, it is difficult to retain lignin with content greater than 35% unless ground by ball mill and this system can retain lignin to a great extent. The delignification rate is discussed from temperature and reaction time. The fibers obtained after DES pretreatment were characterized by transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffractometer (XRD), and thermogravimetric analysis (TG) measurements. Moreover, for the first time, a simple method was obtained to introduce Lewis based on binary DES to improve the thermal stability of sulfonic acid nanocellulose. A transmission electron microscope (TEM), x-ray diffraction, and thermogravimetric analyzer were used to characterize the morphology, crystallinity, and thermal stability of the product, respectively.

2  Materials and Method

2.1 Materials

Moso bamboo (Phyllostachys edulis), a five-year-old fresh Phyllostachys heterocycla harvested from Qingyuan, Zhejiang, were treated with saturated steam at 180°C in 40 min. After the fiber bundle was separated by mechanical compaction, any remaining powdery substance (BP) was sieved in an 80 mesh sieve (Shangyu Dadi Sampling Screening Factory, China), and dried in the oven (Shanghai Jinghong Experimental Equipment Co., Ltd., China) for 12 h under 60°C. Amino sulfonic acid (SA), urea (UR), ZnCl2 were purchased from Chinese Medicine Group Chemical Reagent Co., Ltd., Shanghai, China. Distilled water (homemade) was used throughout the experiment and all chemicals were of the reagent grade. The preparation process is shown in Fig. 1.

2.2 Synthesis of DES and Pretreatment of BP

The components of DES were mixed with a magnetic agitator in an oil bath at 80°C at a molar ratio of 1:4, 1:3, or 1:2 (sulfonic acid: urea), while Lewis acid (ZnCl2) was introduced and mixed with SA at a molar ratio of 0.2% to 1 until a clear solution was obtained (approximately half an hour) (see Tab. 1 for details). The mixture was magnetically stirred for 30 min in a 100°C oil bath to get color and transparent liquid. After pretreatment in a dry, clean conical flask, the quantity and DES ratio of the added BP was 1:10 of the mass ratio. The amount and DES ratio of thin wall tissue (BP) of Phyllostachys pubescens treated with high-temperature saturated steam was 1:10 of mass ratio. Then, the heating was conducted at 100°C, 120°C, and 150°C, and holding time constituted 1 h or 2 h in total. After the reaction, the system was removed from the oil bath, distilled water was added to quench the reaction. After each pretreatment, all samples were filtered in a vacuum and washed with water until the pH = 7 of the filtrate. Then, solids were collected and different volumes (100, 150 and 200 ml) of deionized water were added to obtain different concentrations of suspensions.
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2.3 Major Chemical Composition Analysis

After pretreatment, the samples were numbered according to different reaction conditions and dried in the oven to constant weight under 60°C. American National Renewable Energy Laboratory (NERL) [34,35]. The analysis of chemical composition of powder samples before DES pretreatment was made using high-performance liquid chromatography (Agilent1260) the determination of sugar was made by Bio-RadAminexHPX-87H column (300 mm × 7.8 mm) using Bio-Rad (USA), under 55°C, 5 mM sulfuric acid was used as the mobile phase (0.6 mL/min).

2.4 Preparation of Anionic BP Nanofibers

The pretreated samples (not dried) were diluted to a concentration of 0.5% in distilled water. The suspension was subjected to fiber tremor by ultrasound to obtain uniformly dispersed anions of BP nanofibers (ANFs). The ultrasonic frequency was 800, 600 and 500 w, the ultrasonic time was 10, 15 and 20 min, respectively.

2.5 Determination of Zeta Potential and Particle Size

The particle size distribution and Zeta potential of nanoparticles were determined by Malvern Zeta sizer 3000HS laser particle size meter by diluting the ANFs with distilled water.

2.6 Infrared Spectrometric Test

The original BP and sulfonic BP were chemically characterized by an infrared spectrometer. A VERTEX 80 V spectrometer (Germany) was used to collect the spectra from the freeze-dried samples. The spectra were determined by KBr pressing method at the range of 400–4000 cm−1, and resolution of 4 cm−1 with 128 scans per sample. Analysis of changes in chemical bonds and functional groups was conducted after pretreatment of raw materials, baseline correction of all obtained spectra, and removal of interference peaks [36].

2.7 ANFs Morphological Analysis

Transmission electron microscopy JEM-1400 (Japan) was used to analyze the morphological characteristics of the prepared ANFs. Each sample was prepared by diluting with distilled water (0.05%), and carbon-coated copper grids were prepared by poly-lysine coating for 2 min. Small droplets of 0.1% poly-lysine solution were placed at the top of the mesh. Then a small drop of the diluted ANFs sample was placed at the top of the mesh with uranyl acetate (2% w/v in water) as a negative dye. The mesh was dried under a sodium lamp and analyzed under standard conditions of 200 kV. Image J software was used to measure ANFs dimensions.

2.8 XRD

The crystal structure of the original BP and ANFs was studied by wide-angle X-ray diffraction. The combined multifunctional horizontal Ultima IV X-ray diffractometer (Japan) was set at 200 kV 45 mA. All freeze-dried samples were pressed into sheets of 1 mm thick. The test was conducted under the following conditions: CuKα ray, Ni slice filter, λ = 0.154 nm, scan in the range of 2θ (Bragg angle), from 5 to 55°, the scan speed of 2° min−1 with a step size of 0.05. Using MDI jade software to map analysis, crystallinity index (CrI) was calculated according to the Segal method [2].


CrI(%)=I(cry)−I(am)I(cry)∗100%
(1)

where I (cry) is the crystal region strength and I (am) is the amorphous region strength.

2.9 Thermogravimetric Analysis

The thermogravimetric analysis of ANFs and primary BP was made using the thermogravimetric analyzer (TG209) in a nitrogen (dynamic air) atmosphere at a constant rate of 60 mL/min. About 5 dry samples were kept at room temperature, heated from 40 to 600°C, the heating rate was 5 °C/min. The derivative curve of TGA (DTG) was recorded and analyzed by Origin.

3  Results and Discussion

3.1 Chemical Composition Analysis

Before pretreatment, BP cellulose was about 40%, hemicellulose was about 16%, lignin content was almost the same as cellulose, which belonged to biomass material with high lignin content (see Tab. 2). With the increase of the Urea molar number, some xylan and lignin components were dissolved in each DES pretreatment. When the molar ratio of SA/Urea was 1:2 (Samples 1, 2, 3), the lignin content even increased. The possible reason was that the oxidation of amino sulfonic acid caused the cleavage of glycoside bond and led to the depolymerization of hemicellulose. In addition to the removal of most of the hemicellulose, cellulose was partially degraded into small molecules, washed and filtered, dissolved in water, and lost [16]. The retention of high lignin content may be due to the carbonization of some raw materials because of the presence of urea, which prevents the further reaction of amino sulfonic acid. Under the same temperature, SA/Urea = 1:3/1:4 (molar ratio), the three components were basically the same, and the yield was 75 ± 1, which was higher than that of choline chloride (ChCl)/oxalic acid (OA) system (about 60%) [37]. When the reaction temperature dropped to 100°C, the same effect was achieved, and the reaction was carried out under milder conditions.

3.2 Infrared Spectrum Analysis

The DRIFT spectra of BP and modified ANFs were observed in the infrared spectrum, as shown in Fig. 3. As a result of the hydrolysis of hemicellulose, the C=O stretching vibration peak of the acetyl group is weakened, and the existence of this peak in the spectrum indicates that the pretreated hemicellulose is removed, which is consistent with previous studies [38]. The presence of a large number of hemicellulose acetyl groups indicates that the disappearance of the peak represents the removal of hemicellulose. At the same time, it can be seen that the efficiency of the ternary DES system (Sample 12) was high and the peak intensity is weaker. A typical C=O stretching vibration peak of lignin aromatic ring. Furthermore, the peaks of 1330 cm−1 and 1240 cm−1 are of cloves and guaiacine groups. The greater the change in the peak, the narrower the band. This shows that some lignin has been removed from the pretreated sample, and the obtained sample still contains lignin. Levdansky et al. [39] proposed that sulfamic acid was used in the sulfation of microcrystalline cellulose with an organic solvent as the reaction medium. In the current study, sulfamic acid was used as part of the reactive DES for external solvent-free cellulose sulfating. At 1242 cm−1 and 810 cm−1, the asymmetric S=O of sulfate groups and the skeleton vibration peak of symmetric C–O–S can be observed, the results are consistent with the conclusion drawn by Sirviö et al. [15]. In the original BP, there was no such peak, indicating that the sulfate group was grafted on cellulose to form cellulose sulfate (see Scheme 1).
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Scheme 1: (a) two tautomers of sulfamic acid exhibit neutral (left) and zwitterionic (right) forms; (b) the reaction between sulfamic acid and cellulose; and (c) the reaction between sulfamic acid and lignin

3.3 Transmission Electron Microscopy

The average width of ANFs was 3 nm ± 0.6 as shown in Fig. 4. The diameter of the aggregates of some fibers was 10 nm, because of the adhesion of lignin, the surface of the treated ANFs adhered to the lignin, and the lignin adhered to each other, which facilitated the formation of SA/Ur/ZnCl2 aggregates. According to the value of Zate potential, the prepared nanocellulose is negatively charged, and the introduction of Lewis acid also brings negatively charged chloride ions. Therefore, it is most likely that the chloride ions of zinc chloride bring high charge and generate electrostatic repulsion between the fibers. Lignin formed irregular nanoparticles in which the particle size was about 80 nm, which was consistent with the test results of the particle size analysis.

3.4 Zeta Potential and Particle Size Analysis

The surface charge of the ANFs colloidal suspension was obtained by Zeta potential analysis. The potential of the solid/liquid interfaces of the aqueous solution was given. The Zeta potential values of the prepared ANFs suspensions are listed in Tab. 3. The ZP absolute values of the prepared ANFs under all conditions were greater than 40, which showed good stability and carried anionic charges. When the reaction temperature was 150°C and the reaction time was 1 h, SA/Ur with the molar ratio 1:2(150-1:2) showed the best stability. Their distribution index was greater than 1, combined with the particle size intensity distribution (Fig. 2), ANFs had polydispersity.
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Figure 1: Flow chart of sample preparation
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Figure 2: Fourier transform infrared spectra of ANFs. Note: (a) Among them, BP was the raw material, ANFS1 was the lignin-containing nano-cellulose in binary DES system, and ANFS4 was the product after the treatment of ternary DES system. (b) spectrum shows the difference between the two spectra
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Figure 3: TEM images ANFs: ANFs, fiber aggregates prepared by binary DES 10 (left); ANFs, fiber width 3 (lignin diameter < 100 nm (right)
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Figure 4: ANFs Particle size analysis under reaction conditions. Note: (a) 150°C/1 h, (b) 120°C/1 h, 120°C/2 h, (d) 100/1 h

The smallest nanoparticle was 50.7 nm, and the largest particle size was up to 1.2 μm, as shown in Fig. 2. The results show that some lignin reached nanometer level under the system of sulfamic acid, and the micron particle was due to the adhesion of lignin to form a large particle size. With the increase of reaction temperature, it was easier to obtain particles with smaller particle sizes, and the increase of reaction time also reduced the particle size. When the reaction condition was 120 °C/1 h, the molecular distribution curve was narrow and the particle size distribution was uniform.

3.5 XRD

Untreated feedstock at 22° corresponding to the (002) lattice planes. There were peaks at 16° corresponding to the (101) lattice planes and 34.8° corresponding to the (040) lattice planes, which are typical features of cellulose I. However, the preprocessing of the binary system weakened the peak at (002), the diffraction line peak was wide and scattered, grains smaller, and the crystallinity reduced. The crystallinity decreased from 79.31% to 68.53%, possibly because the amorphous dispersion of lignin affected crystallinity in the system. As shown in Tab. 4, a comparison of crystallinity of the ANFs obtained under different treatment conditions. As the reaction temperature increased, the crystallinity decreased. This finding can be interpreted as, with the introduction of DES solvent molecules into the lattice, large molecules that destroy cellulose also destroy the lattice. After introducing Lewis acid, the binary system was optimized, the separation of hemicellulose and cellulose was improved, and the original cellulose I crystal structure was well retained (Fig. 5). The ANFs obtained by ternary system treatment had peaks at 23° lattice planes and 17 lattice planes. Based on Jade software processing and crystallization index (CrI) calculations, the crystallinity constituted 80.32. The addition of chloride ions led to more van der Waals forces between molecules, which made the fibers more stable and regular. In contrast to the binary system, the ternary system had higher crystallinity.
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Figure 5: BP and ANFs X diffraction patterns. Note: SA/Ur1, SA/Ur2, SA/Ur3 100°C, 120°C, ANFs, under 150°C conditions SA/Ur2/Zn ANFs obtained under 150°C of ternary DES system

3.6 TGA

The thermal stability of the original material BP and ANFs is shown in Fig. 6. As can be seen from Fig. 6, BP degradation temperature starts from 180°C, and the highest mass loss rate is 22%. It shows that the initial reaction temperature of ANFS is 200°C, which is 20°C higher than the initial reaction temperature of the raw material BP, and reaches the maximum reaction rate at 255°C, which is 50°C higher than the maximum reaction rate of BP, and the reaction stops at about 300°C. Even if the temperature is further increased, the residual rate of TGA is almost unchanged. The Tmax of all ANFs between 200–240°C was higher than that of 180°C, which means that the thermal stability of ANFs after treatment was improved. The possible reason is that the hemicellulose with poor thermal stability was removed and the high content of lignin retained in the material. From the TEM image, it can be seen that the lignin covered with fiber formed a relatively stable carbon layer, which reduced the heat transfer efficiency. This supports the conclusion that the thermal stability was improved. ZnCl2 during pretreatment contributed to thermal stability. Higher thermal stability of the resulting samples may be due to the participation of Cl− in the reaction, so that the fiber formed a more stable network crosslinking structure.

[image: images]

Figure 6: TGA and DTG images of BP and ANFs

4  Conclusion

The acid deep eutectic solvent (DES) was synthesized by using low-cost and common chemicals, amino sulfonic acid (SA) and urea (Ur), for sulfation of bamboo residues (BP) after high-temperature saturated steam treatment to the residual value. This study demonstrated that the DES was able to destroy the hydrogen bonds between the cellulose. After mild mechanical treatment, lignin-containing nanocellulose (ANFs) could be obtained with a yield of up to 75%. The fiber in the ANFs is long and thin, with a width of about 3 nm. The ANFs produced by the binary system is easier to form aggregates. Under the ternary system of 10 nm, the distribution of ANFs fibers is more uniform, and some lignin particles reach nanometer level. The thermal stability of the ANFs obtained from binary DES is higher than that of the raw materials BP, and the crystallinity decreases with the change of crystal form; in ternary DES, addition of ZnCl2 maintains the fiber I structure, and improves the thermal stability of the ANFs which is better than that of the binary system. ANFS maintains the structure of the fiber I and has high crystallinity, good hydrophilicity, low density, good biodegradability and biocompatibility as well as stable chemical properties. A large number of hydroxyl groups are exposed on the surface of ANFS, which makes nanocellulose have great potential for chemical modification.
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Table 1: DES synthesis and pretreatment under different conditions

Sample SA:Urea: BP:DES (/°C) Reaction Frequency of  Ultrasound Suspension
ZnCl, (W/w) reaction time (/h) ultrasound (/w) time (/min) concentration
(molar temperature (/Wt%)
ratio)

1 1:2:0 1:10 150 1 800 10 1

2 1:3:0 1:10 150 1 800 10 0.75

3 1:4:0 1:10 150 1 800 10 0.5

4 1:3:0 1:15 150 1 800 10 0.5

5 1:3:0 1:20 150 1 800 10 0.5

6 1:3:0 1:10 120 1 800 10 0.5

7 1:3:0 1:10 120 2 800 10 0.5

8 1:3:0 1:10 100 1 800 10 0.5

9 1:3:0 1:10 150 1 600 15 0.5

10 1:3:0 1:10 150 1 500 20 0.5

11 1:3:0 1:10 150 1 800 10 0.5

12 1:3:0.2 1:10 150 1 800 10 0.5
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Table 3: Analysis and treatment ot Zeta potentials

Types ZP/(MV) Dispersant RI
150-1:2 —56.3 1.33
150-1:3 —45.2 1.45
120-1 h —45.4 1.43
120-2 h —45.5 1.39
100-1 h —45.1 1.57
ZnCl, —45.6 1.46
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Table 4: ANFs crystallinity mndex (Crl)

Types BP SA/Url SA/Ur2 SA/Ur3 SA/Ur2/Zn

CRI/% 79.31 68.53 60.00 58.27 80.32
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Table 2: DES Analysis results of pretreatment under different conditions

Sample  hemicellulose Cellulose Acid soluble Acid insoluble Total
(%) (%) lignin (%) lignin (%) lignin (%)
BP 16.08 39.40 2.28 38.86 41.14
150-1:2 4.60 41.13 2.01 40.06 42.07
150-1:3 4.30 42.63 1.72 36.31 38.03
150-1:4 4.30 43.52 1.61 35.03 36.64
120-1 h 4.19 44.77 1.55 35.01 36.56
120-2 h 3.04 41.92 1.65 35.02 36.67
100-1 h 3.95 42.85 1.62 35.27 36.89

ZnCl, 3.45 40.85 1.62 37.58 39.20
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