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Abstract

:

The research on the development of lunch boxes made of clean, environment-friendly, and naturally degradable plant fibers has attracted enormous attention. A bamboo fiber lunch box prepared by the clean and efficient steam explosion method has the advantages of good stiffness, water and oil resistance, and easy degradation. The purpose of this study was to investigate the degradation behavior of the environment-friendly bamboo fiber lunch box under indoor soil burial, as represented by the changes in physical properties, mechanical strength, chemical components, morphological structure, and so on. The results showed that: with the extension of the burial time, the weight loss increased rapidly from slowly to quickly; the boxes were completely degraded in the soil on the 70th day; the microorganisms in the soil first decomposed the tapioca starch, hemicellulose, and cellulose in the lunch box, and finally decomposed the lignin; the residual debris in the soil was further decomposed into CO2, H2O, and inorganic salts. In short, the degradation process of the lunch box mainly included the following stages: stage I: the increase in apparent roughness, the generation of microcracks, the rapid increase in weight loss, and the breakdown of starch and hemicellulose; stage II: the slow increase in the weight loss rate of the box fragmentation, the rapid decay of the mechanical strength, and the cellulose decomposition; stage III: the decomposition of lignin, the complete degradation of the debris, and the integration with the soil.
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1. Introduction


The annual sales and the growth rate of disposable lunch boxes continued to increase in the 20th century due to their advantages of convenience and low price. They are widely used in the fields of groceries, packaging and distribution, and high-speed train meals. In 2019, the consumption of disposable plastic lunch boxes in China exceeded 40 billion [1], and considering the surge in the number of takeaway orders under the global COVID-19 epidemic, the demand for disposable lunch boxes may increase significantly in the future [2]. The plastic lunch box is light and inexpensive, but it is not easy to decompose and its natural degradation may take hundreds of years [3]. When these lunch boxes are discarded and exposed to the natural environment, they gradually decompose into pieces of smaller sizes, such as microplastics (0.1 μm to 5 mm) and nanoplastics (<0.1 μm), which are continuously transferred from land to rivers, lakes, and oceans, and eventually enter the food chain, threatening the biological health and the ecological environment [4,5,6,7,8]. Since the gradual emergence of the problem of disposable plastic lunch boxes, many countries and regions have successively promulgated “plastic restriction” and “plastic ban” policies. Developing and using environmental-friendly and degradable lunch boxes are important to replace the disposable plastic boxes and to improve the ecological, environmental protection, and economic values [9].



At present, the most common lunch boxes are lunch boxes made of biodegradable plastic, paper pulp, plant fiber, starch, and so forth. Among these, the mainstream are boxes constructed of plant fibers and synthetic polyesters, such as polylactic acid (PLA) and polycaprolactone (PCL) [10,11,12]. The plant fiber lunch box is an environment-friendly lunch box with a certain strength and easy degradation. It is made of natural plant fibers such as bamboo fiber, bagasse, rice husk, straw, hemp fiber, and coconut shell. However, most natural plant fibers have strong hygroscopicity and poor mechanical properties [13]. While making lunch boxes, they are usually supplemented with water and oil repellents, plastic coatings, sizing, and modification methods [14,15,16] to improve their performance, in terms of anti-penetration, temperature resistance, stiffness, and appearance quality. However, adding industrial additives, coatings of waxy layers, and toxic substances such as plasticizers, heavy metals, paraffin, fluorescent agents, and calcium carbonate are not conducive to rapid degradation after disposal. The migration of degradation products also has adverse effects on the human body and the soil environment [17]. Synthetic polyester lunch boxes include degradable lunch boxes made of PLA, PHA (polyhydroxyalkanoates), PBAT (poly butylene adipate-co-terephthalate), and so forth. For example, PLA lunch boxes are made of biomass raw materials such as corn, sugarcane, sugar beet, and other fermentation products. They have high strength and good stability. However, the molecular structure of the polyester materials is stable, and the degradation cycle in the soil is long. Some studies have shown that the degradation takes at least 4 months or even longer [18,19].



Many studies were conducted on the soil burial degradation of degradable plant-based utensils. Ferreira et al. [20] investigated biodegradable trays made of cassava starch mixed with sugarcane bagasse and supplemented with different mass fractions of cornhusk, malt bagasse, or orange bagasse, and concluded that trays containing more than 20% orange bagasse were completely degraded in terms of weight loss rate within 60 days. Buxoo et al. [21] used pineapple peel, orange peel, and Mauritius hemp as raw materials to produce biodegradable disposable paper cups, and found that the 40:60 hemp-pineapple peel composite cup was completely biodegraded in the soil and sand environments within 5 and 6 weeks, respectively, in terms of weight loss rate. Although the plant-based utensils are easy to degrade, the mechanical properties are not as good as the polyester utensils, where the latter has a longer degradation time. Bamboo has excellent flexibility and toughness properties at the macro level and bamboo fiber has high strength mechaical properties, a slimming ratio, and a lower microfibrile angle (MFA = 10°) [22,23]. The bamboo fiber lunch box is mechanically strong during service, demonstrating a unique balance between durability and degradability, which neither polyester lunch boxes nor pulp lunch boxes can provide. Some studies used plant fibers laminated with biodegradable polyesters to explore their degradation properties in the soil, including mechanical resistance, micromorphology, and weight loss, and degradation mechanism affected by environmental factors and the structural characteristics of fibers [24,25,26,27]. To sum up, no studies have been performed on bamboo fiber lunch boxes with degradability expressed in terms of weight loss, physical properties, chemical composition, and so on.



In this study, the environment-friendly bamboo fiber lunch box was made by mixing the bamboo fiber and a small amount of tapioca starch, with no additives added. This study provided a thorough description and complete image of the lunch boxes’ degradation process, including physical and mechanical properties, chemical components, and morphological structure. In addition, the soil degradation law provided a scientific basis for the natural degradation and the secondary value-added use of lunch boxes.




2. Materials and Methods


2.1. Materials


The environment-friendly bamboo fiber lunch box was made from 2- to 3-years-old bamboo (Bambusa pervariabilis McClure × Dendrocalamopsis daii Keng f.) grown in Chongqing province, China. First, natural bamboo fibers with a diameter of 0.03–0.4 mm and a length of 10–250 mm were obtained when the raw bamboo was cut and broken, softened to obtain loose fibers, washed and bleached, dewatered, and dried. Second, bamboo fibers were steamed and combined with a tiny amount of tapioca starch in a 97:3 mass ratio. Tapioca starch was used to fill gaps caused by the uneven distribution of bamboo fibers during the molding process, as well as to increase the lunch box’s leak-proofing and strength. Third, the method of coarse and fine grinding was used to form a pulp with a beating degree of 37 ± 2° SR. Finally, the pulp was vacuum-filtered and molded at a temperature of 140 °C for 3 min. The weight of the lunch box was about 20 g, and the load-bearing was more than 300 N. Figure 1 shows the production process for the bamboo fiber lunch box and the nutrients provided to the bamboo forest after degradation.




2.2. Disintegration and Biodegradability


According to the method “C soil landfill test” in the national standard GB/T 19275-2003 “Evaluation of the potential biodegradation and disintegration ability of materials under the action of specific microorganisms” [28], the degradation performance of the lunch box was determined. The square-sheet-shaped sample (3 × 3 cm2) and the dumbbell-shaped sample (refer to the 5-type sample in GB/T 1040.3-2006 [29]) were buried in loose soil 5 cm below the surface layer. The soil was collected from the pastoral soil in the Huimin area, Binzhou, Shandong province, with a relative humidity of 70–90%, pH of 7–8, and temperature of 22–25 °C. The sample was taken out during the corresponding period, and the soil moisture was maintained at 70–90% by watering throughout the process, while the room temperature was maintained at 22–25 °C. The soil from the specimen’s surface was removed and the sample was dried in an oven at 103 °C until completely dry.



Five square-sheet-shaped blank samples were taken, baked at 103 °C until they were absolutely dry, and placed under 0% humidity for 1 week. The average weight was taken as Mi. The dried sample was taken out every 7 days and weighed as Mf, and the weight loss rate was calculated using Equation (1) [30].


Weight loss (%) = (Mi − Mf)/Mi × 100%



(1)








2.3. Tensile Properties


The mechanical properties of the samples in different degradation stages were tested using a universal mechanical testing machine (MTS Systems, Co., Ltd., Beijing, China). The tensile strength of the samples was tested according to GB/T 1040.3-2006 [29]. Dumbbell-shaped specimens, 115 mm long, 25 mm wide, and 0.6 mm thick, were stretched at a rate of 2 mm/min until they fractured. Each group of samples was tested five times in parallel, and the average value was taken.




2.4. Scanning Electron Microscopy


The dried square flake samples were taken in the corresponding degradation stage, and macro-degradation images were obtained.



The microstructure and morphology were observed using a scanning electron microscope (FE-SEM, XL30, FEI, USA) to understand the changes in surface morphology. Before the test, the samples were dried and observed after coating with gold at 1000× magnifications, corresponding to 10 µm.




2.5. Thermogravimetric Analysis/Derivative Thermogravimetry (TGA/DTG)


A thermogravimetric analyzer (TA Instruments, NJ, USA) was used to determine the thermal stability and degradation of the lunch box in different degradation stages. The sample, weighing approximately 5 mg, was heated in a crucible. The test atmosphere was N2, the heating rate was 10 °C/min, and the reaction temperature was 50–600 °C.




2.6. Fourier Transform Infrared Spectroscopy (FTIR)


The samples in different degradation stages were dried and ground with potassium bromide at a ratio of 1:100. The wavelength ranged from 4000 to 400 cm−1, and the number of scans was 32 (VERTEX 80 V, Bruker, Germany).




2.7. Chemical Composition


Chemical composition determination was conducted using the Van Soest method [31]. The undissolved residue from boiling plant-based feeds with neutral detergent was neutral detergent fiber (NDF), comprising primarily cell wall components such as cellulose, hemicellulose, lignin, and silicate. Acid detergent was used to treat the plant-based feed, and the waste was acid detergent fiber (ADF), which contained cellulose, lignin, and silicate. The residue of ADF after 72% sulfuric acid treatment comprised lignin and silicate, and this residue was deducted from the ADF value to determine the cellulose percentage of the feed. The acid detergent lignin (ADL) content of the residue after 72% sulfuric acid treatment was determined with the fraction that escaped during ashing. The samples from each degradation date were crushed into a 60-mesh powder, dried, and prepared for use. The test was repeated twice, with the findings averaged.


Cellulose content = ADF (%) − (ADL + ash);










Hemicellulose content = NDF (%) − ADF (%);










Lignin content = residue (%) − ash (% silicate).












2.8. X-ray Diffraction (XRD)


Determining crystallinity is an approach for understanding the effect of weathering on wooden materials [32]. The relative crystallinity of the bamboo lunch box was measured with an X-ray diffractometer (Bruker, Karlsruhe, Germany) under the following conditions: X-ray tube, copper target; voltage: 40 kV; current: 40 mA; scanning speed: 5°/min; step size: 0.02°. The sample powder (60 mesh) was pressed into thin slices at 30 ± 2 °C and then scanned from 5° to 60° in the reflection mode of the XRD. According to the peak intensities at 2θ = 22° and 18°, the relative crystallinity was calculated using Segal’s empirical method (Equation (2)) [33]:


  C r I % =  (   I  002   −  I  a m    )  /  I  002    



(2)









3. Results and Discussion


3.1. Weight Loss


Figure 2 shows the weight loss of the bamboo fiber lunch box in the soil over time. The weight loss rate increased in the first 21 days, from 10.7% on Day 7 to 25.9% on Day 21. This could be due to the loss of the bound water in the sample due to the interaction between the environment and microorganisms, as well as the fact that such easily decomposed components with high hygroscopicity, such as tapioca starch and hemicellulose, were decomposed by microorganisms [34].



From Day 21 to Day 34, the weight loss rate increased and was 28.1% (Day 34). At this time, the decay of the lunch box sheets by the microorganisms showed a delay. On the one hand, the microbes tried to adapt to the environment and utilize the films as the sole carbon source to grow and multiply. This stage could be referred to as the lag phase and the logarithmic growth phase of the microbes [34]. On the other hand, the decay was relatively slow due to the tight structure of bamboo fibers.



The weight loss rate increased from Day 34 to Day 56: 32.1% (Day 42), 36.6% (Day 49), and 41.6% (Day 56) because microorganisms formed a dense and stable biofilm at this time. The loss of moisture-absorbing and decomposing substances led to the formation of a loose interwoven structure of bamboo fibers, making the fibers more prone to breakage and increasing the pore size in the sheets. The fragments of the boxes became dispersed in the soil and were assimilated by microorganisms until they vanished after 70 days. Compared with other plant-based utensils [21,35], the deterioration time was similar.




3.2. Macroscopic Images


Figure 3 shows the visual changes in the degradation of the lunch box. The initial photo of the degradation was a complete square. The surface of the sample became rough after 14 days of degradation, and the diffuse reflection increased [36,37], resulting in a deepening of the color of the flakes. In addition, the local yellowing phenomenon occurred due to the combined action of water molecule penetration during soil burial and microorganism reproduction on the sample surface [38]. The flakes became moldy and black as the degradation time (49 days) increased due to soil attachment and microorganism metabolism. The square-shaped lunch box specimens were irregular in shape on the 56th day of degradation due to the disintegration of the fiber matrix or its shedding in the soil. The lunch box had entirely decayed by the time it was buried for 70 days. On day 70, only bits and pieces of the debris from the lunch boxes were visible in the soil and could not be photographed.




3.3. Tensile Strength


Figure 4 shows the tensile strength of the lunch box with different degradation times. As the mechanical strength of the lunch box was close to 0 after the 21st day, a relatively concentrated sampling was carried out in the early stage of degradation to observe the changes in mechanical strength. As shown in Figure 4, with the increase in burial time, the tensile strength showed a decreasing trend from slow to fast, which was as follows: 44.5, 40.8, 37.9, 24.9, 20.3, 17.9, 16.9, and 9.4 MPa. The tensile strength decreased slowly in the early stage of degradation. On the one hand, the microorganisms displayed an adaptation process in the early stage of degradation. This was consistent with the results of color darkening caused by microbial activity on the surface of the specimens [39]. On the other hand, the decomposition of the tapioca starch, hemicellulose, and connecting fibrils did not affect the strength of the entire fiber matrix. The rapid decline in mechanical properties in the later stage was attributed to a significant increase in interfiber voids, weakening of fiber adhesion, debonding of the fiber as a whole, and decay and rupture of the fibers due to the decomposition of the main chemical components [40].




3.4. Thermal Property


The thermal properties of samples after the soil burial test are presented in Figure 5. Figure 5a shows the weight loss curve for the lunch box with temperature. The process had three main stages. The first stage of the weight loss was dependent on the temperature ranging from 50 °C to 200. This stage was attributed to moisture evaporation from the sample, and the chemical composition was basically unchanged [41]. The first stage of degradation showed a loss of around 10% of the initial weight. The temperature in the second stage was 200–500 °C, which was the main weight-loss stage of pyrolysis, including the decomposition of hemicellulose, lignin, and cellulose [42]. The second stage of degradation showed a loss of more than 70% of weight. The third stage represented the end of thermal degradation and ensured that all the components of fibers were thermally degraded at temperatures beyond 600 °C, and the final remaining mass reached 20% as ash and char content [43]. Figure 5b depicts the DTG curve, which represents the variation in the weight loss rate with time, and the horizontal coordinate corresponding to its trough is the temperature point with the greatest weight loss.



Table 1 shows the curve of the thermal decomposition rate of the lunch box with temperature in different degradation stages. The onset degradation temperature (To) was defined as the 1% weight loss drawn from the TG curves after 200 °C, and the residual mass at 600 °C was weight loss (%) at endset temperatures [44]. The temperature Tm at which the weight loss rate was greatest was represented by the temperature corresponding to the trough. The thermal degradability of hemicellulose and lignin was in the temperature range of 200–300 °C and 300–450 °C [45]. As shown in Table 1, with the increase in time of the soil burial test, To decreased from 231.5 °C to 184.9 °C, as a result of the decomposition of hemicellulose and tapioca starch that were less stable and that easily absorbed the moisture. With the prolongation of the degradation time, Tm increased continuously, from 367.3 °C to 373.8 °C. This was because hemicellulose and cellulose degraded first, the content of lignin with a higher thermal decomposition temperature increased, and the temperature increased. The residual mass at 600 °C, that is, the ash mass after the fiber has been burned, tended to increase over degradation time, which also indicated that the chemical components of the bamboo fiber died continuously during the degradation process, resulting in a higher residual mass.




3.5. Chemical Composition


Figure 6a shows the infrared spectrum of the lunch box before and after degradation. Figure 6b shows the corresponding specific content changes in cellulose, hemicellulose, and lignin. The infrared spectrum showed that the types and positions of the absorption peaks did not change significantly, but the intensities of all absorption peaks were weakened to a certain extent with the prolongation of degradation time. On the 14th day of soil burial (stage I), a slight decrease in peaks at 3350 cm−1, 2900 cm−1, 1060 cm−1, and 615 cm−1 was observed, indicating that substances with hydroxyl, aliphatic, β-glycosidic, and polysaccharide regions began to degrade, respectively. The corresponding assignments of these functional groups were cellulose and hemicellulose [46]. This was consistent with the conclusion that the contents of cellulose and hemicellulose, as shown in Figure 6b, also decreased slightly, and the relative content of lignin increased. It was speculated that the initial stage of degradation (Day 14) was mainly the degradation of cellulose and hemicellulose. The initial microbial response to lignin was not strong [47].



Beginning on the 42nd day of soil burial (stage II), persistently weaker peaks were observed at 3350 cm−1, 2900 cm−1, and 1060 cm−1 in the infrared spectrum, indicating that, from the 14th day to the 42nd day, more hemicellulose was degraded. The content of hemicellulose, as shown in Figure 6b, also decreased from 10.3% to 9.1%. At this time, the relative content of lignin also decreased from 17.3% to 11.7%. The infrared spectrum showed that the peak intensity at 1600 cm−1 and 1510 cm−1 (lignin aromatic skeleton vibration) decreased [48]. The non-crystalline region of cellulose was easily decomposed, and when amorphous substances in cellulose were dissipated, the cellulose content decreased slightly from 64.2% to 63.4%.



On the 56th day of degradation (stage III), an increase in peaks at 1640 cm−1 (aromatic ring) and 1260 cm−1 (aryl ether or phenol) was observed in the infrared spectrum [49] mainly due to the later degradation of lignin. More aromatic structures and aromatic compounds appeared after lignin started to degrade. At the same time, most of the peak intensities in the hydroxyl, aliphatic, and polysaccharide regions continued to decrease, and the relative content of hemicellulose greatly reduced to 8.7% on the 56th day. After the rapid degradation of lignin as the main cross-linking substance and the continuous decomposition of hemicellulose, the material of the bamboo fiber lunch box gradually decomposed into small fragments.




3.6. Relative Crystallinity


In the early stages, degradation occurred easily in the amorphous regions of the lunch box, which included tapioca starch, hemicellulose, and amorphous regions of cellulose. Macroscopically, the relative crystallinity increased. Figure 7 shows that the relative crystallinity of the lunch box increased from 40.56% on Day 0 to 42.19% on Day 14. However, in the later stage, the crystalline regions interacted with the water and microorganisms. More specifically, the decomposition of the cellulose at the molecular level was achieved by either enzymatic activity (proteolysis) or fission by water molecules (hydrolysis) [40]. The cellulose molecular chain was degraded to a certain extent, the interaction between molecules decreased, and the degradation site gradually transitioned to the crystallinity area, destroying the main structure of the fibers. The crystallinity showed a downward trend; it decreased to 40.45% on the 42nd day and 34.04% on the 56th day.




3.7. Microscopic Appearance


The scanning electron microscopic images in Figure 8a reflect the changes in the surface microscopic morphology of the lunch box during different degradation periods, showing the process from the smooth surface on Day 0 to the fiber breakage on the 56th day. The following description can be seen in Figure 8a at the red arrows and circles. A large number of connecting filaments were found between the fibers of the lunch box on Day 0. The fibers closely overlapped, and the surface was dense and smooth. On the 14th day of degradation, the connecting fibrils between the fibers began to break, the overall surface of the fibers became rough, and the number of interstices between the fibers increased. On the 42nd day, some broken fibers protruded from the surface, and the roughness further increased. Cracks and pits appeared on the lamination surface formed after molding, which had a greater impact on the strength of the sample. On the 56th day, different types of holes and grooves appeared on the fiber matrix. The fibers were dispersed as a whole, the entanglement points were greatly reduced, and fiber breakage was common.



Figure 8b shows the microscopic degradation process of the lunch box. The lunch box was susceptible to moisture in the initial stage of degradation, as evidenced by the diffusion of large amounts of free water into the pores of the three-dimensional-mesh-interwoven structure composed of bamboo fibers, as well as onto the microfibrils and cassava starch linkage areas. Moisture traveled through the aforementioned capillary structure, where it was bound by hydrogen bonds and van der Waals forces [50,51]. It then continuously absorbed moisture and swelled in amorphous areas such as hemicellulose, resulting in surface hydrolysis [52,53]. Under the action of moisture and heat in the soil, microcracks were generated around the fibers after swelling, which led to structural plasticization and performance degradation.



After long-term exposure to the soil environment, the microorganisms in the soil interacted with the natural fibers mechanically, chemically, or enzymatically [54]. Microbes absorbed starch, polysaccharides, and other nutrients from the bamboo fiber lunch box, and then released mucus substances (mostly polysaccharides and proteins) that stuck to the surface of the lunch box. On the one hand, these mucous substances helped establish a rich biofilm on the surface of the lunch box, enrich the flora, and accelerate the decomposition. On the other hand, they could penetrate the inner interwoven structure of the lunch box together with microorganisms, changing its volume size, pore distribution, and moisture content [55].



Under the combined action of water, heat, and mycelial growth, the lunch box was gradually depolymerized into smaller oligomers and monomer molecules. As microorganisms multiplied, produced enzymes, and extended their mycelia, the number of pores within the bamboo fibers increased. In addition, the fiber matrix expanded, ruptured, and became fragmented. At the same time, the volatilization of small-molecule products also caused an increase in the number of pores. The formed pores accelerated the diffusion of oxygen and enzymes and also debris generation, finally generating CO2, H2O, inorganic salts, and so forth [27].





4. Conclusions


Using an environment-friendly bamboo fiber lunch box made by steam explosion, the degradation performance and mechanism were explored by indoor buried soil degradation. The main conclusions of this study were as follows:




	(1)

	
The environment-friendly bamboo fiber lunch box displayed excellent degradation performance via buried soil degradation. It initially fragmented on day 42 and completely degraded in the soil on day 70. As a product, it had a strength of 44.5 MPa. Durability and easy degradability were combined in the bamboo fiber lunch boxes.




	(2)

	
The degradation mechanism of the soil burial of the lunch box could be roughly divided into three stages: First, the fibers swelled as a result of water and heat in the environment, and the connecting fibrils and tapioca starch dissolved, resulting in a rapid decline in the weight loss rate and mechanical strength. Second, the microorganisms formed rich biofilms, the mycelium expanded, and the substances such as acids and enzymes were secreted to decompose the fibers into oligomers, which were manifested by the decomposition of hemicellulose, cellulose, and other substances and by a gradual decline in the thermal stability. Finally, the residual debris in the soil was gradually decomposed under the action of microorganisms.
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Figure 1. Preparation and degradation of an environmental-friendly bamboo fiber lunch box. 
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Figure 2. Weight loss of environment-friendly bamboo fiber lunch box in different degradation stages. 
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Figure 3. Macroscopic images of environment-friendly bamboo fiber lunch box in different degradation stages. 
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Figure 4. Tensile strength of environment-friendly bamboo fiber lunch box in different degradation stages. 
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Figure 5. Thermal properties of environment-friendly bamboo fiber lunch box in different degradation stages: (a) TG; (b) DTG. 
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Figure 6. Infrared spectrum and three-element content images of environment-friendly bamboo fiber lunch box in different degradation stages: (a) infrared spectrogram; (b) three-element content. 
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Figure 7. Relative crystallinity of environment-friendly bamboo fiber lunch box in different degradation stages. 
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Figure 8. Microscopic images of environment-friendly bamboo fiber lunch boxes in different degradation stages: (a) microscopic images; (b) microscopic degradation process of the bamboo fiber lunch box. 
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Table 1. Main thermal performance parameters of environment-friendly bamboo fiber lunch box in different degradation stages.
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	Burial Time

(Day)
	To

(°C)
	Tm

(°C)
	Residual Mass

(%) @600 °C





	0
	231.5
	367.3
	12.5



	14
	220.7
	368.8
	13.2



	42
	211.8
	371.7
	14.4



	56
	184.9
	373.8
	18.2
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