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Abstract: Straw utilization is a key issue related to agricultural production and air pollution control. In this study, a novel extrusion process was proposed to improve the physical and mechanical properties of the straw-reinforced linear low-density polyethylene (LLDPE) composite. Instead of crushing the straw and mixing it with plastic matrix, the new method mixes straw with plastic matrix in its original form. The intact long rice straws were parallelly spread on the LLDPE film and then rolled up together into a prefabricated roll. The rolls experienced three extrusion processes as follows: (1) twin-screw melting, cooling and crushing, single-screw extruding; (2) twin-screw melting and single-screw extruding; (3) directly single-screw extruding. The testing results showed that the straw/LLDPE composite (with a ratio of 6:4) prepared by Method (2) exhibited optimized properties. Characterization by scanning electron microscopy indicated that the damage to rice straw fibers was relatively minor, the orientation of long fibers was good, and the binding of fibers with the LLDPE matrix was excellent in this case. The results of dynamic mechanical testing (DMA), differential scanning calorimetry (DSC) and thermogravimetric (TG) analysis demonstrated that composites prepared by the new process exhibited significantly improved thermal stability and energy storage modulus, compared with those prepared by conventional processes (e.g., extruded straw particles/LLDPE composite). The new proposed method yielded significantly enhanced mechanical properties while reducing dust pollution.
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1  Introduction

As a large agricultural country, China is characterized by extremely abundant crop straw resources. Traditionally, straw is used as domestic fuel, organic fertilizer, or livestock forage [1]. Owing to the huge population migration from rural to urban areas over the past decades, the consumption of straw has experienced fundamental changes. This results in large quantities of straw being discarded in the fields. Meanwhile, crop straw utilization is limited by high recycling costs and a low level of industrialization development. As a result, illegal straw burning has been observed despite repeated banning, causing severe environmental pollution and waste of biomass resources [2,3]. Additionally, linear low-density polyethylene (LLDPE) has been widely applied in agriculture [4]. It is a hemicrystalline thermoplastic plastic with high weather resistance, good tear resistance, and excellent toughness. However, LLDPE has a short service life (3–4 months) and generates significant waste, causing serious harm to the environment and soil [5].

Composites prepared using wood fibers and plastic matrix are characterized by good performance [6–8] and have been widely applied in building materials, packaging, landscaping, and automobiles [9–12]. Thus, preparation of composites with good performances [13–16] by adding straw fibers into a thermoplastic polymer matrix might be a keyway of increasing crop straw utilization. Wang et al. [17] used wheat straw particles and HDPE as raw materials to prepare straw fiber/HDPE composites by hot pressing; Chen et al. [18] prepared a composite material by extrusion molding using the production of plastic benzylated wheat straw (BWS) and wheat straw particle as raw materials; Chai et al. [19] prepared a wheat straw/PLA composite with wheat straw particle, and polylactic acid as raw materials; Zabihzadeh et al. [20] prepared a composite with crushed rice straw and low-density polyethylene as raw materials. These composites presented better mechanical properties than their matrices. In most cases (both in lab experiments and practical application) of straw/plastic composite preparation, straw is crushed into fine particles and then blended with plastic pellets, followed by extrusion molding. This process is limited by severe damage to the straw and dust pollution. Additionally, the reinforcing role of long fibers is not exploited. In order to homogeneously mix long fibers and plastic matrix and fluently feed them into extenders, previous studies in our group developed a new extrusion process for preparing a composite consisting of long bamboo fiber bundles and plastic matrix and fluently feeding them into extenders. Specifically, long bamboo bundles were rolled up with PP film and sent into a single-screw extruder. Compared with conventional extruded bamboo powder/PP composites, the composites prepared by the proposed method contained bamboo fibers with large lengths and exhibited significantly enhanced mechanical properties [21]. After that, long rice straw/LLDPE composites were prepared in a similar way [22] and the optimized extruding temperature was determined. Nevertheless, the process and compounding mechanism have not been thoroughly investigated.

In the present article, this study is continued. The long rice straw/plastic film rolls experienced different processes before hardening into their final form. First, long rice straws were rolled using LLDPE thin films to obtain pre-fabricated rolls, which were then processed by three methods to develop straw/LLDPE composites: (1) twin-screw melting, cooling, and crushing; (2) twin-screw melting and single-screw extruding; (3) directly single-screw extruding. The performances of the composites were evaluated, and the principle of performance improvement was analyzed. An optimized extrusion process for preparing high-performance straw/LLDPE composites has been developed. This study would greatly contribute to the effective utilization of straw resources and facilitate the utilization of abandoned agricultural films.

2  Experimental

2.1 Materials

Rice straws (length = 70∼90 cm, bulk density = 0.035 g/cm3) were purchased from Yanshou County, Harbin, China. LLDPE films (thickness = 0.01 mm, density = 0.923 g/cm3) were purchased from Shanghai Runwen Packaging Material Co., Ltd. (Shanghai, China). Maleic anhydride-grafted polyethylene (MAPE, grafting ratio = 0.9%, density = 0.92 g/cm3) powder was purchased from Nantong Rizhisheng Fine Chemical Co., Ltd. (Nantong, China).

2.2 Preparation of Rice Straw/LLDPE Composite

After drying (moisture content < 3%), rice straws were laid in parallel on LLDPE film. Then, MAPE powder was homogeneously dispersed on the rice straws. LLDPE film and straws were rolled up together into pre-fabricated rolls. Finally, the rice straw/LLDPE composites were prepared using pre-fabricated rolls by three different processes.

(1)   The rolls were fed into the twin-screw extruder. They were brought into the extruder tube by the rotation of a twin-screw to generate a molten composite mixture. Once being cooled to room temperature, the mixture was crushed into granules, which were then sent to the single-screw extruder to prepare the rice straw/LLDPE composite (named as Process 1, compounding-crushing-single screw extrusion composite).

(2)   The rolls were fed into the twin-screw extruder and generated a molten composite mixture. Without crushing into granules, the cooled mixture was sent to the single-screw extruder to prepare a rice straw/LLDPE composite (named as Process 2, compounding-single screw extrusion composite).

(3)   The rolls were directly fed into the single-screw extruder. The composite was extruded into a rice straw/LLDPE composite (named as single Process 3, single screw extrusion composite).

The control rice straw/LLDPE composite was prepared by conventional extrusion method. First, dried rice straw particle (20–40 mesh), LLDPE pellets, and MAPE powder were mixed in a high-speed mixer, followed by a process similar to method (1). After compounded with the twin-screw extruder, the mixture was cooled and granulated. The granules were sent to the single-screw extruder to prepare rice straw particle/LLDPE composite (named as Control Process, straw particle composite).

The four composites had identical formulations: the mass proportion of rice straw, LLDPE film, and MAPE powder was 60%, 37%, and 3%, respectively. The cross-section size of the extruded lumber was 40 mm (W) × 4 mm (T). The processing temperatures of the single/twin-screw extruder were set at 135°C, 140°C, 140°C, 135°C, respectively, at each stage.

2.3 Performance Testing and Characterization

2.3.1 Size of Rice Straw Fibers in the Composite

Composite samples were immersed in a container containing xylene and heated in an oil bath at 130°C for 3 h. Then, the extracted fibers were dispersed in a 0.1% ethanol solution, followed by filtration and drying. The fibers were characterized by a polarizing microscope and the length of each fiber was measured by Image J. Each group gave 200 fibers for statistics of size distribution.

2.3.2 Tensile Performance

Dumbbell tensile specimens (length = 165 mm, width = 13 mm, thickness = 4 mm) were prepared and tested for tensile performance according to GB/T 1040.2-2006 Plastic Tensile Performance Measurement. The gauge distance was 50 mm and the loading rate was 5 mm/min. Each group consisted of six specimens.

2.3.3 Bending Performance

The bending performance of the composite samples was measured by the three-point bending method according to GB/T 1449-2005 Fiber-Reinforced Plastic Bending Performance Testing. The bending test speed was 2 mm/min, the span was 64 mm, and the specimen size was L 80 mm × W 13 mm × T 4 mm. Each group consisted of six specimens.

2.3.4 Impact Performance

The impact ductility of the composite samples was measured according to GB/T 1451-2005 Simply Supported Beam Test Method for Impact Ductility of Fiber-Reinforced Plastics. The size of a notchless specimen was L 80 mm × W 13 mm × T 4 mm. The impact energy was 2 J and the pendulum speed was 2.9 m/s. Each group consisted of six specimens.

2.3.5 Micro-Morphology

The rice straw/LLDPE composite was characterized by scanning electron microscopy (SEM). The specimens were broken in a brittle way after being frozen with liquid nitrogen, and the section was sprayed with gold. The accelerating voltage was set at 12.5 kV.

2.3.6 Dynamic Mechanical Test (DMA)

The mechanical properties of composites as a function of temperature were investigated by DMA. The testing temperature was in the range of −35°C–120°C, the heating rate was 3 °C/min, and the size of the sample was 35 mm long, 14 mm wide, and 4 mm thick. and the testing frequency was 1 Hz. Samples were loaded in tension under an N2 environment during the entire process.

2.3.7 Differential Scanning Calorimetry (DSC)

The composites were investigated by DSC. The samples were cooled from room temperature to −80°C and then heated to 200°C at a rate of 10 °C/min. The correlation of enthalpy changes of samples induced by changes in physical and chemical properties with temperature was determined. The samples were tested in an N2 environment during the entire process.

2.3.8 TG

The samples were heated from room temperature to 600°C at a rate of 10 °C/min. The mass variation during this process was measured by a TG analyzer. The entire testing process was performed under a nitrogen atmosphere.

3  Results and Analysis

3.1 Morphology of Fibers in the Rice Straw/LLDPE Composites

Fig. 1a shows the size distributions of the fibers retained in the composites prepared by Process 1. The straw experienced twin-screw extrusion, crushing into particles and single-screw extrusion. Compared with the other two long-fiber composites, the proposed composite exhibited maximum reduction of rice straw size. Fibers with lengths of 40–60 μm dominated, followed by those with lengths of 20–40 and 60–80 μm; each ratio of these fibers exceeded 20%. As shown in Fig. 1a, this extrusion process caused severe damage to the original straw as most were teared into particles with short length to diameter ratio.

[image: images]

Figure 1: Fiber length distribution and morphology of fibers in rice straw/LLDPE composites prepared by Process 1 (a), Fiber length distribution and morphology of fibers in rice straw/LLDPE composites prepared by Process 2 (b), Fiber length distribution and morphology of fibers in rice straw/LLDPE composites prepared by Process 3 (c)

Fig. 1b shows that more than 45% of fibers have lengths of 50–100 μm, and more than 25% of fibers have lengths of 100–150 μm in the composite prepared by Process 2. As is known, the length reduction of rice straw fibers decreased if no crushing step was involved after twin-screw extrusion. This extrusion process caused relatively minor damage to rice straw fibers, and most fibers maintained a slender shape; large-sized fibers can also be seen from the perspective of composite appearance (Fig. 2c). Hence, the absence of crushing helps to maintain fiber size.
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Figure 2: Rice straw/LLDPE composites prepared by four different extrusion molding processes: (a) Control Process; (b) Process 1; (c) Process 2; (d) Process 3

Composites prepared by only single-screw extrusion (Process 3) exhibited significantly larger sized fibers and some rice straw segments maintained their original morphology (Fig. 2d). Fibers with sizes of 100–150 μm dominated, followed by those with sizes of 150–250 μm; each category accounted for more than 20% (Fig. 1c). As observed, this extrusion process caused minimum damage to rice straw and most of them maintained relatively large aspect ratios and widths (Fig. 1c).

As observed, both twin-screw extrusion and granulation caused damage to the morphology of rice straw. Direct extrusion of pre-fabricated roll can maintain the morphology and size of straw to the greatest extent, thus theoretically exhibiting maximum reinforcement. However, the physical and mechanical properties of the composites are also affected by the plasticization of the LLDPE matrix and its combination quality with rice straw.

3.2 Mechanical Properties of Rice Straw/LLDPE Composite

Fig. 3 illustrates the effects of the extrusion process on the tensile performance, bending performance, and impact strength of the rice straw/LLDPE composite. Composites prepared by Process 2 exhibited optimized tensile strength (8.60 MPa) and bending strength (18.24 MPa). As mentioned earlier, Process 2 retained larger fibers with a higher aspect ratio in such composites compared to those composites prepared by Process 1 due to no crushing involved. Observed from the microstructure (Fig. 4c), it is found the fibers are closely bonded with LLDPE and well oriented in the composites, indicating a strong reinforcement.
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Figure 3: Mechanical properties of rice straw/LLDPE composites prepared by extrusion molding: (a) tensile performance; (b) bending performance; (c) impact strength
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Figure 4: Micro-morphologies of rice straw/LLDPE composites prepared by: (a) Control process, rice straw particle/LLDPE composite; (b) Process 1, twin screw compunding-crushing-single screw extrusion; (c) Process 2, twin screw compunding-single screw extrusion; (d) Process 3, single screw extrusion

In conventional extrusion processes, straw was in powder form and its fiber length was below the critical length. Hence, fibers serve as fillers instead of reinforcement in the composites [18–21]. Therefore, the rice straw powder/LLDPE composite exhibited relatively poor mechanical properties. Compared with the composites prepared by the other three processes, the composites prepared by single-screw extrusion (Process 3) exhibited the minimum tensile strength despite its maximum fiber length (Fig. 1c). This may be attributed to the short stay of the pre-fabricated roll inside the extruder, which leads to incomplete melting mixing with and wetting of straw fibers. As a result, rice straw fibers were heterogeneously distributed in the LLDPE matrix, resulting in degraded tensile performances. Same in the tensile case, Process 2 shows the greatest bending property (Fig. 3). The difference is that Process 3 shows greater bending property than Process 1 which is the control process. The larger size played the main role. Process 3 prepared the lumber with more long straw arranged parallel to the length direction (Fig. 2d). In bending property test, the stress direction was perpendicular to the length direction of the lumber. The long straw enhanced the flexural performance better than in tensile test. Thus, Process 3 shows bending resistance second only to Process 2.

The impact strength of composites improved significantly as the fiber length increased. This can be attributed to the larger contact area of long-fiber with LLDPE, extending its sliding paths in the matrix. Under impact stresses, long failure paths lead to increased energy consumption by fiber pulling out/fracturing, thus enhancing impact resistance. For Process 3, the weak binding interface and the void structure retained in the straw are conducive to the absorption of impact energy, so the impact strength of Process 3 is the largest.

3.3 Micro-Morphology of the Composites

The rice straw/LLDPE composite was characterized by SEM. As observed in Fig. 4a, straw particles were randomly distributed in the matrix and strongly bonded with the matrix in the straw particle/LLDPE composite. In the composite prepared by Process 1, several holes were left after breaking (Fig. 4b), suggesting that straw fibers were pulled out rather than broken and that reinforcement by fibers was not maximized. Fig. 4c shows a SEM image of the composite prepared by Process 2. As observed, rice straw fibers were homogeneously distributed and strongly bonded with the LLDPE matrix; fibers were fractured and most of them were well oriented. Additionally, such composites exhibited relatively large fiber sizes, suggesting that the absence of crushing leads to reduced damage to rice straw fibers. Well-oriented long fibers exhibited significant reinforcement in the composite, which is consistent with the trend of measured static mechanical properties (Fig. 3).

For Process 3 (Fig. 4d), despite the fact that straw fibers with relatively large sizes were retained, direct extrusion of the pre-fabricated roll leads to heterogeneous distribution and agglomeration of fibers in the matrix. Meanwhile, pores left in the matrix after fiber pulling out were observed, indicating poor interface binding between fibers and the LLDPE matrix. Nevertheless, long fibers interact with each other and the entangled structure extends pulling and sliding paths, resulting in the highest impact resistance of the straw/LLDPE composites.

3.4 Dynamic Mechanical Properties of Rice Straw/LLDPE Composites

According to Fig. 5, storage modulus (E′) of all composites decreased as the temperature increased. Among them, composites prepared by Process 3 exhibited minimum E′. This indicated the fact that single-screw extrusion alone leads to a degraded interfacial bonding strength between rice straw and the LLDPE matrix induced by incomplete melting mixing and fiber agglomeration [23]. Compared with the composites prepared by the other three processes, composite prepared by Process 2 exhibited maximum E′ under both low and high temperatures. This is consistent with the trend of measured tensile strength (Fig. 3a), demonstrating that the proposed process leads to optimized binding of straw fibers with LLDPE and the relatively long fibers serve as reinforcement in the composite (Fig. 1b). Loads applied to the straw/LLDPE composites can be effectively transferred to rice straw fibers via the strong interface so that the fibers effectively share the loads, which are reflected as large rigidity and increased energy storage modulus of the composite [24–26].
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Figure 5: DMA curves of rice straw/LLDPE composites: (a) energy storage modulus; (b) loss factor

The loss factor (tanδ) of the composite is defined as the ratio of loss modulus and energy storage modulus. Among composites prepared using pre-fabricated roll, the composite prepared by Process 2 exhibited a minimum loss factor, indicating reduced inelastic deformation and increased rigidity (Fig. 5b); the composite prepared by Process 3 exhibited a maximum loss factor, indicating increased viscous deformation and good flexibility (Fig. 5c). Compared with long-fiber composites, rice straw particle/LLDPE composites exhibited maximum loss modulus and significant viscosity. Both of its E′ and tanδ shows increase in variation around 40°C, implying the small particles could not remain their reinforcement as good as other long straw fibers.

3.5 DSC of Rice Straw/LLDPE Composite

It can be found from Fig. 6 that LLDPE makes a small shift around 30°C and continues slowly until a large melting peak appears. Thus, at temperatures below 30°C, rice straw particle/LLDPE composites exhibited high E′, but quickly decreased while the temperature gone up. This decrease can be attributed to its small size of straw particles which has less inhibition on matrix deformation. As a result, the LLDPE characteristics were enhanced as the temperature increased.
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Figure 6: DSC curves of rice straw/LLDPE composites prepared by extrusion molding

According to DSC curves (Fig. 6), melting peaks are present at 120.47°C, 122.55°C, 121.73°C, and 118.99°C in the spectra of composites prepared by the control process, Process 1, Process 2, and Process 3, respectively. These temperatures are close to the melting temperature of LLDPE (122.9°C), suggesting that the endothermic peaks of the composites in this region can be attributed to the melting of LLDPE [22].

Compared with composites prepared by other processes, composites prepared by Process 2 (Fig. 2c) exhibited broader and higher melting peaks and maximum enthalpy of melting. This can be attributed to the increased contact area of fiber and LLDPE caused by the relatively large size of rice straw fibers (Fig. 1b). There are micropores among fibers and between the fibers and the matrix (Fig. 4c), which affects heat transfer. In addition, fibers of Process 2 are homogeneously distributed in the composites and strongly bond with the LLDPE matrix, resulting in a strong inhibition. Hence, heat consumption during melting of the proposed composite increases, resulting in increased thermal resistance [27]. Followed by the composites prepared with Process 3 (Fig. 2d), it also exhibited relatively high melting enthalpy. This can be attributed to the presence of the largest fiber sizes, which remained in straw cavities and cell pores in the composites (Fig. 1c). These characteristics make the composite absorb and store more heat, impeding the melting of the LLDPE matrix. For conventional rice straw particle/LLDPE composite, it exhibited the lowest melting enthalpy (Table 1), which can be attributed to the crushing of long fibers into 40-mesh powder. As a result, fiber cavities and cell pores were damaged, and the powder could barely withstand the thermal stress. For this reason, the composite exhibited poor thermal stability.
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Fig. 7 shows the DTG and TGA curves of LLDPE, rice straw particle, and long rice straw composites prepared by extrusion molding, respectively. As observed, LLDPE exhibits one degradation zone, while the rice straw/LLDPE composite exhibits three degradation zones. The first degradation zone of rice straw powder is below 100°C and it is dominated by the volatilization of water and other small molecules in straw fibers. The second degradation zone of rice straw particles is in the range of 280°C∼350°C and it is dominated by severe degradation. For the composites prepared by pre-fabricated roll, degradation at temperatures below 100°C is not significant, while the mass loss at 230°C∼380°C is significant. This can be attributed to the degradation of cellulose and hemicellulose that existed in rice straw fibers [28–30]. The third degradation zone is 380°C∼600°C and it is dominated by the degradation of LLDPE components.
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Figure 7: (a) TGA curves of rice straw/LLDPE composite prepared by extrusion molding; (b) DTG curves of rice straw/LLDPE composite prepared by extrusion molding

The pyrolysis temperature of composites is significantly higher than that of rice straw, which can be attributed to the coating structure of LLDPE on rice straw. In addition, after experienced the thermal processing, part the small molecules in the rice straw have been pyrolyzed and volatilized. Compared with the unheated straw, the straw contained in the composite has better pyrolysis resistance. Compared with Process 1, involving crushing, Process 2 presented maximum initial decomposition and maximum thermal degradation temperatures (465.03°C). This can be attributed to the excellent interfacial binding and long rice straw fibers that remained (Fig. 1b), which led to increased contact area of fiber and matrix and the development of a compacted yet stabilized carbon layer on the LLDPE matrix. In this case, melting of the composites requires more thermal energy, resulting in inhibited pyrolysis. However, composites prepared by Process 3 still exhibited significantly high thermal stability at 0°C∼430°C. This can be attributed to the large rice straw fibers in the composites (Fig. 1c), which hinder heat flow or recombination of polymers in the matrix; complete cell pores and straw cavities favor energy storage. Therefore, this kind of composite exhibited high thermal stability.

4  Conclusions

In this study, rice straw/LLDPE composites were developed by extrusion molding with long rice straw as the reinforcement and LLDPE as the matrix. The rice straws were first rolled up with LLDPE film and then experimented with different extrusion processes. The mechanism of the extrusion molding process and its effects on composite performance were discussed. The following conclusions can be drawn:

(1)   Extrusion molding of long-fibers was achieved by an extrusion molding process with a pre-fabricated roll as the raw material. Characterization by SEM revealed that twin-screw melt compounding-single-screw extrusion molding caused relatively minor damage to rice straw fibers and the long fibers with good orientation in the composite played a better reinforcing role. Indeed, composites prepared by the proposed process exhibited maximum tensile strength (8.60 MPa) and bending strength (18.24 MPa).

(2)   Owing to twin-screw melt compounding-crushing–single screw extrusion process, straw were crushed into fine fibers, indicating severe damages. Hence, the absence of crushing helps to maintain the morphology and size of fibers.

(3)   Direct single-screw extrusion of pre-fabricated roll caused minimal damage to rice straw and some straws even maintained their original morphology. This, however, did not result in the best mechanical performance.

(4)   DMA curves indicated that composites prepared by twin-screw compounding and single-screw extrusion exhibited the highest energy storage modulus under both low and high temperatures, as well as a minimum loss factor, indicating reduced viscous deformation and increased rigidity. Composites prepared by single-screw extrusion of pre-fabricated rolls exhibited maximum loss factor, showing increased viscous deformation and good flexibility.

(5)   DSC and TG curves revealed that processing methods involving no crushing can generate rice straw/LLDPE composites with high thermal stability. Additionally, a strong binding of long fibers with matrix is essential for excellent mechanical properties and thermal stability of rice straw/LLDPE composites.
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Table 1: Melting temperature, and melting enthalpy of rice straw/LLDPE composites prepared by extrusion
molding

Sample 7, (°C) AH,(J/g)
Control process 120.47 30.51
Process 1 122.55 31.62
Process 2 121.73 46.97
Process 3 118.99 39.24

LLDPE 122.90 113.1
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