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Abstract

:

In recent years, numerous researchers have incorporated plant fibers into polymers to alter the thermal and mechanical properties of materials. Grapevines, considered agricultural waste, have led to burdens for farmers and environmental challenges due to their mass production. This study aims to reduce the brittleness of polylactic acid (PLA) by adding polybutylene succinate (PBS) as a toughening agent and employing grapevine fiber (GVF) as a biomass filler. Additionally, the influence of GVF, toughening agents, compatibilizers, and lubrication agents on the tensile strength, heat deflection temperature (HDT), and impact strength of the composites was examined. The findings revealed that the addition of 10% GVF and 5% PBS increased the impact and tensile strengths of PLA from 17.47 J/m and 49.74 MPa to 29.7 J/m and 54.46 MPa, respectively. Moreover, the HDT of the composites exceeded 120 °C when the GVF content was more than 40 wt%. Additionally, the inclusion of a compatibilizer and a lubrication agent enabled the composite containing 30% GVF to achieve tensile and impact strengths of 45.30 MPa and 25.52 J/m, respectively. Consequently, these GVF/PLA green bio-composites not only improve the mechanical and thermal properties of PLA but also promote the reuse of waste grapevines.
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1. Introduction


Food is an essential global resource, garnering significant attention from the United Nations. However, the substantial amount of agricultural waste generated from food cultivation remains a concern. The global volume of solid waste has significantly increased due to factors such as rapid population growth, accelerated urbanization, growing agricultural demand, and industrial expansion. The world’s population is anticipated to reach 8.5 billion by 2030, by which solid waste generation is projected to hit 2.59 billion tons [1,2] Moreover, this figure is expected to double by 2050, reaching 4 billion tons [3]. Such an increase will further strain the already challenged environmental and climatic conditions. As a result, the development of methods for recycling solid waste is becoming increasingly urgent. In addition, the improper disposal of agricultural waste contributes to the production of greenhouse gases such as carbon dioxide, nitrous oxide, and methane, which pose threats to both human health and the natural environment [4]. In the past decade, over 40 countries have developed and adopted national policies, policy instruments, and strategies related to a new economic model. This model primarily focuses on efficient resource management, aiming to extend the useful life of materials and products, and prevent their value loss by integrating waste back into production processes [5].



Traditionally, farmers either directly burn this waste or convert it into carbonized nutrients for subsequent planting seasons. Unfortunately, these methods often result in considerable pollution and subsequent environmental harm [6]. Agricultural waste primarily consists of cellulose, lignocellulosic material, hemicellulose, pectin, and lignin, with cellulose being the most abundant polymer. The composition of agricultural waste includes 30–40% cellulose, 30–50% hemicellulose, and 8–21% lignin. Given this composition, agricultural waste has significant potential for utilization in the production of various products. These include water-resistant gels, carbon fibers, bioplastics, bioactive natural products, coatings, foams, and both thermoplastic and thermosetting materials, all of which have wide-ranging industrial applications [7]. Therefore, integrating waste back into production processes is recognized as a means to promote sustainable agriculture.



Grapes are the world’s second-largest fruit crop and are among the most widely cultivated fruits of economic value. For example, Spain alone produces over two million tons of waste annually from grape cultivation and wine production. This waste includes grape leaves and stems, lees, and winemaking wastewater [8,9]. While the lees and wastewater are repurposed for feed processing and water purification systems, grape leaves and stems are frequently discarded as waste [10]. Grapes are also a significant fruit crop in Taiwan, with cultivation taking place nearly year-round. The pruning period usually occurs from October to November. As a result, after a large harvest of grapes, there is also a considerable amount of grapevine waste generated from pruning. In Taiwan, grapes are economically important, with Changhua County being the primary cultivation area. A substantial amount of approximately 6000 tons per year of pruned vines is discarded as waste [11]. Although these pruned vines can be used as fertilizer, most of them are discarded, leading to environmental pollution. Therefore, we hope to reuse discarded grapevines and reintegrate them into grape agriculture, such as in products like grape trellises, water basins, seedling pots, and other items, in order to achieve the goals of a circular economy and sustainable agriculture. Prior research indicates that agricultural waste, such as plant fibers [12,13,14] or biochars [15], has been frequently incorporated into plastics to enhance material properties. Most traditional plastics are derived from petroleum chemicals, and the resulting plastic waste poses significant environmental harm. Consequently, biodegradable materials are gaining increased attention. Bioplastics, such as polylactic acid (PLA), are biodegradable, renewable, and sustainable alternatives to petroleum-derived plastics. PLA stands out among biodegradable polymers as it is sourced from renewable materials. Often referred to as corn starch resin, PLA can be derived from starch or carbohydrates such as wheat or sweet potatoes. Moreover, PLA offers properties and pricing comparable to conventional petrochemical plastics, making it the most widely utilized biodegradable polymer [16,17]. Nevertheless, PLA’s high brittleness and poor thermal stability currently restrict its application range [18]. Polybutylene succinate (PBS) is widely recognized as a biodegradable material characterized by excellent ductility and heat resistance. PBS is synthesized through the condensation polymerization of succinic acid and butanediol. It easily undergoes decomposition and metabolization by various microorganisms in nature or enzymes, ultimately breaking down into carbon dioxide and water [19,20]. Furthermore, blending PBS with PLA has been shown to enhance the brittleness and thermal stability of PLA, thereby expanding its application range [21,22].



Adding plant fibers to biodegradable plastics to replace artificial fibers, such as glass and carbon fibers, and petroleum-derived resins, can create a fully bio-based composite material [23]. In addition to reducing material costs and increasing the utilization of natural resources, natural fibers also have carbon-neutralizing effects, which can lower product carbon emissions and enhance competitiveness [24]. However, the high polarity of plant fibers makes them incompatible with a low-polarity matrix like PLA or PBS [25]. Many researchers have improved the overall mechanical strength of materials by adding compatibilizers such as maleic anhydride-grafted PLA [16,25,26,27], maleic anhydride-grafted PBS [28,29], or surface modifications [30,31] to enhance interfacial adhesion. Additionally, adding lubricants to reduce melt viscosity improves the dispersion of plant fibers in the matrix, thereby enhancing the material’s mechanical strength [32,33].



This study initially processes grapevines into grapevine fibers, then incorporates them into a PLA matrix. Moreover, the BiomassPla system certifies products that conform to standards set by the Japan BioPlastics Association (JBPA). One standard requires products to have a “biomass-based plastic ratio” of at least 25%. The JBPA defines “biomass-based plastic ratio” as the proportion of the total weight consisting of components derived from biomass in the composition of the biomass-based plastic or biomass-derived thermosetting plastic raw material contained in the raw material and product (percentage by weight) [34]. Therefore, to effectively utilize agricultural waste and comply with BiomassPla certification, adding more biomass material (at least 25%) will be beneficial. The adhesion and dispersibility between the grapevine fibers and the PLA are enhanced through the addition of toughening agents, compatibilizers, and lubrication agents. This approach not only strengthens the mechanical and thermal properties of the material but also reduces material costs and increases the utilization rate of natural substances, contributing positively to overall environmental protection. The development of these materials aims to replace the widely used disposable plastic products with alternatives that enhance the lifecycle, added value, and economic benefits of biomass materials. This contributes to a sustainable agricultural management model and reduces the carbon footprint of products, further benefiting our natural environment.




2. Materials and Methods


2.1. Materials


The polylactic acid (PLA, PLA 2002D) with a density of 1.24 g/cm3, melt flow index of 5–7 g/10 min at 210 °C, and a load of 2.16 kg was supplied by Nature-WorksLLC, and the polybutylene succinate (PBS, GP-9001N) was supplied by Minima Technology Co., Ltd., Taichung, Taiwan. Acetone, ethanol, methanol, isopropanol, dichloromethane, and xylene were purchased by Echo Chemical Co., Ltd., located in Miaoli, Taiwan. Maleic anhydride (MAH), benzoyl peroxide (BPO), and dicumyl peroxide (DCP) were provided from Alfa Aesar, MA, USA and were used without further purification. The lubrication agent (Licocare® RBW 330 powder TP VITA) was supplied by Clariant Specialty Chemical. The grapevines (Figure 1a) were obtained from Dacun Township, Changhua.




2.2. Preparation of Grapevine Fiber (GVF)


First, the grapevines were dried in an oven, then crushed and ground. They were subsequently sieved using a 120-mesh sieve, followed by drying at 60 °C for 24 h to obtain grapevine fiber (GVF), as depicted in Figure 1b.




2.3. Preparation of Maleic Anhydride-Grafted Polybutylene Succinate (PBS-MA)


The procedure based on Shih et al. [15] 40 g of PBS and 4 g of MAH were pre-melted; subsequently, 0.5 g of benzoyl peroxide (BPO) was added in a counter-rotating internal mixer (Brabender PL2000, Duisburg, Germany) at 130 °C with a rotation speed of 50 rpm for 5 min. In order to remove the excess MAH, this obtained product was mixed with 200 mL of xylene in a three-neck bottle and refluxed at 85 °C for two hours. Afterward, the mixture was poured into acetone and rested for 40 min to obtain the refined maleic anhydride-grafted polybutylene succinate (PBS-MA). The reaction of maleic anhydride-grafted PBS was shown as Figure 2. The average grafting ratio (GMAH, %) of MAH onto PBS was determined to be 7.76% using the acid–base titration method [15]. The calculation method is shown in Equation (1):


GMAH = 9.806 (M1V1 − M2V2)/2m



(1)




where



M1: Concentration of KOH–ethanol standard solution, mol/L



V1: Titration volume of KOH–ethanol standard solution, mL



M2: Concentration of HCl–isopropanol standard solution, mol/L



V2: Titration volume of HCl–isopropanol standard solution, mL



m: Weight of PBS, g




2.4. Preparation of Maleic Anhydride-Grafted Polylactic Acid (PLA-MA)


An amount of 40 g of PLA and 4 g of MAH were pre-melted; subsequently, 0.56 g of dicumyl peroxide (DCP) was added in a counter-rotating internal mixer (Brabender PL2000, Duisburg, Germany) at 180 °C with a rotation speed of 50 rpm for 5 min. In order to remove the excess MAH, this obtained product was mixed with 200 mL of dichloromethane in a three-neck bottle, refluxed at 85 °C until completely dissolved, and precipitated in excess anhydrous ethanol to obtain the refined maleic anhydride-grafted polylactic acid (PLA-MA). The reaction of maleic anhydride-grafted PLA is shown in Figure 3. The average grafting ratio (GMAH, %) of MAH onto PLA was determined to be 4.02% using the acid–base titration method, as shown in Equations (2) and (3) [35].


Acid number (mg KOH/g) = 56.1 × MKOH × VKOH/m



(2)






GMAH = Acid number × 98.06/(2 × 561)



(3)




where



MKOH: Concentration of KOH–methanol standard solution, mol/L



VKOH: Titration volume of KOH–methanol standard solution, mL



m: Weight of PLA, g




2.5. Preparation of GVF/PLA Composites


The PLA, PBS, PBS-MA, PLA-MA, lubrication agent, and GVF were dried in an oven at 60 °C to achieve a moisture content of less than 1.0 wt%. They were then combined according to the formulation (wt%) outlined in Table 1 using a counter-rotating internal mixer (Brabender PL2000, Duisburg, Germany) at 175 °C and 50 rpm for 5 min, as depicted in Figure 4. The design of the formulation in Table 1 was based on the following factors: (1) using 3 or 5 wt% of PBS to reinforce the toughness of PLA; (2) the content of GVF ranged from 10 to 50 wt%, with the expected content being over 25 wt%; (3) PBS-MA and PLA-MA were added to improve the adhesion between the polymer and GVF; and (4) a lubrication agent was added to reduce viscosity and improve the dispersion of GVF in the polymer matrix.




2.6. Thermal Analysis


A GT-HV 2000 analyzer was utilized to determine the heat deflection temperature (HDT) of pure PLA and GVF/PLA composites. The test specimen, with dimensions of 130 mm × 13 mm × 3.2 mm, was heated under a pressure of 66 psi for the thermal deformation test, at a heating rate of 2 °C/min. The test was concluded when the deformation reached 0.25 mm, in accordance with ASTM D648 [36] specifications.




2.7. Mechanical Property Test


Before mechanical testing, pure PLA and GVF/PLA composites were conditioned at 65% relative humidity and 23 °C until they reached equilibrium moisture content. For each sample, at least five specimens were tested, all at room temperature. Tensile testing was conducted using an Instron universal tester, model HT-9102 (Hung Ta Instrument Co., Taipei, Taiwan), following the ASTM D638 [36] test method at a strain rate of 50 mm/min, with a dumbbell-shaped specimen prepared according to the specified requirements. Additionally, the notched Izod impact strength was determined using a specimen measuring 64 mm × 13 mm × 3.2 mm and an impact resistance testing machine, model GT-70,045-MDL (Gotech Testing Machines Co., Taichung, Taiwan), in accordance with the ASTM D256 [36] test method.




2.8. Melt Flow Index


The melt flow index (MFI) measurements were conducted in accordance with ASTM D1238 [36], using a temperature of 210 °C and a load of 2.16 kg. Five measurements were taken for each sample, and the average values were calculated.




2.9. Morphological Analysis


The morphology of the composites was studied on the fractured surfaces after mechanical testing to observe the distribution of the GVF in the PLA matrix. This analysis was performed using a Hitachi scanning electron microscope (SEM; model S3000 N) after the sample surfaces were sputter-coated with gold to minimize the risk of charging and thermal damage.





3. Results and Discussion


3.1. GVF/PLA Composites with Different Content of PBS Subsection


As illustrated in Table 2 and Figure 5, the impact strength, tensile strength, and heat deflection temperature (HDT) of the sample containing 5% PBS and 40% GVF (GP-40-PBS-5), with values of 14.61 J/m, 24.99 MPa, and 126.35 °C, respectively, were higher than those of the sample containing 3% PBS and 40% GVF (GP-40-PBS-3), which had values of 14.19 J/m, 9.85 MPa, and 124.13 °C. Therefore, the subsequent formulation will incorporate 5% PBS into the sample.




3.2. GVF/PLA Composites with Different Content of GVF


The impact strength results presented in Table 2 and Figure 6 indicate that the impact strengths of GP-10-PBS-5 (29.70 J/m), GP-20-PBS-5 (18.67 J/m), and GP-30-PBS-5 (17.54 J/m) surpassed that of pure PLA (17.47 J/m), with GP-10-PBS-5 demonstrating the highest strength. The diminished impact strength of PLA can be attributed to its inherent brittleness; thus, incorporating a softer polymer such as PBS can enhance the toughness of the composite material. Conversely, the impact strengths of GP-40-PBS-5 (14.61 J/m) and GP-50-PBS-5 (14.13 J/m) were lower than that of pure PLA (17.47 J/m). This disparity can be attributed to the uneven phase dispersion resulting from the excess GVF addition. Additionally, the impact strength decreased with increasing GVF content, likely due to the high rigidity of the fiber in GVF, which reinforces the stiffness of the composites rather than their toughness.



Table 2 and Figure 6 also reveal that only the tensile strength of GP-10-PBS-5 (54.46 MPa) exceeds that of pure PLA (49.74 MPa). This can be attributed to the addition of PBS, a softer polymer, which generally contributes less to tensile strength. It was observed that the tensile strength tends to decrease as the content of GVF increases. This decrease is attributed to the unmodified nature of GVF, leading to poor interfacial compatibility with the polymers and resulting in uneven dispersion, especially with excessive additions [37].



The heat deflection temperature (HDT) of pure PLA is 57.75 °C, while that of the composites is increased to over 60 °C. Moreover, the HDTs of GP-40-PBS-5 and GP-50-PBS-5 reach 126.35 °C and 121.64 °C, respectively. This increase is attributed to the fact that when the fiber content exceeds 40 wt%, the volume of GVF (which has a lower density) becomes larger than that of PLA, resulting in a phase change that allows GVF to become the continuous phase. Additionally, the rigid nature of GVF effectively reinforces the stiffness of the composites, thereby reducing material deformation and increasing the HDT.



From the points discussed, it can be concluded that, without the addition of any compatibilizers, the composite containing 10% GVF and 5% PBS exhibited the best mechanical properties. These properties gradually declined with the increase in GVF content, attributable to the uneven dispersion of GVF within the polymer matrix. Because the content of GVF reached 40 wt%, the mechanical properties decreased dramatically. Therefore, to enhance the biomass content and achieve balanced properties, we have selected composites with 30% GVF and 5% PBS (GP-30-PBS-5) for further modification.




3.3. GVF/PLA Composites Modified with PBS-MA


Table 2 and Figure 7 illustrate the impact of incorporating 3% or 1% PBS-MA on the properties of GP-30-PBS-5. The addition of 3% or 1% PBS-MA led to a reduction in the tensile strengths of the samples, dropping from 36.24 MPa for GP-30-PBS-5 to 25.03 MPa and 30.66 MPa, respectively. Furthermore, there was a decrease in the HDT, from 62.80 °C to 57.78 °C and 57.49 °C, and in the impact strength, from 17.54 J/m to 15.40 J/m and 17.07 J/m, respectively. These findings indicate that PBS-MA did not enhance the interfacial adhesion between GVF and PLA.




3.4. GVF/PLA Composites Modified with PLA-MA


Building upon GP-30-PBS-5, 3% PLA-MA (MPG-30-5) was incorporated as a compatibilizer to enhance the mechanical properties of the composite. According to Table 2 and Figure 8, the addition of PLA-MA resulted in no significant change in tensile strength (36.24 and 36.00 MPa). However, there were notable improvements in impact strength and HDT of GP-30-PBS-5, increasing from 17.54 J/m and 62.80 °C to 24.48 J/m and 64.60 °C, respectively. These findings suggest that PLA-MA improves the interfacial adhesion between the GVF and the polymer matrix more effectively than PBS-MA does. The interactions among PLA, PLA-MA, and GVF are depicted in Figure 9.




3.5. GVF/PLA Composites Modified with Lubrication Agent


Even though the addition of PLA-MA (MPG-30-5) improved the impact strength and HDT of GP-30-PBS-5, it did not enhance the tensile strength of the composite. It was discovered that while the incorporation of PLA-MA boosted compatibility between GVF and PLA, it also increased the viscosity. This higher viscosity led to an uneven dispersion of GVF, thus hindering a significant increase in tensile strength. Consequently, a lubrication agent was introduced to the MPG-30-5 composite to reduce the friction between the matrix and additives, and to lower the material’s viscosity. Table 2 and Figure 10 showed that the impact and tensile strengths of the lubrication agent-containing composite (AMPG-30-5) increased from 24.48 J/m and 36.00 MPa to 25.52 J/m and 45.30 MPa, respectively. The results indicate that the impact of the lubrication agent on the increase in tensile strength is more pronounced than its effect on impact strength. This observation suggests that the uniform dispersion of the filler within the matrix is crucial in determining the tensile strength [15]. However, the HDT decreased due to the lubricating effect of the lubrication agent.




3.6. Melt Flow Index (MFI) of GVF/PLA Composites


One of the most important measurements conducted under industrial conditions for evaluating thermoplastic polymer processing properties is the determination of the melt flow index (MFI). The results of the MFI evaluation are presented in Table 2. An increase in the MFI was observed with the addition of GVF, especially in the composites containing 10, 20, and 30 wt% of GVF, excluding MPG-30-5, with values ranging from 16.17 to 23.09, more than double that of the virgin PLA (6.50 g/10 min). Barczewski’s study [38] also reported that the MFI value increases with the addition of ground chestnut shell, with the sample containing 30 wt% of ground chestnut shell showing an MFI value over five times higher than that of the neat resin. It is believed that the hydrophilic nature of plant fibers induces the hydrolytic degradation of PLA, reducing the polymer’s molecular weight, which in turn facilitates flow [39]. Additionally, a scanning electron micrograph (Figure 11) of PBS-MA modified composites (GP-30-PBS-5-PBS-MA-1 and GP-30-PBS-5-PBS-MA-3) showed poor interaction between GVF and PLA, which could explain the higher flow capability observed (22.85 and 23.09 g/10 min). On the other hand, the addition of PLA-MA caused a decrease in the MFI value to 8.94, indicating that stronger bonding hinders the flow. When larger amounts of GVF were added (40 and 50 wt%), the MFI decreased to 7.62 g/10 min and 11.76 g/10 min. This is likely because the volume of GVF exceeded that of PLA, leading to a phase transition where GVF became the continuous phase, restricting the mobility of PLA and thereby reducing the flow rate.




3.7. Morphology Analysis of GVF/PLA Composites


The SEM images of the fracture surfaces of PLA and its composites are presented in Figure 11. These observations were made to confirm the earlier explanation of the rheological data based on the phenomena of compatibility and viscosity in the GVF/PLA composites. A smooth surface was observed for pristine PLA (Figure 11a). The image of GP-10-PBS-5 (Figure 11b), representing the composite with 10% GVF, shows that the GVF fibers were well-dispersed within the polymer matrix without forming agglomerated structures. In contrast, Figure 11c shows agglomerated and exposed fibers (highlighted by the blue circle) that were not fully covered by the PLA matrix in the GP-30-PBS-5 composite. Figure 11d,e display the surfaces of composites containing 40% GVF with 5% and 3% PBS (GP-40-PBS-5 and GP-40-PBS-3, respectively). Both images reveal exposed fibers (highlighted by blue circles), but GP-40-PBS-3 had more exposed fibers than GP-40-PBS-5, suggesting that 5% PBS provides better coverage. This observation aligns with the mechanical property analysis. In Figure 11f, it is evident that the addition of PBS-MA in GP-30-PBS-5-PBS-MA-3 did not improve the compatibility between GVF and PLA, as exposed fibers (marked by blue circles) are still visible. Conversely, Figure 11g shows a densely knitted texture (highlighted by the red circle), indicating that the addition of PLA-MA in MPG-30-5 improved the compatibility between the GVF and the PLA matrix, enhancing adhesion. Furthermore, the smoother texture and absence of exposed fibers in AMPG-30-5 (Figure 11h) suggest that the addition of a lubricating agent reduced the viscosity of the composite, leading to a more uniform dispersion and coverage of GVF within the PLA matrix. These microscopic observations are consistent with the results from the mechanical property and MFI analyses.





4. Conclusions


The results demonstrated that the impact of adding 5% PBS on the thermal and mechanical properties of the GVF/PLA composites was more pronounced than that of adding 3% PBS. Additionally, the tensile strength of the composite containing 10% GVF and 5% PBS (GP-10-PBS-5) reached 54.46 MPa, marking an increase of 9.5%. However, as the GVF content increased, there was a tendency for the strength to decrease. This is attributed to the poor interfacial compatibility of GVF with polymers, where excessive addition can lead to uneven dispersion. Nonetheless, the HDT of the composites increases with the GVF content, reaching 121~126 °C when the GVF content exceeds 40 wt%. This increase is due to the dominant presence of GVF in the composites, causing a phase change. Moreover, the rigid nature of the continuous phase (GVF) effectively minimizes material deformation, thereby increasing the HDT. It has also been demonstrated that using PLA-MA as a compatibilizer yields better performance than using PBS-MA. Conversely, adding PLA-MA improved the compatibility between the GVF and PLA, albeit at the cost of increased viscosity. In comparison with another study [26] that used PLA-MA in hybrid fiber/PLA composites, including oil palm empty fruit bunch fiber (EFBF) and Kenaf core fiber (KCF), it was found that the tensile strength of the composite decreased from 35.59 MPa to 30.92 MPa, while the impact strength increased from 12.29 J/m to 16.12 J/m with the addition of PLA-MA. This finding aligns with our results, which indicate that while the incorporation of PLA-MA enhanced compatibility between GVF and PLA, it also increased viscosity. This higher viscosity resulted in uneven dispersion of GVF, thereby hindering the reinforcing effect on tensile strength. In this study, the mechanical strengths of the GVF/PLA composites were further enhanced by incorporating a lubricant, which promoted better dispersion of GVF within the PLA matrix by reducing intermolecular friction forces and viscosity. The benefits of these composites extend beyond merely reducing the quantity of polymer required; they also enhance the mechanical and thermal properties of PLA. Moreover, they fulfill the objective of environmental sustainability by repurposing waste grapevines into high-value, eco-friendly bio-composites. When the GVF content exceeds 30%, and with modification by PBS, PLA-MA, and lubricants, excellent GVF bio-composites can be obtained, which can be used in the future for facilities needed for growing grapes or other plants.
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Figure 1. (a) Photographs of grapevines and (b) crushed and sieved grapevine powder. 
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Figure 2. Preparation of MAH-grafted PBS. 
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Figure 3. Preparation of MAH-grafted PLA. 
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Figure 4. Preparation of GVF/PLA composites. 
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Figure 5. Mechanical and thermal properties of GVF/PLA composites with different content of PBS. 
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Figure 6. Mechanical and thermal properties of GVF/PLA composites with different content of GVF. 






Figure 6. Mechanical and thermal properties of GVF/PLA composites with different content of GVF.



[image: Jcs 08 00422 g006]







[image: Jcs 08 00422 g007] 





Figure 7. Mechanical and thermal properties of GVF/PLA composites modified with PBS-MA. 
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Figure 8. Mechanical and thermal properties of GVF/PLA composites modified with PLA-MA. 
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Figure 9. Interactions between PLA, PLA-MA, and GVF. 
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Figure 10. Mechanical and thermal properties of GVF/PLA composites modified with PLA-MA and lubrication agent. 
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Figure 11. SEM images of PLA and its composites: (a) PLA, (b) GP-10-PBS-5, (c) GP-30-PBS-5, (d) GP-40-PBS-5, (e) GP-40-PBS-3, (f) GP-30-PBS-5-PBS-MA-3, (g) MPG-30-5, (h) AMPG-30-5. 
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Table 1. Formulation of samples (wt%).
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	Sample
	PLA
	PBS
	GVF
	PBS-MA
	PLA-MA
	Lubrication Agent





	Pure PLA
	100
	--
	--
	--
	--
	--



	GP-10-PBS-5
	85
	5
	10
	--
	--
	--



	GP-20-PBS-5
	75
	5
	20
	--
	--
	--



	GP-30-PBS-5
	65
	5
	30
	--
	--
	--



	GP-40-PBS-5
	55
	5
	40
	--
	--
	--



	GP-40-PBS-3
	57
	3
	40
	--
	--
	--



	GP-50-PBS-5
	45
	5
	50
	--
	--
	--



	GP-30-PBS-5-PBS-MA-1
	64
	5
	30
	1
	--
	--



	GP-30-PBS-5-PBS-MA-3
	62
	5
	30
	3
	--
	--



	MPG-30-5
	62
	5
	30
	--
	3
	--



	AMPG-30-5
	61.997
	5
	30
	--
	3
	0.003










 





Table 2. Mechanical and thermal properties of GVF/PLA composites.
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	Sample
	Impact Strength (J/m)
	Tensile Strength (MPa)
	HDT (°C)
	Melt Flow Index

(g/10 min)





	Pure PLA
	17.47 ± 0.37
	49.74 ± 0.57
	57.75 ± 0.20
	6.50 ± 0.005



	GP-10-PBS-5
	29.70 ± 0.51
	54.46 ± 0.98
	61.37 ± 1.01
	16.17 ± 0.003



	GP-20-PBS-5
	18.67 ± 0.59
	40.72 ± 3.04
	61.40 ± 1.37
	20.37 ± 0.001



	GP-30-PBS-5
	17.54 ± 0.25
	36.24 ± 4.59
	62.80 ± 0.30
	22.44 ± 0.004



	GP-40-PBS-5
	14.61 ± 0.16
	24.99 ± 2.43
	126.35 ± 2.52
	8.33 ± 0.005



	GP-40-PBS-3
	14.19 ± 0.92
	9.85 ± 1.83
	124.13 ± 0.74
	11.76 ± 0.005



	GP-50-PBS-5
	14.13 ± 0.37
	7.16 ± 1.41
	121.64 ± 4.68
	7.62 ± 0.005



	GP-30-PBS-5-PBS-MA-1
	17.07 ± 1.89
	30.66 ± 3.39
	57.78 ± 2.87
	22.85 ± 0.004



	GP-30-PBS-5-PBS-MA-3
	15.40 ± 1.63
	25.03 ± 3.73
	57.49 ± 1.61
	23.09 ± 0.002



	MPG-30-5
	24.48 ± 5.49
	36.00 ± 3.92
	64.60 ± 0.40
	8.94 ± 0.004



	AMPG-30-5
	25.52 ± 1.09
	45.30 ± 3.57
	60.13 ± 1.52
	19.73 ± 0.001
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