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The purpose of this study was to determine the concentrations of polycaprolactone (PCL) and anhydride maleic acid (AMA) to produce a biothermoplastic composite (BtC) of modified cassava starch–glucomannan–polyvinyl alcohol (MSGPvA) that meets the Indonesian National Standard (SNI) and International Bioplastic Standards such as ISO 527/1B, PCL from the UK, and ASTM 5336 for PLA plastic from Japan. This study measured the tensile strength ratio and Young's modulus of MSGPvA BtC compared to commercial biothermoplastic (CBt), elongation at break, swelling, water vapor transmission rate (WVTR), and biodegradation time. In addition, the surface profile, functional group, crystallinity, and thermal stability were also observed, which were analyzed qualitatively and quantitatively. MSGPvA BtC with 20% PCL and 3.5% AMA was able to increase and improve tensile strength, elongation at break, Young's modulus, swelling, WVTR, and degradation time. MSGPvA BtC with 5% PCL and 0.5% AMA has a transverse surface profile that shows the presence of clear and wavy fibers and an elongated surface profile with indistinct waves, containing the OH functional group at wavenumbers 2,962.66 and 3,448.72 cm−1 and C=O at a wavenumber of 1,735.93 cm−1, and has a low crystallinity degree but relatively high thermal stability. All MSGPvA BtC characteristics with 5% PCL and 0.5% AMA have met the SNI and International Bioplastic Standards (ISO 527/1B, PCL from England, ASTM 5336 for PLA plastic from Japan), except for swelling characteristics. Thus, MSGPvA BtC with 5% PCL and 0.5% AMA has the potential to be used as food packaging material.
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INTRODUCTION

Plastic has become an environmental problem because the waste is difficult to decompose in the soil and burning it can be toxic. Therefore, it is necessary to develop alternative products that are environmentally friendly such as bioplastics. One example of bioplastics that has become a future trend and has begun to be widely studied is biothermoplastic composite (BtC). Potential biological natural materials as raw materials for BtC are cassava starch and glucomannan (Harsojuwono and Arnata, 2016). According to Firdaus and Anwar (2014), both are mass-produced and renewable so that their availability is guaranteed. Several studies have been carried out such as that by Abdurrozag (2016) who made a bioplastic composite from a mixture of 30% glucomannan and 70% starch with 25% glycerol as a plasticizer, having a tensile strength of 9.3 MPa, elongation at break of 44.68%, swelling of 136.73%, and degradation time of 20.5 days. Meanwhile, Harsojuwono et al. (2021) have developed a BtC from modified cassava starch, glucomannan, and polyvinyl alcohol (MSGPvA), which has the characteristics of being able to melt and stick with a tensile strength value 1.1 times that of commercial biothermoplastic (CBt), elongation at break of 8.10%, Young's modulus 1.12 times that from CBt, swelling of 10.72%, and biodegradation time of 5.25 days. The results obtained show that not all of the characteristics meet the Indonesian National Standard (SNI), an international plastic standards (ISO 527/1B, PCL from the UK, ASTM 5336 for PLA plastic from Japan). Therefore, it is necessary to improve and develop MSGPvA BtC.

Many factors influence the manufacture of BtC such as the type and concentration of plasticizer (Dewi et al., 2015), the concentration of polymeric materials (Harsojuwono and Arnata, 2016), temperature and drying time (Harsojuwono et al., 2017), gelatinization temperature and pH (Harsojuwono et al., 2018), polymer mixture ratio and solvent concentration (Harsojuwono et al., 2019), filler type and concentration (Harsojuwono et al., 2020), the use of coupling agents (Melani et al., 2017), reinforcing materials (Dewi et al., 2015), and compatibilizer (Waryat et al., 2018).

One of the efforts is to add hydrophobic biodegradable reinforcing materials such as polycaprolactone (PCL). Carballo et al. (2017) showed that a mixture of thermoplastic starch and PCL had better water resistance than one without PCL. Biocompatible PCL when added to resin can improve mechanical properties, biodegradability, flexibility, and resistance to water (Warastuti et al., 2017; Anonymous, 2020). PCL mixed with polylactic acid had no detrimental effect on the softening and melting temperature of the composite (Ryden et al., 2016). According to Chen and Sun (2005) and Warastuti et al. (2017), the use of PCL 20–25% w/w of the total polymer material produces an applicable composite. However, the excess of PCL will not be beneficial if hydrophilic MSGPvA is mixed with hydrophobic PCL, because both cannot be completely mixed. Therefore, it is necessary to have a compatibilizer material such as anhydride maleic acid (AMA), which is the link between hydrophilic and hydrophobic components, so as to increase adhesion and decrease the surface tension of the two different materials (Prachayawarakorn et al., 2010; Pushpadass et al., 2010; Waryat et al., 2018). Muin (2019) showed that copolymerization of laboplastomil and LLDPE using AMA was able to increase 28% tensile strength, 99% boiling point, 203% elongation at break, and 163% crystallinity compared to pure LLDPE. The higher the concentration of AMA between 1.5 and 5.0% w/w of the polymer material, the higher the Young modulus of the polypropylene/montmorillonite nanocomposite (Akbari and Bagheri, 2012).

The description above shows that there is no information on the use of PCL and AMA with various concentrations in the manufacture of MSGPvA BtC. Therefore, it is necessary to investigate the use of appropriate concentrations of PCL and AMA in the manufacture of MSGPvA BtC in order to produce products that have better water resistance and meet the International Plastic Standards and SNI.

The purpose of this study was to determine the effect of the concentration of PCL, AMA, and their interactions on the characteristics of MSGPvA BtC and to determine the concentration of PCL and AMA to produce MSGPvA BtC that meets SNI and International Bioplastic Standards.



MATERIALS AND METHODS


Materials

The research materials were the modified cassava starch, glucomannan (konjac glucomannan) from CV Nura Jaya; distilled water, acetic acid, ZnO, and glycerol from CV Saba Kimia; and polyvinyl alcohol (PVA), PCL, and AMA from CV Duta Jaya.



Experimental Designs

The experimental design in this study was a factorial randomized block design. Factor I is the concentration of PCL with four levels, namely 5, 10, 15, and 20% w/w of the total polymer material. Factor II is the concentration of AMA with four levels, namely, 0.5, 1.5, 2.5, and 3.5% w/w of the total polymer material. The experiment has 16 combination treatments grouped into three manufacturing processes of the BtC with 48 experimental units.



Research Implementation

Cassava starch and glucomannan in a ratio of 3:1 was modified with an amount of 6 g plus 90 g 1% acetic acid solution, then heated in a water bath at 75 + 1°C, and stirred using a lab mixer at 60 rpm to form a gel. The heated gel was added with 1 g of glycerol, 0.6 g of ZnO, and 3 g of PVA and then stirred using a lab mixer at 60 rpm in a water bath for 5 min at a temperature of 75 + 1°C. Then PCL gel (PCL was dissolved and stirred in ethyl acetate in a ratio of 1:1) and AMA with the appropriate concentration were added over a water bath at 75 + 1°C and stirred using a lab mixer at 60 rpm for 5 min. The gel was molded in a Teflon mold with a diameter of 20 cm and then dried in a drying oven at 60°C for 5 h. The BtC formed was cooled at room temperature and then removed from the Teflon mold after 24 h (Harsojuwono et al., 2020).



Observation Variable

A mechanical test (ASTM D638) was performed, consisting of the tensile strength ratio of BtC to CBt with brand TB, elongation at break, Young's modulus ratio of BtC to CBt, swelling, water vapor transmission rate (WVTR), biodegradation time (ISO 17556), surface profile using SEM Zeiss EVO MA10 (Harsojuwono and Arnata, 2017), functional groups using the FTIR spectrometer Bruker-Tensor 37 (Gable, 2014), crystallinity using X-ray Diffractometer Bruker Advance D8 (Sharma et al., 2012), and thermal stability using TG/DTA Shimadzu DTG-60 Series Differential Thermal-Thermogravimetric Analyzer (Hestuti et al., 2017).



Data Analysis

The ratio of tensile strength, elongation at break, ratio of Young's modulus, swelling, WVTR, and biodegradation time were analyzed by ANOVA and followed by the Duncan multiple range test using the SPSS 25 program. Meanwhile, the data from surface profile variables, functional groups, crystallinity, and thermal stability were analyzed in a descriptive-qualitative and quantitative method.




RESULTS AND DISCUSSION


Tensile Strength, Elongation at Break, and Young's Modulus

The concentration of PCL and AMA and their interactions had a very significant effect on elongation at break and the ratio of tensile strength and Young's modulus of MSGPvA BtC to CBt. The tensile strength ratio range of MSGPvA BtC to CBt is between 1.11 ± 0.02 and 1.25 ± 0.01 (Figure 1), elongation at break ranges from 8.01 ± 0.01 to 10.67 ± 0.03% (Figure 2), and Young's modulus ratio ranges from 1.13 ± 0.01 to 1.36 ± 0.01 (Figure 3).


[image: Figure 1]
FIGURE 1. Relationship of MSGPvA BtC and CBt with the tensile strength ratio of BtC to CBt.
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FIGURE 2. Relationship of MSGPvA BtC and CBt with elongation at break.
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FIGURE 3. Relationship of MSGPvA BtC and CBT with Young's modulus ratio of BtC to CBt.


Figure 1 shows that the MSGPvA BtC using 20% PCL and 3.5% AMA had the highest tensile strength with a value 1.25 ± 0.01 times that of CBt, which was not significantly different from the tensile strength values of the MSGPvA BtC with all PCL and AMA treatments, except for the MSGPvA BtC which uses 5% PCL with 0.5% AMA, which is 1.11 ± 0.02 times the tensile strength of CBt. This value is the lowest tensile strength of the MSGPvA BtC using PCL and AMA.

MSGPvA BtC using 20% PCL and 3.5% AMA has a tensile strength value that is 1.25 + 0.01 times that of CBt; this value is higher than the tensile strength of MSGPvA BtC from Harsojuwono et al. (2021). According to Frost et al. (2009) and Dome et al. (2020), tensile strength is strongly influenced by the presence of a mixture of other materials and the crystallinity degree of the material.

It was further explained that the presence of double- and single-helical structures in polysaccharides greatly determines the degree of crystallinity so that it affects the tensile strength. The MSGPvA BtC using 20% PCL and 3.5% AMA has met the biothermoplastic standard SNI 7818:2014, which sets a tensile strength value of 24.7–302 MPa; the international bioplastic standard ISO 527/1B, which sets a tensile strength value of 35.95 MPa, PCL from the UK, which sets a tensile strength value of at least 190 MPa; and ASTM 5336 for PLA plastic from Japan, which sets a tensile strength value of 2,050 MPa (Averous, 2007).

Figure 2 also shows that the MSGPvA BtC using 20% PCL and 2.5–3.5% AMA has a low elongation at break (8.01 ± 0.04%−8.19 ± 0.05%) and is not significantly different from the elongation at break of the MSGPvA BtC using 15% PCL with 1.5–3.5% AMA and 20% PCL with 1.5% AMA. Meanwhile, the MSGPvA BtC using 5% PCL with 0.5–3.5% AMA and 10% PCL with 0.5% AMA had a high elongation at break and was not significantly different from the elongation at break of the MSGPvA BtC which used 10% PCL with 1.5–3.5% AMA and 15% PCL with 0.5% AMA.

The MSGPvA BtC with 20% PCL and 2.5–3.5% AMA had an elongation at a break value of 8.01 ± 0.04%−8.19 ± 0.05%. This value is similar to that of MSGPvA with an elongation at a break of 8.10 ± 0.03% (Harsojuwono et al., 2021). There are variations in elongation at break due to differences in macrostructure and microstructure of bioplastic composites (Nayiroh, 2013). According to Harsojuwono and Arnata (2017), macrostructure and microstructure are influenced by the degree of crystallinity. According to Zhong and Kang (2008), elongation at break that is too high or too low occurs due to disruption of compatibility and homogeneity, resulting in an imbalance of functional groups due to the ratio of material concentration and process temperature that is too extreme, which results in molecular dispersion that affects mechanical properties including elongation at break. The MSGPvA BtC with 20% PCL and 2.5–3.5% AMA has an elongation-at-break value in accordance with the PLA plastic standard from Japan (maximum elongation-at-break value of 9%). Meanwhile, all MSGPvA BtCs have an elongation-at-break value in accordance with the PCL plastics standard from the UK (maximum elongation-at-break value of 500%).

Figure 3 also shows that the MSGPvA BtC using 20% PCL and 2.5–3.5% AMA has high Young's modulus (1.35 ± 0.02–1.36 ± 0.02 times that of the CBt Young's modulus), which is significantly different from Young's modulus of MSGPvA BtC using 5% PCL and 0.5–3.5% AMA. Meanwhile, the MSGPvA BtC using 5% PCL and 0.5% AMA had the lowest Young's modulus value and was not significantly different from Young's modulus of the MSGPvA BtC using 5% PCL and 1.5–3.5% AMA.

The MSGPvA BtC with 20% PCL and 3.5% AMA had a Young's modulus 1.36 times that of the CBt Young modulus, which was higher than Young's modulus of MSGPvA from Harsojuwono et al. (2021). Basically, Young's modulus is the ability of a material to return to its original shape when stressed; therefore, Young's modulus is highly dependent on tensile strength and elongation at break (Tong et al., 2017).

Thus, it is strongly influenced by the macrostructure and microstructure of the polymer (Nayiroh, 2013), such as the degree of crystallinity, the degree of cross-linking, the value of the glass transition point and melting point, molecular mass, and polydispersity or molecular mass distribution (Harsojuwono and Arnata, 2017). Meanwhile, all MSGPvA BtC using PCL and AMA have met the ISO 527/1B international plastic standard with a minimum Young's modulus value of 6.019 MPa.



Swelling, WVTR, and Biodegradation Time

The concentration of PCL and AMA and their interactions had a very significant effect on swelling and WVTR, but it did not affect the degradation time of the MSGPvA BtC. The swelling range value is between 4.85 ± 0.03% and 10.06 ± 0.05% (Figure 4), WVTR is between 91.12 ± 0.81 and 167.89 ± 1.05 g/m2/day (Figure 5), and the degradation time is between 6.33 ± 0.03 and 7.33 ± 0.02 days (Figure 6).


[image: Figure 4]
FIGURE 4. Relationship of MSGPvA BtC and CBt with swelling.
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FIGURE 5. Relationship of MSGPvA BtC and CBt with WVTR.
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FIGURE 6. Relationship of MSGPvA BtC and CBt with degradation time.


Figure 4 shows that the MSGPvA BtC using 5% PCL and 0.5–2.5% AMA had a high swelling value (9.07 ± 0.03%−10.06 ± 0.05%), which was not significantly different from the swelling of the MSGPvA BtC using 5% PCL with 3.5% AMA and 10% PCL with 0.5–1.5% AMA. Meanwhile, the MSGPvA BtC using 20% PCL and 1.5–3.5% AMA had a low swelling value (4.85 ± 0.03%−5.45 ± 0.01%), which was not significantly different from the swelling value of the MSGPvA BtC using 10% PCL and 2.5–3.5% AMA, 15% PCL and 0.5–3.5% AMA, and 20% PCL and 3.5% AMA.

The MSGPvA BtC with 20% PCL and 1.5–3.5% AMA had a swelling value of 4.85 ± 0.03%−5.45 ± 0.01%. This value is lower than the swelling value of MSGPvA, which is 9.92 ± 0.02%−10.72 ± 0.03% (Harsojuwono et al., 2021). However, the swelling value of all MSGPvA BtC with PCL and AMA did not meet the International Bioplastic Standard (EN 317), which stipulates a maximum swelling value of 1.44%. According to Ghavimi et al. (2014) and Lin and Razali (2019), mixing of PCL and polydimethylsiloxane (PDMS) will produce a composite with a hydrophobic–hydrophilic pattern, which affects the swelling properties and WVTR. Meanwhile, according to Aslam et al. (2018), different swelling characteristics between polymers are a result of different types and ratios of constituent materials, manufacturing processes, and chemical modifications carried out in the synthesis of new polymers. Chemical modification will change the chemical, physical, and mechanical properties if one of the main functional groups such as the hydroxyl group undergoes a reaction. Reactions that can occur include acetylation, etherification, esterification, and carbamation (Aslam et al., 2017). According to Harsojuwono and Arnata (2017), the hydroxyl group causes a compound to be polar, due to the electronegative oxygen atom being able to attract electrons. If the electrons come from water molecules, it will facilitate the dissolution of compounds containing the hydroxyl group.

Figure 5 shows that the MSGPvA BtC using 5% PCL and 0.5% AMA had the highest WVTR value (147.89 ± 2.03 g/m2/day), which was not significantly different from the WVTR value of the MSGPvA BtC using 5% PCL with 1.5–3.5% AMA and 10% PCL with 0.5–2.5% AMA. Meanwhile, the MSGPvA BtC using 20% PCL and 3.5% AMA had the lowest WVTR value (91.12 ± 1.13 g/m2/day), which was not significantly different from the WVTR value of the MSGPvA BtC using 10% PCL and 3.5% AMA, 15% PCL and 0.5–3.5% AMA, and 20% PCL and 0.5–2.5% AMA.

The MSGPvA BtC with 20% PCL and 3.5% AMA had a WVTR value of 91.12 ± 1.13 g/m2/day. This value is much lower than the WVTR of starch:carrageenan BtC (25:75) with 1.5–6.0% PCL, which has a WVTR value of 264.14 ± 3.33–272.46 ± 5.54 g/m2/day (Hartiati et al., 2021). According to Murdinah et al. (2007), WVTR will decrease with increasing hydrophobicity. Meanwhile, according to Darni and Utami (2010), hydrophilic properties are characteristics of water-loving materials that affect WVTR. Ferreira et al. (2016) explained that the nature of WVTR is influenced by the constituent materials of a bioplastic composite so as to determine the ability of biocoating or biopackaging in influencing gas and water vapor exchange. The higher the WVTR value, the higher the water vapor permeability of a film as well.

Meanwhile, Figure 6 shows that MSGPvA BtC using PCL and AMA had degradation times that were not significantly different in all concentration treatments with values ranging from 6.33 ± 0.11 to 7.67 ± 0.13 days. The MSGPvA BtC with PCL and AMA had a degradation time similar to that of MSGPvA ranging from 6.25 ± 0.09 to 6.50 ± 0.06 days (Harsojuwono et al., 2021). Both BtCs had biodegradation time values that were in accordance with ASTM 5336 for PLA from Japan and PCL from the UK, which set a maximum biodegradation time of 60 days.

Basically, biodegradation begins with chemical degradation, which is molecular oxidation which produces a smaller molecular weight and is followed by the attack of microorganisms that break it down into very simple molecules and minerals (Waryat et al., 2013, 2018). According to Kumar and Thakur (2017), biopolymer degradation will produce simple compounds such as CO2 and H2O.



Surface Profile

The cross-sectional surface profile of the MSGPvA BtC with PCL and AMA is shown in Figure 7A. Meanwhile, a comparison with MSGPvA BtC from Harsojuwono et al. (2021) is shown in Figure 7B, and a comparison with the starch:carrageenan BtC (25:75) with 1% glycerol and 6% PVA from Hartiati et al. (2021) is shown in Figure 7C.


[image: Figure 7]
FIGURE 7. Cross-sectional view of the surface profile of a BtC: (A) MSGPvA with PCL and AMA, (B) MSGPvA from Harsojuwono et al. (2021), and (C) the starch:carrageenan (25:75) with 1% glycerol and 6% PVA from Hartiati et al. (2021); longitudinal surface profile of (D) MSGPvA with PCL and AMA, (E) MSGPvA from Harsojuwono et al. (2021), and (F) the starch:carrageenan (25:75) with 1% glycerol and 6% PVA from Hartiati et al. (2021). All images with ×1,000 magnification.


The cross-sectional surface profile of the MSGPvA BtC with PCL and AMA showed the presence of clear and wavy fibers. This is in contrast to MSGPvA, which did not reveal any obvious pores and fibers (Harsojuwono et al., 2021). The surface profile also differs from the cross-sectional surface profile of the starch:carrageenan BtC (25:75) with 1% glycerol and 6% PVA, indicating the presence of sloping peaks and troughs and layers of varying sizes (Hartiati et al., 2021). This explains that the MSGPvA BtC with PCL and AMA has a better cross-sectional surface profile than the MSGPvA BtC and starch:carrageenan BtC (25:75) with 1% glycerol and 6% PVA. According to Camacho et al. (2011), the smooth and layered surface protrusion is due to the linear orientation of the polymer.

The longitudinal surface profile of the MSGPvA BtC with PCL and AMA is shown in Figure 7D. Meanwhile, a comparison with MSGPvA BtC from Harsojuwono et al. (2021) is shown in Figure 7E, and a comparison with the starch:carrageenan BtC (25:75) with 1% glycerol and 6% PVA from Hartiati et al. (2021) is shown in Figure 7F.

The longitudinal surface profile of the MSGPvA BtC with PCL and AMA showed a smooth surface with indistinct waves. This is in contrast to the longitudinal surface profile of MSGPvA, which showed a clearer wave but did not reveal the presence of fibers or pores (Harsojuwono et al., 2021). The longitudinal surface profile is also very different from the longitudinal surface profile of the starch:carrageenan BtC (25:75) with 1% glycerol and 6% PVA, which indicates the presence of evenly distributed small block-shaped granules with few pores between the granules (Hartiati et al., 2021). This explains that the MSGPvA BtC with PCL and AMA has a better longitudinal surface profile than the MSGPvA BtC and starch:carrageenan BtC (25:75) with 1% glycerol and 6% PVA.



Functional Groups

The components that make up the BtC greatly affect the type of functional groups contained in the material. Figure 8A shows the wavenumber of the spectrogram of the MSGPvA BtC with PCL and AMA, while Figure 8B shows the spectrogram wavenumber of MSGPvA BtC from Harsojuwono et al. (2021). Meanwhile, Table 1 shows the functional groups in the wavenumber.


[image: Figure 8]
FIGURE 8. Wavenumber spectra of BtC (A) MSGPvA with PCL and AMA (B) MSGPvA (Harsojuwono et al., 2021).



Table 1. Wavenumbers and functional groups in MSGPvA BtC with PCL and AMA and MSGPvA BtC (Harsojuwono et al., 2021).

[image: Table 1]

The functional groups contained in the MSGPvA BtC with PCL and AMA include O-H at wavenumbers 2,962.66 and 3,448.72 cm−1 and C=O at wavenumber 1,735.93 cm−1. This is slightly different when compared to the functional groups contained in the MSGPvA BtC, which contains a functional group (O-H) at wavenumbers 2,140.99 and 3,360.89 cm−1: C-H at wavenumber 1,712.79 cm−1, C-O at wavenumber 1,188.15 cm−1, and (–(CH2)n) at wavenumber 435.91 cm−1 (Harsojuwono et al., 2021). This indicates a change in the functional group and a shift in the wavenumber of the MSGPvA BtC if the MSGPvA BtC is added with PCL and AMA. Alias et al. (2018) explained that the formation of a composite film from a polymer with PVA caused a shift in the wavenumber of the hydroxyl group of PVA from 3,279.10 to 3,278.67 and 3,260.93 cm−1.

According to Perez and Francois (2016), changes in intensity and shift in wavenumber indicate good biocompatibility between biopolymers. Meanwhile, according to Ren et al. (2017), the shift in the functional groups of each polymer that makes up the BtC causes the formation of new bonds so that it changes the structure of the BtC with new characteristics. According to Dasbada (2015), although organic compounds have the same basic element, namely, carbon, they have very different properties from one another due to the different functional groups attached.



Degree of Crystallinity

The relationship between 2θ angle and X-ray diffraction intensity on MSGPvA BtC with and without PCL and AMA is presented in Figure 9. Figure 9 shows that MSGPvA BtC with PCL and AMA has a lower diffraction intensity than MSGPvA BtC. Under these conditions, the MSGPvA BtC with PCL and AMA had a crystallinity degree of 20.80% with 2θ diffraction peaks located at 13.4°, 15.1°, 16.7°, 17.4°, 22.7°, and 29.3°, while MSGPvA BtC without PCL and AMA has a crystallinity degree of 71.64%.


[image: Figure 9]
FIGURE 9. Relationship between 2θ angle and X-ray diffraction intensity of MSGPvA BtC with and without PCL and AMA.


The MSGPvA BtC with PCL and AMA had a lower crystallinity degree when compared to the MSGPvA BtC (Harsojuwono et al., 2021). According to Harsojuwono et al. (2021), the higher the intensity and density of the 2θ angle of X-ray diffraction, the higher the crystallinity degree. The sharp peaks at 2θ diffraction angles 6.7°, 7.2°, 14.5°, 19.5°, 20.5°, and 22.7° indicate that these materials have a crystalline structure (Yusuf et al., 2019).

The crystallinity degree of the MSGPvA BtC with PCL and AMA decreased more sharply than that of the MSGPvA BtC. This is due to the decreasing intensity and shifting of the diffraction peaks from the crystalline region to the more widespread amorphous region. This condition occurs because intermolecular and intramolecular hydrogen bonds are broken during the composite formation process, resulting in damage to the crystal structure of the constituent polymers (Yang et al., 2016). This is in accordance with the opinion of Zhang et al. (2018) who explained that in the composite system, there is a strong interaction of the polymeric materials that make up the composite. This causes the polymer to be easily dispersed even in the absence of a solvent (Altaani et al., 2020).



Thermal Stability

The thermal stability of the MSGPvA BtC with PCL and AMA is presented in Figure 10. Figure 10A shows the relationship between temperature and weight loss of the MSGPvA BtC with and without PCL and AMA. Figure 10A shows that the evaporation process in phase I took place up to a temperature of 100°C. Here, it can be seen that the MSGPvA BtC with PCL and AMA experienced a greater weight loss than the MSGPvA BtC. Furthermore, phase II is a physicochemical degradation process that occurs above 100°C. Meanwhile, Figure 4B shows the derivative of thermogravimetry (DTG) of the MSGPvA BtC with and without PCL and AMA. Figure 10B shows that the MSGPvA BtC with PCL and AMA has a higher weight loss rate than the MSGPvA BtC.


[image: Figure 10]
FIGURE 10. Relationship between temperature with (A) weight loss (B) derivative of thermogravimetry of MSGPvA BtC with and without PCL and AMA.


Table 2 shows that the initial temperature of the evaporation process (phase I) of MSGPvA BtC with and without PCL and AMA is in the range of 37.99–43.31°C. The MSGPvA BtC with PCL and AMA had a maximum evaporation process temperature (72.56°C) which was lower than the maximum evaporation process temperature (78.43°C) from the MSGPvA BtC. This has an impact on the weight loss (4.73%) of the MSGPvA BtC with PCL and AMA, which is much greater than the weight loss (0.92%) of the MSGPvA BtC.


Table 2. Initial temperature, maximum temperature, and weight loss in the evaporation process (phase I) and degradation (phase II) of MSGPvA BtC with and without PCL and AMA.

[image: Table 2]

Table 2 also shows that the initial temperature of degradation of the MSGPvA BtC with PCL and AMA occurred at an initial temperature of 104.79°C, which was higher than the initial degradation temperature (101.84°C) of MSGPvA BtC. As a result, the maximum degradation temperature (221.01°C) of the MSGPvA BtC with PCL and AMA was also much higher than the maximum degradation temperature (168.38°C) of the MSGPvA BtC. The impact is that the MSGPvA BtC with PCL and AMA has a higher weight loss (30.15%) than the weight loss (9.20%) of the MSGPvA BtC, but on the other hand, the remaining charcoal is lower, which is 27.88 and 36.92%, respectively.

The thermal stability of a material is known from the ability of the material to survive in the evaporation process (phase I) and degradation (phase 2) (Perez and Francois, 2016). This process also occurs in the MSGPvA BtC with PCL and AMA. Phase I is a physical degradation, namely, the process of evaporation of free water from the material, which takes place up to a temperature of 100°C. In phase I, the shrinkage of the MSGPvA BtC with PCL and AMA was higher than the weight loss of the MSGPvA BtC. Meanwhile, the maximum evaporation temperature of the MSGPvA BtC with PCL and AMA was lower than that of the MSGPvA BtC. As a result, the weight loss of the MSGPvA BtC with PCL and AMA was much greater than that of the MSGPvA BtC, which reached 4.73%.

Phase II is a combination of physical and chemical degradation such as dehydration, decomposition, and depolymerization, which slims down at temperatures above 100°C (Arnata et al., 2020). Here, weight loss occurs, which is a complex process involving dehydration of the pyranose ring, depolymerization, and decomposition of glucose from starch (Fang et al., 2002). The largest weight loss occurred at a temperature of 200–400°C and tended to be stable in the temperature range of 350–550°C. Thermal properties in this temperature range are shown by the MSGPvA BtC with PCL and AMA.

The maximum degradation temperature of MSGPvA BtC with PCL and AMA occurred at 221.01°C. This temperature is much higher than the maximum degradation temperature for MSGPvA BtC (Harsojuwono et al., 2021). This had an impact on the weight loss of the MSGPvA BtC with PCL and AMA, which reached 30.15%. Meanwhile, the weight loss rate of the MSGPvA BtC with PCL and AMA was higher than that of the MSGPvA BtC at a temperature of around 72.56°C. However, the weight loss rate was stable for the two BtCs at temperatures above 350°C. The composing stage of the MSGPvA BtC with PCL and AMA occurred at a temperature of 500°C with a charcoal residue of 27.88%. The charcoal residue is formed due to the carbonation or pyrolysis process of polysaccharide and composite materials (Zawadzki and Kaczmarek, 2010). Further, the thermal degradation causes an oxidation process and the decomposition of charcoal residue into gaseous products with lower molecular weights (Silvério et al., 2013).




CONCLUSION

The concentration of PCL and AMA and their interactions had a very significant effect on elongation at break, the ratio of tensile strength and Young's modulus of MSGPvA BtC to CBt, swelling, and WVTR but had no effect on the degradation time of MSGPvA BtC. The MSGPvA BtC with 20% PCL and 3.5% AMA had the best characteristics with a ratio of 1.2 ± 0.01 for tensile strength, elongation at break of 8.01 ± 0.01%, ratio of 1.36 ± 0.01 for Young's modulus, swelling of 4.85 ± 0.03 %, WVTR of 91.12 ± 0.81 g/m2/day, and degradation time of 7 ± 0.09 days.

The MSGPvA BtC with 20% PCL and 3.5% AMA had a transverse surface profile showing the presence of clear and wavy fibers and a longitudinal surface profile with indistinct waves, containing the OH functional group at wavenumbers 2,962.66 and 3,448.72 cm−1 and C=O at wavenumber 1,735.93 cm−1, a crystalline degree of 20.80%, a maximum evaporation process temperature of 72.56°C, a maximum degradation temperature of 221.01°C, and a weight loss of 30.15%. All characteristics of the MSGPvA BtC with 20% PCL and 3.5% AMA, except swelling, have met the SNI and International Bioplastic Standards.
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