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Abstract

:

Bioplastics have emerged as a viable alternative to traditional petroleum-based plastic (PET). Three of the most common bioplastic polymers are polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), and cellulose-based bioplastic (CBB). This study assessed biodegradation through anaerobic digestion (AD) of these three bioplastics and PET digested with food waste (FW) at mesophilic (35 °C) and thermophilic (55 °C) temperatures. The four plastic types were digested with FW in triplicate batch reactors. Additionally, two blank treatments (inoculum-only) and two PHBV treatments (with FW + inoculum and inoculum-only) were digested at 35 and 55 °C. The PHBV treatment without FW at 35 °C (PHBV-35) produced the most methane (CH4) normalized by the volatile solids (VS) of the bioplastics over the 104-day experimental period (271 mL CH4/g VS). Most bioplastics had more CH4 production than PET when normalized by digester volume or gram substrate added, with the PLA-FW-55 (5.80 m3 CH4/m3), PHBV-FW-55 (2.29 m3 CH4/m3), and PHBV-55 (4.05 m3 CH4/m3) having 848,275 and 561%, respectively, more CH4 production than the PET treatment. The scanning electron microscopy (SEM) showed full degradation of PHBV pellets after AD. The results show that when PHBV is used as bioplastic, it can be degraded with energy production through AD.
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1. Introduction


Plastic waste is increasing across the world. Additionally, traditional petroleum-based polymers have high carbon emissions due to the extraction and refinement processes associated with their production [1]. In addition to the emissions associated with their manufacture, petroleum plastics cannot be easily degraded naturally by microorganisms [2]. This makes it difficult to efficiently process petroleum-based plastic (PET) without using harsh chemicals and creating harmful waste products. If the current trend in plastic use continues, by 2040 the rate of plastic waste leakage into the ocean will triple [3]. It is necessary to increase the use of alternatives to petroleum-based plastics that have less emissions associated with their manufacture, with the ability to be degraded or processed without the use of hazardous wastes products. This study investigated degradation and biogas production potential through anaerobic digestion (AD) of several bioplastic polymers compared to a petroleum-based plastic.



The potential applications of bioplastic polymers/plastics have been researched and developed extensively in the past several years, with global bioplastic production set to increase to 2.44 million tons in 2022 from 2.05 million tons in 2017 [4]. Some industries, such as the food packaging industry, can increase their sustainability and reduce their environmental impact through the use of bioplastic materials [5,6]. Research on the best methods to efficiently process and degrade these bio-based polymers is necessary, with this study investigating the potential of AD as a waste treatment and energy production process for degrading bioplastics. The AD process can aid in degradation of various feedstocks while producing renewable energy in the form of methane (CH4)-rich biogas. AD systems are increasingly being used in industry to treat wastewater, manure, and food waste (FW).



Three of the most common bioplastic polymers are polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), and cellulose-based bioplastic (CBB). PHB and PHV polymers are members of the polyhydroxyalkanoate (PHA) family of polyesters. PHB is synthesized from organic material, such as glucose, through microbial synthesis. PHB polymers have a large potential for industrial use due to their biodegradability and structural integrity. PHB is commonly copolymerized with PHV to form PHBV. The addition of PHV to PHB polymers reduces the stiffness, melting point, and crystallinity of the polymers, presenting a polymer that is more useful in manufacturing applications. PHA polymers, such as PHB, PHV, and PHBV, form thermoplastics that can be competitive with standard petroleum plastics in their physical properties (tensile strength, flexibility, melting point, etc.) [7]. The tensile strength of PHBV, PLA, and CBB is around half that of PET, and these bioplastics melt at temperatures around 100 °C cooler, on average, then PET. These physical properties allow for the use of these bioplastics in industries such as food packaging or manufacturing of common goods. The main drawback of using PHBV plastics is their high production cost, but with the continued optimization and scaling of PHBV and other PHA polymer production processes, the cost is expected to decrease over time [8].



PLA polymers are biodegradable and can be synthesized from renewable organic sources, such as starch and corn. PLA can be efficiently synthesized through ring opening polymerization of the lactide monomer. Yet, this process is energy intensive and can produce carcinogenic byproducts, requiring pre-treatment before use [9]. An additional drawback of PLA use is its low resistance to heat and lack of structural integrity under stress [10].



Cellulose polymers are hydrophilic, highly water-absorbent, and the most common biodegradable polymers used in industry, with an estimated biomass production of 1011 to 1012 tons per year [11]. Cellulose esterification is used to modify the cellulose to produce a bioplastic ready for industrial use.



Bioplastics need to be cost competitive and have structural integrity during use but fully degrade upon disposal [12]. Since most bioplastics are biodegradable over a reasonable time in the environment, there are limited studies on the degradation periods and energy potential associated with multiple types of bioplastic products. A previous study assessed the degradation of PLA and CBB bioplastics over a 35-day period (typical residence time for AD), concluding that the bioplastics were not fully degraded and unsuitable for standard biogas digesters [13]. However, the study did not digest the bioplastics alongside common substrates they would be disposed with, such as food waste, and the study did not compare the degradability of the bioplastics to petroleum-based plastics.



The overall aim of this study was to assess the biodegradability and biogas production rate of three bioplastics (PHBV, PLA, CBB) and compare the results to a fossil-fuel-based plastic (PET) when co-digested with food waste. Two experiments were conducted using the PHBV bioplastic polymer to assess the effect of temperature on biodegradability and biogas production. Food waste was used in the mixture to simulate a common application of bioplastic polymers as a material for food packaging. This study assessed the four plastics and food waste until biogas production largely ceased (daily CH4 production was <1% of cumulative CH4 production), addressing the need for research on bioplastic digestion over a longer period. The specific objectives of this study were to: (1) analyze the total biogas production of each bioplastic in comparison to petroleum-based plastic in the presence of food waste; (2) assess the efficiency of the conversion of volatile solids (VS) within the plastics into biogas by normalizing the gas production based on the VS of both the food waste and plastic substrates; and (3) determine the extent of degradation of the bioplastics in comparison to the petroleum-based plastic using scanning electron microscopy (SEM).




2. Materials and Methods


2.1. Substrate Characteristics


Batch biochemical methane potential (BMP) tests were conducted in triplicate. The thermophilic digester inoculum was collected from a lab-based thermophilic digester operating in Ashburn, VA (USA), and the mesophilic inoculum was collected from our semi-continuous lab inoculum digester in College Park, MD (USA), which operated with food waste substrate at a loading rate of 2.1 g VS/L/week to achieve a stable, low biogas production rate. The mesophilic and thermophilic inocula were mixed 1:1 on a volumetric basis to build the inoculum used in this experiment, which allowed for the same inoculum to be used for both treatments.



The PHBV, CBB, and PLA bioplastic pellets added to the digestion reactors were ordered from the commercial bioplastic material companies TianAn Biologic Materials Co. (Beilun Port, Ningbo, China), FKuR Plastics Corp. (Lexington, TX, USA), and BIOTEC GmbH & Co. (Emmerich am Rhein, Germany), respectively. The PET plastic pellets were ordered from VViViD (Montreal, QC, Canada). The diameter of the pellets ranged from 2 to 3 mm in diameter. The tensile strengths of the PHBV, PLA, and CBB bioplastics were 39, 31, and 41 mPA, respectively, the melting points were 135, 190, and 180 °C, respectively, and the Charpy impact strengths were 1, 5, and 2 kJ/m2, respectively. More information regarding the properties of each plastic can be obtained from the manufacturer’s provided datasheets [14,15].



Table 1 shows the food waste (FW) mixture based on FW percentages provided by the U.S. Department of Agriculture (USDA), which estimated the relevant ratios of the top 10 postharvest food losses at both the retail and consumer level [16]. The FW mixture was homogenized using a stainless-steel blender, with 200 mL of DI water (ELGA LabWater, AVR, USA) added to the mixture based on the USDA FW recipe.




2.2. Anaerobic Digestion (AD) Methods


Two experiments were conducted. The first experiment consisted of AD reactors operated under mesophilic conditions (35 °C) (AD-35), and a separate experiment was conducted using thermophilic conditions (55 °C) (AD-55). Each treatment was digested in triplicate 200 mL glass digestion reactors using standard BMP procedures, with all biogas and CH4 production values reported in normal temperature and pressure conditions (1 atm and 20 °C) [17]. The FW and inoculum were loaded at a 2:1 inoculum to substrate ratio (ISR) based on VS, as suggested by recent research [18,19]. The mesophilic experiment tested only one type of plastic, PHBV, while the thermophilic experiment tested all four types of plastic (PHBV, PLA, CBB, and PET). Overall, there were eleven treatments tested in triplicate, with two blank, inoculum-only treatments (inoculum-only at 35 °C and inoculum only at 55 °C), for a total of 33 AD reactors with 12 AD reactors tested at 35 °C and 21 AD reactors tested at 55 °C (Table 2). For the thermophilic experiment, the four plastics were digested with FW, with PHBV tested with and without FW. As shown in Table 2, there was 2.17 g of FW and 10 g of the respective bioplastic added to 147.83 g of inoculum into each triplicate bottle at a 2:1 inoculum to FW substrate ratio, based on VS, equating to a plastics to FW ratio of 1 to 4.6, based on weight. Treatments without FW contained 10 g of bioplastic and 147.83 g of inoculum. The source inoculum (mixture of the mesophilic and thermophilic inoculums sources) had an average total solids (TS) concentration of 9.70 g/kg and an average VS concentration of 6.53 g/kg, with the TS and VS concentrations and initial pH in each reactor prior to digestion shown in Table 3.



The pH of all treatments ranged from 7.52 to 7.60 pre-digestion (Table 3), which is within the ideal range for CH4 production [20]. The TS and VS of the FW–inoculum treatment (12.9 g/kg and 74.7%, respectively) was 32.9 and 10.8% greater than the inoculum (9.70 g/kg and 67.3%), respectively. The TS of the PHBV-FW, CBB-FW, PLA-FW, and PET-FW treatments were 74.4, 72.1, 74.4, and 74.6 g/kg, respectively (Table 3), while the VS were 95.3, 61.1, 79.0, and 95.7% of the TS value, respectively.



Total biogas production was measured by injecting a 50 mL wet-tipped glass syringe into the rubber septum of the digestion reactors. In the first two weeks of the experiment, biogas production and biogas quality were measured daily. After the first two weeks, biogas production and biogas quality were measured 2–3 times a week for the remainder of the experiment (13 weeks). The average CH4 production the triplicate inoculum control reactors was subtracted from the other treatments to present the total CH4 production from the waste substrates only and subtract the CH4 production attributed to the inoculum source. The BMP test was concluded when the daily CH4 production was less than 1% of the cumulative CH4 production.




2.3. Analytical Methods


The pH values of all treatments pre- and post-digestion were measured using an Accumet AB 15 pH meter (Fisher Scientific, Hampton, NH, USA). The TS and VS concentrations of each treatment before and after digestion were determined using Standard Methods [21]. TS (Method 2540B) and VS (Method 2540E) concentrations were determined in triplicate using ‘Standard Methods for the Examination of Water and Wastewater’ within 24–48 h of collection [21]. For TS analysis, triplicate 10.0 mL samples were pipetted into pre-weighed porcelain crucibles and dried at 105 °C until a constant mass was obtained. For VS analysis, the dried crucibles were placed in a furnace at 550 °C until a constant weight was obtained [21].



To determine CH4 and CO2 content concentrations, 0.50 mL of biogas was injected into an Agilent HP 7890 A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a thermal conductivity detector (TCD) and a single HP porous layer open tubular (PLOT) Q column at injection temperature 250 °C, detector temperature 250 °C, and oven temperature 250 °C. The volatile fatty acids (VFA) analyses were conducted using a GC Agilent HP 7890 A gas chromatograph with a flame ionization detector (FID) as described in our previous research [22]. The VFA concentrations were converted to chemical oxygen demand (COD) concentrations using the following conversion factors: 1.07 for acetic acid, 1.51 for propionic acid, 1.82 for butyric acid, and 2.04 for valeric acid [23].



Energy Dispersive Spectroscopy (EDS) and scanning electron microscope (SEM) digital imaging of the samples were conducted pre- and post-digestion using a Quanta SEM to evaluate the extent of degradation that occurred during AD over the 13-week period. The resulting digital images were magnified 3200x. Only one sample was taken from each treatment for SEM, as multiple layers are taken from each sample and loaded on the SEM sample plate. An air drying technique was used to dry each layer before implementing the second and the third layers. Any plastic pieces found in the reactor were collected and fixed on the SEM plate.




2.4. Statistical Analysis


Analysis of variance (ANOVA) was used to assess significant differences in cumulative CH4 production, with p-values < 0.05 considered significant. Tukey’s honestly significant difference (HSD) post-hoc tests were used to compare numerous variables, such as the CH4/g VS, and m3 CH4/m3 reactor. All values in the figures and tables are presented as averages with the standard error (SE).





3. Results and Discussion


3.1. Cumulative Methane (CH4) Production—Thermophilic Digestion (55 °C)


The cumulative CH4 values normalized by the AD volume indicate how much energy could be produced given a certain reactor size. The results show that after 104 days of digestion, the thermophilic CH4 productions from the FW-55 and PET treatments were 0.700 and 0.61 m3 CH4/m3 digester, respectively (Figure 1). Most bioplastics had more CH4 production than FW-only and PET when normalized by digester volume, with PLA-FW-55 (5.80 m3 CH4/m3), PHBV-FW-55 (2.29 m3 CH4/m3), and PHBV-55 (4.05 m3 CH4/m3) having 848%, 275%, and 562% higher CH4 production, respectively, than the PET treatment (p-value < 0.001, 0.044, and <0.0001, respectively). The CBB-FW-55 treatment produced 0.351 m3 CH4/m3 digester volume, which was 43% less than the PET treatment, but with no significant differences with PET (p-value = 0.98). The results are in agreement with recent research that noted that a cellulosic film bioplastic had lower biogas production compared with PLA [13].



The PHBV-55 treatment produced 479% more CH4 (2.30 m3 CH4/m3 digester) than the FW-55 treatment. The cumulative CH4 production for the PHBV-FW-55 and PLA-FW-55 treatments was significantly higher (p-values of <0.001) than the FW-55 treatment by 229% and 730%, respectively (Figure 1). Anaerobic biodegradability increased through the additional biogas production from bioplastic inclusion [13,24]. Based on the results of the bioplastics tested in this experiment, PLA and PHBV showed more biogas production and more degradation compared with CBB. The lower biogas production from CBB indicates low biodegradability, which might be caused by the capsule being too thick to degrade or due to accumulation of VFAS during the AD process [13,25].



When the CH4 production is normalized by the VS added to each reactor, the results indicate how efficiently the digestion process degrades the organic matter (VS) to energy (CH4). Normalization of CH4 production by the VS of the FW and bioplastic content assumes that all the VS of the bioplastic can be converted to biogas. When normalized by VS in the FW and bioplastic substrates, the FW-only treatment (276 mL CH4/g VS) had more CH4 production than the other six treatments (Figure 1, Table 4). The cumulative CH4 produced by the PLA-FW-55, PHBV-FW-55, and PHBV-55 treatments was 1165%, 303%, and 651% greater than the PET-FW-55 treatment, respectively (p-value < 0.001, 0.596, and 0.04, respectively) (Figure 1, Table 4). The bioplastic treatment that produced the least cumulative CH4 was CBB-FW-55 at 10.6 mL CH4/g VS, which was 1.1% less than the PET-FW-55 treatment (p-value = 1.0).



While cumulative CH4 production was calculated over 104 days, after only 34 days of digestion, the cumulative CH4 production for the FW treatment (274 mL CH4/g VS) was 104–2659% higher than the bioplastic and PET treatments (Table 4). The treatment that had produced the least cumulative CH4 at 34 days was PET-FW-55 at 9.9 mL CH4/g VS. The cumulative CH4 produced at 34 days by the CBB-FW-55, PLA-FW-55, PHBV-FW-55, and PHBV-55 treatments was 8.1%, 84.8%, 138%, and 72% greater than the PET-FW-55 treatment, respectively (Table 4).



The co-digestion of the bioplastics with food waste resulted in lower production of CH4 on a per VS basis (43.2, 10.6, 136, and 10.7 mL CH4/g VS for the PHBV-FW-55, CBB-FW-55, PLA-FW-55, and PET-FW-55 treatments, respectively). However, this is expected as the FW treatment is purely organic material that is efficiently digested [26], while the bioplastic substrates are not as biologically available for degradation as the FW substrate. When the VS content of the bioplastics is included in the total VS normalization, the relative CH4 production decreases due to the limited biodegradation compared with FW. The bioplastic treatments that produced the most cumulative mL CH4/g substrate (PHBV 35/55, PHBV-FW 35/55, and PLA-FW-55) generally had a steady rate of production in comparison with the lower-performing treatments (CBB-FW-55 and PET-FW-55). The CH4 production per g VS was within the expected range for bioplastic digestion (60–282 mL CH4/g VS) in the literature [13,27].



The cumulative CH4 values normalized by gram of substrate included indicate how much energy could be produced from the raw substrate added to the digester. After 104 days of digestion, the CH4 production from the FW-55 treatment and PET were 64.4 and 10.1 mL CH4/g substrate added, respectively (Figure 1). The PHBV-55, PHBV-FW, and PLA-FW treatments had more CH4 production than PET when normalized by gram of substrate included by 541%, 705%, and 847%, respectively (Figure 1). The CBB and PET treatments had the lowest cumulative CH4 values per gram of substrate (5.7 and 10.0 mL CH4/g substrate, respectively), indicating that the substrates were not as effectively converted to CH4 on a weight basis compared with the PLA, PHBV, and FW substrates.



After the first 21 days, the FW-35, FW-55, CBB-FW-55, and PET-FW-55 treatments had all produced more than 80% of their total cumulative CH4. The other bioplastics, PHBV-55, PHBV-FW-55, and PLA-FW-55, had produced 13.2%, 29.5%, and 11.5% of their cumulative CH4, respectively after 21 days of digestion (Table 4). The treatments that had produced > 80% of their cumulative CH4 production were also the two plastic substrates with the lowest cumulative CH4 production (CBB-FW-55 and PET-FW-55). It can be inferred that these two treatments rapidly utilized the FW content in the first 21 days, producing similar cumulative CH4 to the other treatments (15.6 and 8.6 mL CH4/g VS, respectively, compared with 9.7, 11.0, and 10.7 mL CH4/g VS), but the CH4 production largely ceased by Day 21, likely due to the buildup of volatile fatty acids (VFAs). There were no significant differences in the cumulative CH4 production values of the five bioplastic treatments at 55 °C in the first 21 days.




3.2. Cumulative Methane (CH4) Production—Mesophilic Digestion (35 °C)


The CH4 production normalized by AD reactor volume for the FW treatment was 0.82 m3 CH4/m3 digester volume (Figure 2). The PHBV (13.4 m3 CH4/m3) and PHBV-FW-35 (10.9 m3 CH4/m3) treatments produced 1531%, and 1240% more CH4 per digester volume than the FW treatment, respectively (p-values of <0.001) (Figure 2). The PHBV-35 treatment produced 22% more CH4 per digester volume than the PHBV-FW-35 treatment (p-value = 0.036) (Figure 2).



In the AD-35 treatment after 104 days of digestion, the cumulative CH4 production normalized by VS for the FW treatment (338 mL CH4/g VS) was greater than the two PHBV treatments (Figure 2, Table 4). The PHBV treatment without FW produced more cumulative CH4 (271 mL CH4/g VS) than the PHBV treatment FW (212 mL CH4/g VS). While cumulative CH4 production was calculated over 104 days, after only 34 days of digestion, the cumulative CH4 production for the FW treatment (338 mL CH4/g VS) was greater than the two PHBV treatments (Table 5). At Day 34 of digestion, the PHBV-35 treatment produced more cumulative CH4 (165 mL CH4/g VS) than the PHBV-FW-35 treatment (131 mL CH4/g VS) (Figure 1). For the 35 °C experiment, there was no significant difference in the percentage CH4 production or the cumulative CH4 production between the PHBV-35 and PHBV-FW-35 treatments in the first 21 days (p-value = 0.670). When normalized by gram substrate addition, the two 35 °C PHBV treatments, PHBV with and without FW (181 and 267 mL/g substrate added, respectively), were higher than the FW-35 treatment by 139%, and 254%, respectively (Figure 2). A recent study found the theoretical maximum CH4 production at mesophilic conditions (35 °C, 1 atm) to be 660 mL CH4/g PHBV, which was 60% of the theoretical production [28].



The data show more CH4 production under mesophilic conditions from PHBV compared with thermophilic conditions. A recent study found that the type of microorganism affects biodegradation [29]. The availability of microorganisms responsible for PHBV degradation using the mixed inoculum operated at 35 °C could favor bioplastic degradation compared with only thermophilic bacteria operated at higher temperatures (55 °C), which can be a less stable digestion process. Similar results were found during glucose digestion, with mesophilic conditions producing more CH4 than thermophilic conditions [30].




3.3. VFA Concentration during Digestion


Reducing VFA concentrations generally correlate with increasing cumulative CH4 production. In the 55 °C experiment, the only bioplastic treatments with reductions in total VFA concentration were the PLA-FW-55 treatment (46.7% reduction) and the PHBV-FW-55 treatment (53.4% reduction). This correlates with PLA-FW-55 having the highest cumulative CH4 production (95.3 mL CH4/g substrate added) followed by PHBV-FW-55 (37.7 mL CH4/g substrate added) (Figure 1). The CBB-FW-55 treatment had the largest increase in total VFA concentration (from 5405 mg/L to 11,797 mg/L), correlating with CBB-FW-55 producing the smallest amount of cumulative CH4 (5.7 mL CH4/g substrate added) (Figure 1; Table 4 and Table 5). It is worth noting that the CBB-FW-55 substrate had a relatively high initial VFA concentration (5405 mg/L), yet, had low cumulative CH4 production (Figure 1; Table 5). This trend can likely be attributed to the lack of VFA reduction in the CBB-FW-55 treatment during digestion, indicating that the treatment was limited to the acetogenesis stage of digestion, as the methanogens were unable to convert the VFAs into measurable CH4. The CBB-FW had a lower pH (5.2), which is considered inhibiting to methanogens [31]. A recent study found that VFA cumulation in an AD system leads to decreasing pH and results in unstable AD performance and low biogas production [32].



The PET-FW-55 treatment also had a reduction in VFA concentration (77.9%) but did not have a large cumulative CH4 value. This is likely due to the nature of the PET-FW-55 substrate, a petroleum-based plastic that is not suited for abundant biogas production. The VFA reduction in the FW treatment was 78%, which was the highest among all the thermophilic treatments.



On the other hand, the mesophilic treatment showed higher VFAs removal rates at 79.6% reduction for the PHBV-FW-35 treatment and 99% VFA reductions in the PHVBV-35 treatment (Table 5). This implies that the process was more in balance, with the VFAs that were produced being used immediately by the methanogens for CH4 production, without signs of VFA accumulation.




3.4. Scanning Electron Microscopy


Based on the CH4 production data, two types of bioplastics (PLA and BHBV) could produce large amounts of renewable energy during AD degradation. SEM was used to understand the degree of degradation that occurred visually (Figure 3). Before the AD process began, all of the plastic pellets were intact with no noticeable cleavages in the pellets. After 104 days of AD processing, the PET plastic pellet did not have any noticeable degradation. The CBB plastic pellet had a small amount of degradation occurring on one of the sides of the pellet, creating a furrow. There were also noticeable strains and marks on the CBB pellet from digestion. The PLA pellet showed a degradation rate of approximately 80%. The pellet was broken up into many smaller pieces, and the surface of the pellet was significantly altered by AD, leaving many striations and breaks in the surface of the pellet. These results are in agreement with research that studied PLA’s biodegradability under thermophilic conditions, which found similar degradation within 90 days of AD [27].



The PHBV pellet was digested to the point where pieces of the pellet were not recoverable. The SEM image of the PHBV pellet after thermophilic digestion showed no visual pieces and complete digestion of the bioplastic pellet. Bátori et al. (2018), similarly, found higher degradation with PHBV compared with PLA and CBB under thermophilic conditions [29].



However, a previous study found that 60% mineralization was achieved within 100 days under mesophilic conditions, with only 40 days needed to achieve 60% mineralization under thermophilic conditions, with the conclusion that biodegradation occurs more quickly at higher temperatures [33,34]. However, the research in the current study found full degradation of PHBV under both mesophilic and thermophilic conditions after 104 days of digestion. Recent studies found that the bioplastic degradation rate can vary based on the hydraulic retention time (HRT), with PHBV degraded within the HRT range of most digesters (20–30 days), while PLA takes longer to be fully degraded [29]. The microbial community responsible for the degradation of bioplastics can be found in both thermophilic and mesophilic conditions, but the availability of some bacteria, such as Amycolatopsis sp. and Bacillus brevis, has been shown to increase the degradation of PLA [13,29,35,36]. One study found a low rate (10%) of PLA degradation using an AD system [37], while another study achieved 60% degradation of PLA powder in 30 days and approximately 90% degradation in 60 days using adapted thermophilic sludge [34].



Our results show more biodegradation compared with a previous study, which found less than 50% biodegradation during 35 days of AD [13]. Previous research has shown that composting of PLA could take up to six months to show 80% degradation [24], with Hobbs et al. (2019) showing 54% degradation of PLA with food waste without pretreatment during a BMP treatment and 97–99% degradation with an alkaline pre-treatment [35]. However, the SEM results of the current study show better degradation (70–100%) using thermophilic AD after 104 days of digestion (less than 3.5 months).





4. Conclusions


Anaerobic digestion and degradation of PHBV and PLA bioplastics were shown to be viable under thermophilic conditions, with more effective digestion of PHBV under mesophilic conditions. It can be hypothesized that the PHBV treatments at 55 °C were not able to fully digest the substrate plastic due to the rapid increase in VFAs in thermophilic conditions. The CH4 production was most efficient with the PLA bioplastic as the substrate (highest mL CH4/g VS), with the highest energy production. The PHBV polymer also had high CH4 production, with 271 mL CH4/g VS, which shows the viability of this substrate for AD production. The PLA and PHBV treatments all produced more CH4 than the petroleum-based plastic, PET.



Both mesophilic and thermophilic digestion were found to be viable energy production and degradation options for the PHBV and PLA bioplastics in the presence of AD inoculum, with or without FW inclusion. The PLA and PHBV substrates were noticeably degraded after digestion, as shown in the EDS-SEM images, while the CBB and PET substrates showed only minimal signs of degradation after 104 days of digestion. The potential application of AD processes for processing of bioplastic substrates could be seen as a value-added product to assist in the transition from petroleum-based plastics to bioplastics, such as PHBV or PLA.
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Figure 1. Cumulative methane (CH4) production values from 104 days of thermophilic digestion (55 °C) of food waste (FW), bioplastics (polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), cellulose-based bioplastic (CBB)), and polyethylene terephthalate (PET) normalized by the volume of the digester reactor shown in (A), normalized by the volatile solids (VS) of food waste and plastic inclusion shown in (B), and normalized by the quantity of substrate addition shown in (C). 
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Figure 2. The cumulative methane (CH4) production values from 104 days of mesophilic digestion (35 °C) of food waste (FW) and (polyhydroxybutyrate-valerate (PHBV) bioplastic normalized by the volume of the digester reactor shown in (A), normalized by volatile solids (VS) of FW and plastic inclusion shown in (B), and normalized by the quantity of substrate addition shown in (C). 
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Figure 3. Energy Dispersive Spectroscopy imaging using a scanning electron microscope showing the four plastics before and after 104 days of thermophilic anaerobic digestion. 
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Table 1. Food waste (FW) mixture and percent inclusion of each food waste.
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	Food Type
	Food Waste (FW) Added

(g)
	Inclusion in Mixture

(%)





	Potato
	246
	19.8



	White Bread
	132
	10.7



	Apple
	94.5
	7.62



	Banana
	56.7
	4.57



	Chicken
	75.6
	6.10



	Pork
	75.6
	6.10



	Mixed Vegetables
	246
	19.8



	Cheese
	56.7
	4.57



	Cooked Rice
	37.8
	3.05



	Water
	219
	17.7
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Table 2. Experimental design detailing the quantity of inoculum, food waste, and plastics ((polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), cellulose-based bioplastic (CBB), and polyethylene terephthalate (PET)) added to each triplicate anaerobic digestion reactor.
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	Treatment
	Inoculum (g)
	Food Waste (g)
	PHBV (g)
	CBB (g)
	PLA (g)
	PET (g)





	Inoculum-35
	147.83
	0
	0
	0
	0
	0



	FW-35
	147.83
	2.17
	0
	0
	0
	0



	PHBV-35
	147.83
	0
	10
	0
	0
	0



	PHBV-FW-35
	147.83
	2.17
	10
	0
	0
	0



	Inoculum-55
	147.83
	0
	0
	0
	0
	0



	FW-55
	147.83
	2.17
	0
	0
	0
	0



	PHBV-55
	147.83
	0
	10
	0
	0
	0



	PHBV-FW-55
	147.83
	2.17
	10
	0
	0
	0



	CBB-FW-55
	147.83
	2.17
	0
	10
	0
	0



	PLA-FW-55
	147.83
	2.17
	0
	0
	10
	0



	PET-FW-55
	147.83
	2.17
	0
	0
	0
	10
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Table 3. Initial concentrations of total solids (TS), volatile solids (VS), and pH of the food waste (FW) substrate, inoculum, and plastics (polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), cellulose-based bioplastic (CBB), and polyethylene terephthalate (PET)) for each triplicate treatment prior to anaerobic digestion. Average values are given with the standard error.






Table 3. Initial concentrations of total solids (TS), volatile solids (VS), and pH of the food waste (FW) substrate, inoculum, and plastics (polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), cellulose-based bioplastic (CBB), and polyethylene terephthalate (PET)) for each triplicate treatment prior to anaerobic digestion. Average values are given with the standard error.





	
Pre-Digestion Characteristics for in Each Treatment Reactor




	
Treatment

	
TS

(g/kg)

	
VS

(% TS)

	
pH






	
Inoculum

	
9.70 ± 0.35

	
67.3 ± 0.5

	
7.52 ± 0.00




	
FW

	
12.9 ± 0.0

	
74.6 ± 0.0

	
7.53 ± 0.00




	
PHBV

	
72.2 ± 0.0

	
95.3 ± 0.0

	
7.55 ± 0.01




	
PHBV + FW

	
74.4 ± 0.0

	
95.3 ± 0.0

	
7.60 ± 0.02




	
CBB + FW

	
72.1 ± 0.0

	
61.1 ± 0.0

	
7.57 ± 0.00




	
PLA + FW

	
74.4 ± 0.0

	
79.0 ± 0.2

	
7.55 ± 0.02




	
PET + FW

	
74.6 ± 0.0

	
95.7 ± 0.0

	
7.58 ± 0.01
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Table 4. Cumulative CH4 production in mL CH4/g VS of food waste (FW), bioplastics (polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), cellulose-based bioplastic (CBB)), and polyethylene terephthalate (PET) during the 104-day digestion period by discrete time periods, with the percent of the cumulative CH4 production shown in parentheses for each of the five time points in the 104-day digestion period. Average values are given with the standard error.






Table 4. Cumulative CH4 production in mL CH4/g VS of food waste (FW), bioplastics (polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), cellulose-based bioplastic (CBB)), and polyethylene terephthalate (PET) during the 104-day digestion period by discrete time periods, with the percent of the cumulative CH4 production shown in parentheses for each of the five time points in the 104-day digestion period. Average values are given with the standard error.





	
Treatment

	
Cumulative CH4 (mL CH4/g VS of FW + BP) and (% of Total CH4 Production)




	
11 Days

	
21 Days

	
34 Days

	
51 Days

	
104 Days






	
FW-55

	
88.7 ± 40 (32.1%)

	
220 ± 60 (80.0%)

	
274 ± 21 (99.1%)

	
276 ± 24

(100%)

	
276 ± 24 (100%)




	
PHBV-55

	
4.9 ± 0.1

(6.1%)

	
10.6 ± 3.9 (13.2%)

	
17.1 ± 2.6 (21.2%)

	
34.7 ± 3.3

(43.1%)

	
80.5 ± 13 (100%)




	
PHBV-FW-55

	
5.0 ± 0.1

(11.6%)

	
12.8 ± 1.3 (29.5%)

	
23.6 ± 3.6 (54.5%)

	
33.4 ± 11

(77.2%)

	
43.3 ± 1.2 (100%)




	
CBB-FW-55

	
10.2 ± 0.5 (95.5%)

	
10.7 ± 0.7 (99.8%)

	
10.7 ± 0.7 (100%)

	
10.7 ± 0.8

(100%)

	
10.7 ± 0.8 (100%)




	
PLA-FW-55

	
6.5 ± 0.3

(4.8%)

	
15.6 ± 1.8 (11.5%)

	
34.5 ± 2.9 (25.4%)

	
63.8 ± 14

(47.0%)

	
136 ± 13 (100%)




	
PET-FW-55

	
5.0 ± 0.2

(46.9%)

	
8.6 ± 1.2 (80.5%)

	
9.9 ± 0.9 (92.7%)

	
10.3 ± 0.8

(96.1%)

	
10.7 ± 0.9 (100%)




	
FW-35

	
299 ± 13

(88.4%)

	
335 ± 15 (99.2%)

	
338 ± 17 (100%)

	
338 ± 17

(100%)

	
338 ± 17 (100%)




	
PHBV-35

	
46.0 ± 1.9 (17.0%)

	
122 ± 14 (45.1%)

	
165 ± 14 (61.1%)

	
184 ± 19

(67.9%)

	
271 ± 11 (100%)




	
PHBV-FW-35

	
41.2 ± 3.4 (19.4%)

	
107 ± 8.3 (50.3%)

	
131 ± 13 (61.6%)

	
161 ± 11

(76.0%)

	
212 ± 15 (100%)
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Table 5. Pre- and post-BMP concentrations of VFAs, and the pH of the of the food waste (FW) substrate and plastics (polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), cellulose-based bioplastic (CBB), and polyethylene terephthalate (PET)). Average values are given with the standard error.






Table 5. Pre- and post-BMP concentrations of VFAs, and the pH of the of the food waste (FW) substrate and plastics (polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), cellulose-based bioplastic (CBB), and polyethylene terephthalate (PET)). Average values are given with the standard error.





	
Pre-BMP




	
Treatment

	
pH

	
Acetic Acid (mg/L)

	
Propionic Acid (mg/L)

	
Butyric Acid (mg/L)

	
Valeric Acid (mg/L)

	
Total VFA (mg/L)






	
PHBV

	
7.55

	
811 ± 7.3

	
309 ± 2.5

	
176 ± 4.3

	
20.2 ± 0.75

	
1316 ± 11




	
PHBV-FW

	
7.60

	
754 ± 6.8

	
267 ± 12

	
164 ± 6.3

	
65.6 ± 56

	
1250 ± 69




	
CBB-FW

	
7.57

	
4316 ± 16

	
153 ± 4.7

	
932 ± 27

	
2.65 ± 2.65

	
5405 ± 34




	
PLA-FW

	
7.55

	
813 ± 5.9

	
264 ± 1.9

	
153 ± 1.7

	
5.04 ± 2.5

	
1234 ± 11




	
PET-FW

	
7.58

	
815 ± 19

	
310 ± 4.1

	
210 ± 20

	
11.7 ± 0.28

	
1350 ± 35




	
FW

	
7.53

	
826 ± 5.1

	
173 ± 5.4

	
226 ± 8.4

	
18.5 ± 2.7

	
1244 ± 3




	
Post-BMP Thermophilic (55 °C) Digestion




	
Treatment

	
pH

	
Acetic Acid (mg/L)

	
Propionic Acid (mg/L)

	
Butyric Acid (mg/L)

	
Valeric Acid (mg/L)

	
Total VFA

(mg/L)




	
PHBV

	
4.56

	
2153 ± 458

	
111 ± 26

	
2229 ± 242

	
119 ± 0.85

	
4613 ± 592




	
PHBV-FW

	
8.79

	
236 ± 12

	
69.8 ± 18.5

	
161 ± 2

	
114 ± 80

	
582 ± 85




	
CBB-FW

	
5.20

	
9154 ± 248

	
403 ± 54

	
2141 ± 172

	
98.9 ± 22.9

	
11,797 ± 175




	
PLA-FW

	
8.49

	
431 ± 132

	
115 ± 23

	
81.7 ± 53.9

	
27.6 ± 3.7

	
657 ± 99




	
FW

	
8.48

	
196 ± 9

	
45.5 ± 0.4

	
0 ± 0.0

	
55.9 ± 11.2

	
298 ± 5




	
PET-FW

	
8.42

	
201 ± 9

	
49.2 ± 5.4

	
0 ± 0.0

	
13.7 ± 1.2

	
264 ± 14




	
Post-BMP Mesophilic (35 °C) Digestion




	
Treatment

	
pH

	
Acetic Acid (mg/L)

	
Propionic Acid (mg/L)

	
Butyric Acid (mg/L)

	
Valeric Acid (mg/L)

	
Total VFA

(mg/L)




	
PHBV

	
8.73

	
0 ± 0.0

	
0 ± 0.0

	
0 ± 0.0

	
9.4 ± 1.0

	
9.4 ± 1.0




	
PHBV-FW

	
8.72

	
0 ± 0.0

	
61.7 ± 16.6

	
82.1 ± 41.5

	
111 ± 31

	
255 ± 73




	
FW

	
8.58

	
0 ± 0.0

	
0 ± 0.0

	
0 ± 0.0

	
18.5 ± 2.2

	
18.5 ± 2.2
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