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In recent years, biodegradable polymers have been hailed as one of the potential solutions to the plastic pollution problem, due to their ability to fully degrade rather than break down in smaller pieces over time. However, complete degradation of biodegradable polymers is often achievable only under strictly controlled conditions (i.e. increased temperature and pressure), which are not found in the natural environment – particularly in aquatic and marine habitats. This study aims to compare the degradation performance of plastic films made of two different biodegradable polymers – polylactic acid (PLA) and polyhydroxyalkanoates (PHA) – to that of low-density polyethylene (LDPE) films, in a simulated marine environment. Plastic films of the three chosen polymers, of equal dimensions, were exposed to natural sunlight within a novel setup - which simulated the sea surface - for six months. Films were chosen as they are among the most frequently reported type of plastic litter in coastal environments worldwide, and because of the increasing adoption on the market of biodegradable films for packaging. Results showed that, after six months, no consistent degradation could be observed on any of the films–not even the biodegradable ones. Between PLA and PHA films, the latter weathered slightly more than the former, but not at a significant level. Interestingly, differences were reported among the different polymer films in terms of type and extent of biofouling, brittleness, surface charge and surface microstructural changes. Overall, this work suggests that biodegradable plastic behaves rather similarly to traditional plastic in the marine environment over a half-year span. Albeit further experiments on even longer timescales are needed, this study provides evidence that, unless properly disposed of in an industrial composter facility, biodegradable plastic may only contribute to the very problem it was intended to solve.
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INTRODUCTION
Due to their favorable characteristics, plastics are employed worldwide in a variety of applications (Lebreton et al., 2017). In 2019, the global plastic production almost reached 370 million tons (PlasticsEurope, 2020), the majority of this production being employed for packaging (Geyer et al., 2017; Chen et al., 2021), which is almost always immediately discarded after a single use (United Nations Environment Programme, 2018). World population growth, access to a better quality of life, and the dynamics of modern consumerism bolstered the demand for single-use plastics, and thus contributed greatly to increase plastic waste across the globe (Rhodes, 2019; Abalansa et al., 2020; Oliveira et al., 2020). The ongoing Covid-19 pandemic has only made matters worse: production and use of plastic disposable personal protection devices (PPE) has skyrocketed, generating a tide of discarded PPE no country is ready to properly manage (Adyel, 2020). Even before this unprecedented amount of litter, plastic waste management has long represented an issue: landfill run-off, and improper or illegal disposal cause plastic litter to end in waterways and marine environments (Schmidt et al., 2017). Plastic waste in aquatic environments is aesthetically unpleasant and directly harmful to biota and humans; moreover, biological and physical agents degrade this waste to microscopic particles, known as microplastics (MPs) (Derraik, 2002; Galloway and Lewis, 2016).
Among the strategies currently considered to solve the plastic waste problem, the introduction of products made of biodegradable plastic has been hailed by some as a game-changing approach (Heidbreder et al., 2019; Luyt and Malik, 2019). Biodegradation is a biological process in which organic matter is completely or partially converted in water, CO2, methane, energy, and new biomass, by hydrolysis, photodegradation, and/or microbial degradation (Kershaw and United Nations Environment Programme, 2015). In the imagination of many, including some lawmakers, biodegradable plastics are supposed to simply dissolve in a fortnight when discarded in the environment, in a process akin to 21st-century witchcraft. The reality is that biodegradable plastics, to successfully degrade, need to be treated in an industrial composting facility, at temperatures between 50 and 60°C and with a concentrated microbial community (Folino et al., 2020). These parameters are far away from those found in uncontrolled environments. Hence, biodegradable plastics discarded in the marine environment, such as carrier bags, degrade significantly slower and with less success than in the composter, or in pure water (Accinelli et al., 2012; Deroiné et al., 2014). The adoption of biodegradable plastic has not been supported by a thorough information campaign of consumers on how to properly dispose of these items; many countries lack the necessary collection schemes and composting infrastructure (Zhu and Wang, 2020). Biodegradable plastic producers can apply for certifications offered by private entities, which are based on regional standards such as the ASTM D7473-12, 2021 and ASTM D6691-17, 2017 for degradation in pelagic marine environments. However, the available standards fail to describe the variety of marine environments (i.e. salt marshes, intertidal zones, and more), and employ unrealistic exposure parameters (Harrison et al., 2018). Moreover, a cloud of ambiguity surrounds the definition of biodegradable as an (often unsupported) product claim. This cloud shrouds some less-than-legitimate practices, such as greenwashing: companies exploit certain labels (such as “green”, “environmentally friendly”, “bio-based”) as a marketing ploy, without following their words with a sound commitment on the environmental level (Delmas and Burbano, 2011; Viera et al., 2020). An example of the reigning confusion among biodegradability is the commercialisation of oxo-degradable products, consisting in conventional plastic polymers mixed with UV-degrading additives (Thomas et al., 2012). This leads to fragmentation of the polymeric matrix in micro-particles of non-degradable material, thus increasing microplastic pollution, while effectively sweeping the (plastic) dust under the carpet (European Bioplastics, 2015).
Due to the lack of transparency around biodegradability certifications, especially those pertaining to aquatic and marine environments, the role of the scientific community is to provide clear, reliable data on the behavior of biodegradable plastics. The standards on which biodegradability tests are based (e.g. ASTM 6691) are based on parameters which, albeit easily achievable in a laboratory setting, are quite unrealistic when applied to the environment (e.g. temperatures ≥30°C). In turn, certain important environmental characteristics are difficultly reproducible to a realistic level in the laboratory, namely solar UV radiation, mechanical forces both by abiotic (e.g. currents, waves) and biotic agents (e.g. biofouling, accidental ingestion), and the presence of a diverse marine microbial community. As an example, xenon arc lamp and LED-based solar simulators available on the market are presently not capable of perfectly emulating the Sun’s spectrum; this limitation may alter the degradation process in a laboratory setting, as solar UV radiation plays a capital role in photodegradation (Leary, 2016). Moreover, factors such as a more realistic dynamic set-up versus a classic static one when performing biodegradation tests can change quite drastically the results obtained (Thellen et al., 2008). Although laboratory tests maintain their informational value within a comprehensive assessment strategy, field tests are of utter importance. However, the latter type of experiment does not come without disadvantages: they are liable to tampering by macrofauna and humans alike, difficult to check upon, and biofouling can disrupt the exposure of the plastic samples (Lott et al., 2020). A balanced solution could be found in hybrid test systems, allowing exposure to natural sunlight, and incorporating stirring/movement, with natural or inoculated seawater - but contained vessels to avoid tampering, and easier accessibility to the experiment, for control purposes.
This experiment aimed to compare the degradation and the chemical and physical surface changes of films made by two types of biodegradable polymer, polylactic acid (PLA) and polyhydroxyalkanoates (PHA), to those of films made by a conventional polymer, low-density polyethylene (LDPE) after a six-month exposure to a simulated marine environment with natural sunlight. We visually inspected the films to determine the percentage of surface degraded after exposure; furthermore, we investigated topographical and chemical surface changes to assess hydrolysis of the polymers. PHA and PLA were chosen as biodegradable polymers due to their ubiquitous presence on the market, especially in packaging applications (M Kolybaba et al., 2003; Xu and Guo, 2010; Jambunathan and Zhang, 2016; Sangroniz et al., 2019). Conversely, LDPE was selected because it is one of the most employed polymers in packaging (PlasticsEurope, 2020) and it is not degradable in marine environments, acting as negative control.
MATERIALS AND METHODS
Experimental Setup
The experimental setup was placed on the roof of an eight-story building, in order to achieve maximal solar irradiation, uninterrupted by obstacles casting shadows, throughout the day–similar to the conditions found on the average sea surface. The setup consisted of an aluminum table, where the table surface was a grid to allow air circulation, and an overlying structure which could be opened by a lid, to check upon the experimental vessels (see Figure 1). The structure was lined with UV-transparent greenhouse foil stretched on the frames, to protect the experiment inside from external tampering (such as strong winds, or birds). Inside the structure, 13 glass tanks were placed, and filled with 9 L each of artificial seawater, made of milli-Q water and hw Marinemix® professional salts (Wiegandt GmbH, Krefeld, Germany) at a salinity of 35 PSU. A plastic film square was placed in 12 of the containers, aside for one tank, which was left empty and acted as control.
[image: Figure 1]FIGURE 1 | Experimental setup. On the top left, diagram of the greenhouse-table; the top and sides are made of UV-transparent foil, and the lid opens upwards as shown by the arrow. On the bottom left, detailed diagram of an experimental vessel with the glass pipette. On the right, picture of the setup after installation on the top of the roof, before the experimental vessels were placed inside the table.
The 12 plastic film squares were 150 × 150 mm in area and had a thickness of 0.05 mm; four were made of low-density polyethylene (LDPE), four of a polyhydroxyalkanoate (PHA) blend (polyhydroxybutyrate/polyhydroxyvalerate 8% (PHB-co-PHV)), and finally, four of poly-l-lactic acid (PLA); all films were acquired from Goodfellow GmbH (Friedberg, Germany). The PHA and PLA films are defined by the producer as “biodegradable”: specifically, the PHB-co-PHV blend was reported as being degradable in conditions such as incubation in compost for 80 days at 58°C–achievable in an industrial composter but not under typical use of injection molded or extruded articles. The biodegradation rate of PLA was indicated to be dependent on ambient temperature: this rate can vary between years, in soil (average temperature between 8–15°C), to weeks, in industrial composting facilities (50–65°C). This data is echoed by findings reported in literature: PHB-co-PHV was found to degrade almost completely after 39 days in a pilot-scale composter, at temperatures ranging from 40 to 70°C (Weng et al., 2010). In a different study, PHB-co-PHV samples were fully mineralized after 70–90 days at 58°C in an industrial composter setting. PLA has been reported to completely degrade in a time span of three to six weeks (depending on polymer crystallinity and object size) in a composting environment (Madhavan Nampoothiri et al., 2010). In an aquatic degradation test, up to 90% of PLA mineralized after 120 days at 60°C; the mineralization process was faster in anaerobic conditions, reaching 60% after 40 days at 52°C (Itävaara et al., 2002).
The experiment ran continuously for six months, from april to October 2018. To provide aeration and stirring to the vessels, air was delivered through glass pipettes connected to a pump and placed in each tank, including the control. In order to account for water loss from the experimental vessels due to evaporation, ultrapure water was added periodically; salinity was checked daily by using a handheld refractometer and maintained at 35 PSU throughout the experiment.
Weather and Irradiance Data
Weather data, particularly over air temperature (°C), and average irradiance (W m−2), was collected by a weather station located at N 51° 9′ 24.368″ E 4° 26′ 37.908″, within the Mesodrome facilities of the University of Antwerp, Belgium. The experimental site is located at a distance of 2.52 km from the weather station; therefore, the data collected are reasonably applicable to the experimental site.
Degradation, Chemical, and Surface Analysis
After exposure, the films were taken out from the experimental vessels, rinsed with ultrapure water, and left to air dry in a laminar flow cabinet for two days, taking care to avoid prolonged exposure to both artificial and natural light. The films were weighed and subsequently stored in between two glass plates in a cool, dry place. Degradation analysis was performed with a stereo microscope (Leica S8 APO) connected to a Leica MC190 HD camera (Leica Microsystems Belgium, Machelen, Belgium). The images were processed using the public domain ImageJ software. Subsamples (n = 10) of an approximate area of 1 mm2 were cut out, using a scalpel, in random points along an imaginary diagonal crossing each film. They were imaged through scanning electron microscopy to analyze their surface on a microscopic scale, using a FEI Quanta 250 FEG, in environmental (ESEM) mode, operating under high vacuum and with an electron beam of 5 kV. Furthermore, films spectra were obtained with a Fourier-Transform Infrared (FT-IR) spectrometer (LUMOS II, Bruker, Kontich, Belgium) in transmission mode.
RESULTS
Weather Data
Over the six-months experimental period, the data collected by the weather station showed that the average air temperature was 17.7°C, and the average irradiance 193 W m−2. The highest temperature recorded, 37.8°C, occurred on the July 26, 2018; whilst the highest irradiance, 1043 W m−2, was registered on the June 3, 2018.
Degradation
The films were imaged under a stereomicroscope to assess surface loss and thus degradation. None of the three types of films showed significant surface loss (higher than 1%). Two out of the four PHA films had holes, of a combined area of 18 mm2 for film 1 (0.08% of total surface, Figure 2) and 0.141 mm2 for film 2 (0.006% of total surface, Figure 2); all PHA films presented cracks, some of them longer than 10 mm. No surface loss was observed on LDPE and PLA films, but the latter type of film consistently showed cracks, such as the 6 mm one shown in Figure 2. No significant change in thickness was observed between reference and exposed films; on the contrary, a slight (less than 1% of the original weight, data not shown) weight difference was recorded, explained by the presence of biofouling on the exposed films.
[image: Figure 2]FIGURE 2 | Stereo microscope images of surface loss and changes in PHA (A-C) and PLA (D) films after exposure (hole sizes in mm2: 1=11.011, 2=6.703, 3=0.130, 4=0.230, 5=0.115, 6=0.008, 7=0.018).
Chemical Analysis
FT-IR spectra were obtained for referenced and exposed films; whilst no significant difference was observed between the spectra of reference and exposed PLA and PHA films, all exposed LDPE films showed sharp peaks located in the area around 1,650 cm−1, and a broad peak in the area around 3,300 cm−1, which were not present in the reference ones (Figure 3).
[image: Figure 3]FIGURE 3 | FT-IR spectral comparison of reference and exposed LDPE films. The green line represents the reference spectrum, while the red and black lines depict the spectra of LDPE films after exposure. Peaks around 1,650 cm−1 and 3,300 cm−1 are highlighted by arrows.
Surface Analysis
Comparison of pictures taken of reference and exposed films through the E-SEM microscope showed different effects of the six-month exposure on the three types of plastic tested in this study. As for LDPE films, on the reference ones the relatively smooth texture was interrupted by artifacts appearing as tracks, probably left during film production (Figure 4A, red arrow); and small production faults (Figure 4B, blue arrow). After a six-month exposure, the tracks were deepened (Figure 4C), and the surface presented remarkable indentations (Figure 4D). What was visible by visual inspection, a consistent biofouling by green algae of the LDPE films after exposure, was confirmed by E-SEM imaging: thick, multi-layered “mats” of filamentous algae were present in seven out of 10 of the subsamples analyzed, often associated with groups of oval-shaped microorganisms, each of them around 1 µm in length (Figures 4E,F).
[image: Figure 4]FIGURE 4 | E-SEM micrographs of reference (A,B) and exposed (C–F) LDPE films.
Reference PLA films showed the same tracks left during production (Figures 5A,B); interestingly, after exposure these tracks did not deepen, unlike in the LDPE films (Figure 5C). The surface texture weathered to what could be described as a puckered, “orange-peel” appearance (Figures 5D,E), and deep, round surface indentations characterized a majority of the subsamples for this film type (Figure 5E). Biofouling was present in four out of the ten subsamples, and the algal filaments did not create multi-layered “mats” such as those observed on LDPE films (Figure 5F).
[image: Figure 5]FIGURE 5 | E-SEM micrographs of reference (A,B) and exposed (C–F) PLA films.
In contrast with the other film types considered in this study, reference PHA films presented a completely smooth surface, devoid of tracks and seemingly of other production artifacts - to the point that imaging the surface was challenging due to the lack of topography landmarks (Figures 6A,B). After exposure, these films developed a coarse, brittle surface, different from the puckering imaged on PLA films (Figure 6C). The surface was also characterized by deep, isolated cuts, which created a loss of material (Figures 6D,E). Biofouling was registered on three out of the 10 subsamples, and, as in the case of PLA films, was not thick and multi-layered, consisting often of isolated patches (Figure 6F).
[image: Figure 6]FIGURE 6 | E-SEM micrographs of reference (A,B) and exposed (C–F) PHA films.
DISCUSSION
In this study, we assessed degradation, surface structure and chemical properties of LDPE, PLA, and PHA films, after a six-month exposure to a simulated seawater environment. No significant degradation, defined as surface loss, was observed in any of the films tested, including the biodegradable polymer ones. Interestingly, the chemical and physical structure of the films surface after weathering, as well as the rate of biofouling, were different for each of the polymers tested.
Polymer degradation is influenced by the temperature of the surrounding aqueous medium, and, when considering field conditions, by the irradiance of the location where the degradation is undergoing. Laboratory studies conducted in accordance with standardized test protocols such as the American Society for Testing Materials (ASTM) D6691 rely on a temperature of 30°C for the test medium (ASTM D6691-17, 2017), accelerating, or, in some case, reaching complete degradation within the experimental timeframe: Mayer (1990) reported that PHA films lost 48% of their original weight after a 12 weeks exposure to seawater at 30°C; a study commissioned by the California Department of Resources Recycling and Recovery (CalRecycle) described how films made of the proprietary PHAs Mirel 4100 and Mirel 2200 underwent a 45 and 38% degradation respectively (measured as carbon-to-CO2 conversion) after a six-month exposure to seawater at 30°C (California State University, Greene, J., and Chico Research Foundation, 2012). The temperature conditions employed in such laboratory tests are highly unlikely to be found in natural aquatic environments (Haider et al., 2019; Chamas et al., 2020), particularly for a six-month period–therefore, products made with commercial polymers which obtained marine biodegradability certifications (based on standards such as the ASTM D6691) may end up not fully degrading in natural seawater conditions. On the other end, among field studies conducted in the Tropics, significant degradation of exposed biodegradable plastic is frequently observed - due obviously to a higher average sea surface temperature and daily irradiance than that of temperate areas. Imam et al. (1999) described a 0.1% average weight loss per day of PHA films submerged in the coastal sea of Puerto Rico, where the average air temperature is 25.6°C; similarly, Boyandin et al. (2012) exposed PHA films to the South China Sea in Vietnam and measured a 46% loss in mass after 160 days–the average sea temperature during the experimental period was 28.75°C (Volova et al., 2011), close to the temperature employed during standardized laboratory testing. In the aforementioned CalRecycle report, a successive experiment was performed, exposing PHA and PLA bottles for 12 months to seawater ranging from 21 to 25°C, representative of the temperatures of Half Moon Bay (San Francisco, United States): no discernible degradation was observed after the exposure, even after an experimental duration double than that of the 30°C test, highlighting the effect of temperature over degradation of biodegradable polymers in seawater. Bagheri et al. (2017) executed a laboratory experiment exposing PLA and PHA films to seawater, under fluorescent light, at 25°C, for a period of 12 months: PLA films showed no significant degradation, and PHA films lost a mere 8.5% of their initial mass. One recently published work compared LDPE and PHA (Mirel P5001) film degradation after exposure to a temperate versus a tropical marine environment: films submerged for 22 months in a pelagic setting in the Mediterranean Sea (Elba Island, Italy) showed no surface loss, while films placed for the same amount of time in the Indonesian sea experienced a ∼90% surface loss (Lott et al., 2020). Overall, these studies seem to demonstrate a proportional relationship between degradation rate and temperature and irradiance. Whilst the average temperatures in the tropical regions range between 25–28°C, the average air temperature during the experimental period of our study was 17.7°C. The average irradiance recorded during this study was 193 W m−2; as an example, the average yearly irradiance in Malaysia is ∼1744 W m−2 (Shavalipour et al., 2013), nearly 700 W m−2 more than the highest irradiance we reported, 1043 W m−2. Nonetheless, within literature there are examples of studies conducted in temperate regions which showed consistent biodegradable polymer degradation after seawater exposure: Mergaert et al. (1995) placed PHA films in the waters at Zeebrugge, Belgium for nine months, and observed a mass loss between 49 and 52%. More recently, Rutkowska et al. (2008) described a mass loss of 60% in PHA films submerged in the Baltic Sea for one and a half months. These findings hint towards other factors being involved in kickstarting and maintaining the degradation process, such as polymer properties.
Although both biodegradable polymers, PHA and PLA possess very different properties, which in turn influence the degradation success in seawater. Min and co-authors introduced a model predicting that glass transition temperature Tg to be inversely proportional to degradation rate; hence, polymers owning a Tg lower than the ocean temperature tend to degrade faster (Min et al., 2020). As for the biodegradable polymers considered in this work, PHA possess a Tg < ocean temperature, between -4.6 and 30°C (Thellen et al., 2008; Wang et al., 2021), whereas PLA has a Tg ranging between 44 and 60°C (Becker et al., 2010; Min et al., 2020), well above the ocean temperature: consequently, the degradation of PHA will occur at a faster rate than that of PLA in the same exposure conditions. Additionally, polymers which absorb a very low quantity of water (such as PLA) can experience changes in Tg after a prolonged presence in an aquatic environment (Auras et al., 2004). An exception to the Min and co-authors’ model is PE, which, albeit owning a very low Tg (-110°C), as other polyolefins is scarcely degradable (Min et al., 2020). Conversely, a higher crystallinity implies less availability of functional groups within the polymer, and thus slower hydrolysis processes (Chamas et al., 2020). At temperatures above 30°C, in aqueous media, PLA, a semi-crystalline polymer, experiences hydrolysis of the ester linkages in the amorphous regions, thus exposing carboxylic acid ends, which, by lowering the pH, self-catalyze the complete hydrolysis of the polymer. High temperatures close to Tg are extremely improbable to occur in the marine environment; the main mechanisms of degradation become photo-oxidation and enzymatic hydrolysis (Martin et al., 2014; Chamas et al., 2020; Kliem et al., 2020; Wang et al., 2021). In fact, to increase biodegradability of PLA in seawater, Martin et al. created a PLA derivative polymer, modifying its chain targeting the acetal functional group. Various authors have described the lack of degradation of PLA after long-term seawater exposures in natural conditions (Tsuji and Suzuyoshi, 2002; Deroiné et al., 2014; Bagheri et al., 2017; Haider et al., 2019; Gexia et al., 2020). Similarly, in our study no discernible surface loss was detected; FT-IR analysis of the reference and exposed PLA films spectra showed no difference in peaks, demonstrating no chemical surface change. This finding is consistent with the results of a study by Nazareth et al. (2019), where the spectra of PLA carrier bags exposed to natural seawater for six months did not significantly differ from the reference spectrum. On a topographic level, the “orange peel” pattern witnessed in this work on the surface of exposed PLA films may represent an initial stage of hydrolysis. This pattern recalls the surface changes imaged by Rodriguez et al. (2016): PLA films incubated in neutral aqueous medium at 70°C present characteristics reminiscent of those observed in our study, although the pores we imaged were less deep–a consequence of the extreme weathering conditions (pH, temperature) employed in the study. Wang and co-authors (2021) published a micrograph of a PLA film surface after 13 months exposure in seawater, which depicts a rounded indentation not unlike those seen during our analysis (compare with Figure 5D).
In our study, FT-IR characterization of PHA films spectra after seawater exposure showed no difference with the reference spectrum, in contrast with Briassoulis et al. (2019), who, after six months of exposure in natural seawater of PHA films, detected a broad peak around 3,300 cm−1. This phenomenon was interpreted by the authors as proof of the presence of OH− groups, created by enzymatic hydrolysis of the polymer. SEM imaging of the exposed PHA films depicted a coarse, brittle surface, a finding compatible with other works in literature (Woolnough et al., 2010; Volova et al., 2011; Deroiné et al., 2014, 2015; Bagheri et al., 2017), although there the brittleness is more pronounced and leads to deeper cracks. Overall, the surface structure changes of exposed PLA and PHA films that we detected are consistent with previous works and may thus point to an initial development of enzymatic hydrolysis catalyzed by the microbial community spontaneously developed in the test vessels by aerial deposition. In further experiments, it will be fundamental to characterize the microbiota, and add to the seawater an inoculum supplemented with appropriate medium for growth (as in i.e. Lott et al., 2020), to reach conditions overlapping with those of real seawater surface.
LDPE films were chosen as negative control, and not expected to degrade, as extensively reported in literature (see e.g. Roy et al., 2011). However, FT-IR analysis of the exposed LDPE films showed definite peaks when compared with the reference spectrum: a broad peak at ∼3,350 cm−1, consistent with OH− functional groups, and two narrow peaks at 1,600 and 1,100 cm−1, which could indicate the presence of biologically related amides. Interestingly, these types of peaks were observed in other studies, such as Briassoulis et al. (2019), for biodegradable plastic spectra, and interpreted as evidence of biofouling-induced chemical surface changes. The micrographs of exposed LDPE films taken in our study depict a topographical change in the surface, which appears more indented than the reference; these type of films presented the highest degree of biofouling compared to PHA and PLA, observed both on a micro- and macroscopic scale. These phenomena suggest that LDPE films in our study after six month of seawater exposure were colonized by microbiota at a higher degree than biodegradable films, which in turn caused consistent physical and chemical surface changes. This increased fouling on LDPE films may have been prompted by increased surface brittleness and free carbonyl group ends, perhaps due to photodegradation (Albertsson et al., 1987; Orr Gilan et al., 2004).
This work demonstrated that PHA and PLA films, although marketed as biodegradable plastics, do not significantly degrade after six months in a temperate marine environment. The PHA degradation reported in previous temperate seas studies was probably not observed to such a great extent after our analysis due to experimental limitations - the lack of microbial inoculum/growth medium. Furthermore, in future trials, increased degradation times (12–24 months) should be explored, to uncover potential longer-term effects of exposure.
PHA items have potential to degrade in seawater, albeit on increased timescales when compared with soil or industrial composter degradation. Nonetheless, producing PHA for widespread applications is challenging, both because of its increased production cost in respect to PLA and conventional polyesters, and for the brittleness of the unblended polymer (Jambunathan and Zhang, 2016). These factors have prioritized PLA as a competitor in the biodegradable plastics race (Philp et al., 2013). Hence, the majority of marine biodegradable plastic litter will be constituted by PLA, which is not degradable in the marine environment. Unknowing consumers may contribute to this issue by selecting PLA products over other polymers, in the wrong belief of adopting an environmentally friendly behavior. Even to a careful consumer, the lack of international certifications defining precise biodegradability requirements make labels and product claims difficult to interpret–leaving space for greenwashing (Viera et al., 2020). There is undeniable confusion within end-users on biodegradable polymer waste disposal, and not all countries/regions are equipped with appropriate infrastructure (Zhu and Wang, 2020).
These arguments render the adoption of biodegradable polymers as a substitute for conventional ones in single-use applications potentially harmful, if not accompanied by strict international standards for biodegradability, adequate waste stream management, and consumer education on proper disposal. Biodegradable polymers have the potential to act as a steppingstone towards solving the plastic litter problem; nevertheless, embracing this new technology mindlessly will plainly create a new class of persistent pollutants in the marine environment–similarly to its conventional counterpart.
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