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Introduction

Biobased polymer blends have been recommended as an eco-friendly solution to abate plastic pollution in the environment. However, the formation of microplastics (MPs) by photodegradation of biobased polymer blends in the marine environment is still not well understood. In this study, we investigated the formation of MPs and the changes in the physicochemical properties of three types of biobased polymer blends after photodegradation in seawater.



Methods

The investigated materials included non-biodegradable polyethylene/ thermoplastic starch blends (PE/TPS) and polypropylene/thermoplastic starch blends (PP/TPS), as well as biodegradable polylactic acid/poly (butylene adipate-co-terephthalate)/thermoplastic starch blends (PLA/PBAT/TPS). The control groups were the corresponding neat polymers, including polyethylene (PE), polypropylene (PP), and polylactic acid (PLA).



Results

The size distribution of the pristine and aged MPs indicated that the polymer blends were more likely to produce small-sized particles after photodegradation due to their poorer mechanical properties and lower resistance to UV irradiation than the neat polymers. Noticeable surface morphology alterations, including cracks, holes, and pits, were observed for polymer blends after photodegradation, while neat polymers were relatively resistant. After photodegradation, the attenuated total reflection Fourier transformed infrared spectroscopy (ATR-FTIR) spectrum of the polymer blends showed a significant decrease in the characteristic bands of thermoplastic starch (TPS), indicating depletion of their starch fractions. The C1s spectra of the polymer blends demonstrated that the aged MPs contained fewer -OH groups than the pristine MPs, further confirming the photodegradation of TPS. The molecular weight distribution curve of the polymer blends shifted significantly towards low molecular weight, suggesting the occurrence of chain scission during photodegradation. These results indicate that the polymer blends have a higher degree of photodegradation than neat polymers, and thereby generate more small-sized MPs than neat polymers. Photodegradation caused changes in the contact angle and surface charge of MPs derived from biobased polymer blends, which may affect the vector effects of MPs on any coexisting pollutants.



Discussion

In summary, polymer blends may pose a higher risk to the marine environment than neat polymers, and caution should be taken in promoting biobased polymer blends.
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1 Introduction

Although the production and use of plastics have been increasing worldwide because of their versatility (Chen et al., 2021), plastics also pose a great risk to environmental health (Hohn et al., 2020; Ainali et al., 2022). It has been estimated that about 60% of plastics produced globally ended up in landfills or the natural environment due to their excessive use and inadequate disposal (Geyer et al., 2017). Even though countries around the world make tremendous efforts to mitigate plastic pollution, the amount plastic waste emitted into aquatic ecosystems by 2030 is predicted to be 20–53 Mt year-1 (Borrelle et al., 2020). Main concerns of plastic pollutants are microplastics (MPs, ≤ 5 mm) and nanoplastics (NPs), including primary MP/NPs resulting from plastic manufacturing (Hartmann et al., 2019) and secondary MP/NPs resulting from the degradation of plastic wastes via mechanical abrasion (Song et al., 2017), ultraviolet (UV) irradiation (Wang et al., 2020), and biological breakdown (Zhang et al., 2021a). MPs and NPs are prone to accumulating in the marine environment and pose potential risks to organisms ranging from phytoplankton, zooplankton, bivalves, and fish (Carbery et al., 2018; Huang et al., 2021), and even to humans (Elizalde-Velázquez et al., 2021; Nor et al., 2021). Therefore, exploring the environmental degradation of plastics and the formation of MPs from plastic debris in the marine environment is urgently needed.

To reduce the problem of plastic pollution, recycling and the restricted use of fossil-fuel-based plastics such as polyethylene (PE) and polypropylene (PP) have been strongly encouraged in many countries (Chen et al., 2021; Horton, 2022). More importantly, fossil-fuel-based plastics are being replaced by biodegradable plastics such as polylactic acid (PLA), poly (butylene adipate-co-terephthalate) (PBAT), and poly (butylene succinate) (PBS) (European Bioplastics, 2021; Ghosh and Jones, 2021). These neat polymers are biodegradable and can be degraded by microorganisms under specific conditions (e.g., composting) (Haider et al., 2019; Shen et al., 2020). Some biodegradable polymers lack flexibility, strength, and toughness, so they are often mixed with appropriate additives (metal particles, inorganic, and organic nanoparticles) (Sanusi et al., 2021; Tarani et al., 2021). To achieve commercially functional properties, some biodegradable polymers often need to be blended (e.g., polylactic acid/thermoplastic starch blends [PLA/TPS], polylactic acid/poly [butylene adipate-co-terephthalate] blends [PLA/PBAT], and polylactic acid/poly [butylene adipate-co-terephthalate]/thermoplastic starch blends [PLA/PBAT/TPS]) (Yoksan et al., 2021). These biobased polymer blends can biodegrade and be processed through organic recycling under specific conditions (e.g., composting), and TPS derived from PLA/TPS and PLA/PBAT/TPS can be degraded by microorganisms in marine environment (Narancic et al., 2018). A wide range of non-biodegradable biobased polymer blends (e.g., polyethylene/thermoplastic starch blends [PE/TPS], polypropylene/thermoplastic starch blends [PP/TPS], and polylactic acid/polyethylene blends [PLA/PE]) have been manufactured in large quantities due to their low cost. However, the fossil-fuel-based components in these blends are difficult for microorganisms to degrade (Afkhami et al., 2019). Some studies have found that neat biodegradable polymers in the natural environment generated large amounts of MPs via photodegradation, biodegradation, and hydrolysis (Liao and Chen, 2021; Wei et al., 2021a). Similar to neat biodegradable polymers, biobased polymer blends, if inadvertently released into the marine environment, may lead to microplastic (MP) pollution and associated ecological risks. Nevertheless, our knowledge of the degradation of biobased polymer blends in the marine environment is still limited.

Photodegradation is a key process in the degradation of MPs (Cai et al., 2018; Zhou et al., 2021) that strongly affects their fate and potential hazard level (Kim et al., 2022; Luo et al., 2022a). Several studies have found that UV irradiation triggers the photodegradation of MPs derived from fossil-fuel-based plastics, leading to surface oxidation (Lin et al., 2020; Cao et al., 2021), structural disintegration (Wu et al., 2021), size reduction, and the generation of NPs (Wang et al., 2020). In recent years, the photodegradation of biodegradable MPs and their ecological effects have received increasing attention (Fan et al., 2021; Ainali et al., 2022). For example, Zhang et al. (2021b) found that photodegradation reduced the size of PLA MPs, creating NPs and elevating their toxicity to developing zebrafish by triggering mitochondrial dysfunction and apoptosis. Nevertheless, to the best of our knowledge, little information is available regarding the photodegradation of biobased polymer blends in seawater, hampering the risk assessment of polymer blends in marine environments.

The photodegradation of neat polymers is influenced by intrinsic factors such as chemical structure, molecular weight, shape, and size (Halle et al., 2016). For instance, biodegradable PLA was less resistant to UV irradiation due to the presence of ester groups, resulting in a higher degree of chemical weathering than fossil-fuel-based polyvinyl chloride (PVC) (Fan et al., 2021). Previous research on biobased polymer blends has found that both PLA/PE and PLA/PBAT do not easily photodegrade into small fragments or MPs compared to their respective neat biodegradable polymers, probably due to their enhanced mechanical properties after blending (Liao and Chen, 2021). However, polymer blends containing TPS (e.g., PLA/TPS, PE/TPS, and PP/TPS) generally exhibited poorer mechanical properties than the neat polymers, because the starch granules in the blends have poor miscibility with the surrounding polymer matrix (Narancic et al., 2018). The starch granules preserved inside the polymer matrix can be easily released by weathering; thus, large amounts of MPs can potentially be released due to the fragmentation of the polymer matrix (Wei et al., 2021b). Therefore, under the same weathering conditions, polymer blends containing TPS may be more likely to generate MPs than neat polymers. Accordingly, it is reasonable to hypothesize that under the same conditions, the biobased polymer blends containing TPS would have a higher degree of photodegradation and generate more small-sized MPs compared to the neat biodegradable or fossil-fuel-based polymers.

To test this hypothesis, three commercially available polymer blends (i.e., PE/TPS, PP/TPS and PLA/PBAT/TPS) were selected and corresponding neat polymers (i.e., PE, PP and PLA) were included as control groups. To simulate the fragmentation of discarded plastics caused by physical weathering (e.g., wave action and sand abrasion), the pristine MPs were prepared by mechanical grinding. Then photodegradation of pristine MPs under UV irradiation in natural seawater was investigated. The specific objectives of this study were to 1) analyze the changes in the size distribution, surface morphology, surface functional groups, molecular weight, contact angle, and surface charge of MPs derived from different biobased polymer blends after photodegradation, as compared to the neat polymers; 2) explore the possible photodegradation mechanisms of MPs in the seawater; 3) evaluate the potential environmental risks of photodegraded MPs in the context of reducing marine MP pollution, and make recommendations on the use and management of biobased polymer blends. These findings could provide new insights into the source and potential environmental risks of MPs derived from the biobased polymer blends in the marine environment.



2 Materials and methods


2.1 Preparation of MPs

We selected three commercially available polymer blends (i.e., PE/TPS, PP/TPS, and PLA/PBAT/TPS) for study and their corresponding neat polymers (i.e., PE, PP, and PLA) as control groups (Figure S1). PE/TPS, PP/TPS, and PLA/PBAT/TPS were chosen because they have gained a considerable share in the bioplastics market due to their versatility and low cost (European Bioplastics, 2021). PE/TPS and PP/TPS are non-biodegradable and PLA/PBAT/TPS is biodegradable. Basic information on the six plastics is listed in Table S1.

To simulate the fragmentation of discarded plastics caused by physical weathering (e.g., wave action and sand abrasion), the pristine MPs were prepared by mechanical grinding (Wang et al., 2020). The plastics were cut into square fragments (5 mm × 5 mm) using a clean stainless-steel scissor. To avoid external contamination of the material surface, the square fragments were rinsed five times with ultrapure water (Milli-Q, resistivity > 18.2 MΩ), and then left to dry at room temperature. Next, to obtain small-sized fragments, the square fragments were frozen with liquid nitrogen for ten minutes to make them brittle before being transferred to a ball grinder machine (JXFSTPRP-II, Jingxin, China) for grinding (1 min, 50 Hz). The small-sized fragments were then frozen for five minutes and ground for one minute. These steps were repeated 11 times to collect adequate MPs. Subsequently, the ground fragments were collected in clean glass Petri dishes and placed in an oven to dry at 40°C for 24 h. The dried fragments were then ground in a ceramic mortar to avoid adhesion and sieved with a 100 µm stainless steel mesh to obtain the pristine MPs smaller than 100 µm. The pristine MPs were stored in a dryer at room temperature and kept away from light until further experiments.



2.2 UV irradiation experiment

To simulate the photodegradation of MPs in the seawater, 100 mg of the dried pristine MPs were transferred into a 150-mL quartz tube that was previously filled with 100 mL of filtered natural seawater (1.2 µm GF/C filters, pH 8.1, and salinity 31‰). Next, 170 µL of HgCl2 stock solution (10 g L-1) was added to each quartz tube to avoid biodegradation (Paluselli et al., 2019). Triplicates were set up for each treatment group. The quartz tubes were exposed to continuous UV irradiation in a cylindrical quartz-wall photo-reactor (GHX-V, Bilon, China) for 2 months. The central part of the photo-reactor was a 1000 W mercury lamp screened with a UV cutoff filter (λ > 400 nm), so that the wavelength range covered was below 400 nm. The irradiation intensity of light was 68.6 ± 22.0 W m-2. A cooling water circulation system was used to maintain the temperature at 25°C to prevent elevated sample temperatures due to prolonged operation of the mercury lamp. During the irradiation, the quartz tubes were gently shaken twice a day to thoroughly mix the MPs and seawater. To prevent dramatic salinity fluctuations caused by the evaporation of seawater, the water volume in the quartz tube was checked, and Milli-Q water was added when needed.

After 2 months of UV irradiation, the MP suspension in the quartz tube was filtered through a 0.22-µm polytetrafluoroethylene (PTFE) membrane using a glass vacuum filter (JOANLAB, Jinteng, China) to collect the aged MPs. The aged MPs were retained on the filter membrane, placed in a cryopreservation tube, and then dried with a freeze dryer (FD5, SIM, USA).



2.3 Characterization of the pristine and aged MPs


2.3.1 Size distribution

The size distribution of the pristine and aged MPs was examined using confocal laser scanning microscopy (CLSM, A1, Nikon, Japan). Two milligrams of the dried MPs were transferred into a 2-mL centrifuge tube that was previously filled with 1 mL of ethanol solution (50%). Then MPs were ultrasonically dispersed for 15 min using an ultrasonic cleaner (KQ-3200B, Kunshan Shumei, China). Samples of the highly dispersed ethanol suspension (10 μL) of MPs were dropped onto a clean glass microscope slide and air-dried for subsequent observation by the CLSM. To obtain the size distribution, all particles in the CLSM images were measured using the Image J software (http://imagej.net/) (Liu et al., 2018). Three replicates were set up for each MP.



2.3.2 Surface morphology

For scanning electron microscopy (SEM, S-3400N, Hitachi, Japan) observation, MP samples were adhered onto a silver conductive tape sputter-coated with a layer of gold and then observed at different magnifications. Considering that the surface morphologies of MPs were heterogeneous, 10 surface sites from each sample were randomly selected for SEM imaging to ensure data reliability.



2.3.3 Surface functional groups and element composition

The surface functional groups of the pristine and aged MPs were analyzed by an attenuated total reflection Fourier transformed infrared spectroscopy (ATR-FTIR, UATR Two, PerkinElmer, USA). The spectral range was set from 4000 to 400 cm-1, and the instrument resolution was 4 cm-1, with 16 scans per spectrum. To guarantee data reproducibility, at least three samples for each data point were measured via ATR-FTIR. Surface elemental compositions and carbon (C) functional groups of the MPs were analyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi, Thermo Scientific, USA) with a monochromatic Al Kα X-ray source (1486.6 eV). The peak deconvolution for C1s was analyzed using XPS peak 41 software. The surface functional groups for each type of MP were quantified and compared. Each type of MP was measured in triplicate.



2.3.4 Molecular weight distribution

The molecular weight of MPs was determined by gel permeation chromatography (GPC). GPC was carried out on an Agilent PL-GPC220 equipped with Agilent PLgel Olexis 300 × 7.5 mm columns (for PE, PP, PE/TPS, and PP/TPS) and a Waters1525 equipped with Agilent PLgel 5 um MIXED-C columns (for PLA and PLA/PBAT/TPS). The molecular weight of PE, PP, PE/TPS, and PP/TPS were analyzed at 150°C using 1, 2, 4-trichlorobenzene as the eluent and solvent with a flow rate of 1 mL min-1 (Gao and Sun, 2021). PLA was performed at 35°C using trichloromethane as the eluent and solvent with a flow rate of 1 mL·min-1. For the PLA/PBAT/TPS, tetrahydrofuran was used as the eluent and solvent with a flow rate of 1 mL min-1 at 35°C (Wei et al., 2021a). A sample concentration of 2 mg mL-1 was used for the pristine and aged MPs. The sample solutions were filtered through a 0.45-µm PTFE membrane before analysis. The Agilent PL-GPC220 and Waters1525 systems were pre-calibrated using polystyrene standards of known molecular mass.



2.3.5 Contact angle

The wettability of the MPs was characterized by contact angle (CA) measurements (DSA20, KRUSS, Germany) using the sessile drop method. A drop (3 μL) of Milli-Q water was deposited on the solid surface, and then CA was measured immediately at 22°C for three specimens of each MP (Isimjan et al., 2012).



2.3.6 Zeta potential

The zeta potentials were determined using a Zetasizer (Nano-ZS90, Malvern Instruments, UK). The MPs were diluted to 4 mg mL-1 in natural seawater (0.22 µm GF/C filters, pH 8.1, and salinity 31‰), and then sonicated (25°C, 40 Hz) for 20 min to disperse evenly before analysis. Each MP was measured three times.




2.4 Statistical analysis

Data are presented as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) with S-N-K's multiple-comparison test (P < 0.05) was used for the significance test of different MPs using Statistical Product and Service Solutions Software (SPSS 16.0). The independent sample t test (P < 0.05) was used to analyze the significant difference between the pristine and aged MPs using SPSS 16.0.




3 Results


3.1 Changes in the size distribution of MPs

With respect to the size distribution of the pristine MPs, a considerable portion of polymer blend particles (PE/TPS, PP/TPS, and PLA/PBAT/TPS) were less than 10 μm (22.8%, 31.7%, and 25.2%, respectively) (Figure 1 and Table S2).The proportion of particle sizes smaller than 10 μm in PE, PP, and PLA were only 9.30%, 8.18%, and 6.32%, respectively. The average particle size of PE/TPS (38.3 ± 25.5 μm) was significantly smaller than that of PE (51.6 ± 25.7 μm). The average particle size of PP/TPS (29.8 ± 25.8 μm) was significantly smaller than that of PP (41.1 ± 22.2 μm). There is no significant difference between the average particle size of PLA (35.9 ± 22.6 μm) and PLA/PBAT/TPS (30.6 ± 19.6 μm). Compared to the neat polymers, the polymer blends such as PE/TPS, PP/TPS, and PLA/PBAT/TPS were mechanically ground to a higher degree of fragmentation, resulting in relatively smaller particle sizes.




Figure 1 | Size distribution of the pristine and aged MPs treated by 2 months of UV irradiation in natural seawater. To obtain the size distribution, all particles (n > 100) in the CLSM images were measured using Image J software (http://imagej.net/) and three replicates were used for each type of MP. PE, polyethylene; PP, polypropylene; PLA, polylactic acid; PE/TPS, polyethylene/thermoplastic starch blends; PP/TPS, polypropylene/thermoplastic starch blends; and PLA/PBAT/TPS, polylactic acid/poly (butylene adipate-co-terephthalate)/thermoplastic starch blends.



After 2 months of photodegradation, the proportion of particles smaller than 10 μm increased for all the aged MPs. The average particle size of the aged MPs was smaller than that of the pristine MPs (Figure 1 and Table S2). These results demonstrated that photodegradation exacerbated the breakdown of the pristine MPs particles, resulting in the formation of smaller particles. The proportion of particles less than 10 μm in the aged PE/TPS, PP/TPS and PLA/PBAT/TPS were 51.9%, 49.5%, and 43.7%, respectively, while only 28.7%, 28.8%, and 22.8% particles less than 10 μm were observed in the aged PE, PP, and PLA (Table S2). Additionally, the average particle size of the aged PLA (18.1 ± 10.6 μm), PE/TPS (18.9 ± 17.6 μm), PP/TPS (17.3 ± 16.3 μm), and PLA/PBAT/TPS (17.1 ± 12.6 μm) was smaller than for aged PE (24.5 ± 17.8 μm) and PP (23.8 ± 16.7 μm). These results suggested that polymer blends are more likely to generate small-sized particles after photodegradation than neat polymers.



3.2 Changes in the surface morphology of MPs

The surface morphological characteristics of the MPs were observed using SEM. For PE, PP, and PLA, the surface of the pristine MPs was relatively smooth (Figures 2A–C), whereas roughening of surfaces and formation of fragments (indicated by red arrows) were observed on the pristine PE/TPS, PP/TPS, and PLA/PBAT/TPS (Figures 2D–F). Spherical or ellipsoidal particles (indicated by green arrows) were observed on the surface of the pristine PE/TPS, PP/TPS, and PLA/PBAT/TPS, particularly on the pristine PP/TPS. A larger ellipsoidal particle (indicated by a white arrow) was observed (Figure 2E). The polymer blends used in this study had an island-sea structure (Wei et al., 2021b), in which starch granules are dispersed in the polymer matrix (Figures S2D–F). Moreover, the starch granules inside the polymer matrix released as a result of mechanical abrasion, fragmenting the polymer matrix and releasing a large number of MPs. Therefore, under the same mechanical stresses, the polymer blends tend to generate smaller-sized particles than the neat polymers.




Figure 2 | SEM images of the pristine and aged MPs treated by 2 months of UV irradiation in natural seawater. (A) PE, (B) PP, (C) PLA, (D) PE/TPS, (E) PP/TPS, and (F) PLA/PBAT/TPS. PE, polyethylene; PP, polypropylene; PLA, polylactic acid; PE/TPS, polyethylene/thermoplastic starch blends; PP/TPS, polypropylene/thermoplastic starch blends; and PLA/PBAT/TPS, polylactic acid/poly (butylene adipate-co-terephthalate)/thermoplastic starch blends. The red arrows indicate the formation of MP fragments on the surface of the pristine MPs. The green arrows indicate the spherical or ellipsoidal particles on the surface of the pristine MPs due to the release of starch granules. The white arrow indicates the larger starch granule. The yellow arrows indicate the smaller fragments on the surface of the aged MPs. The orange arrows indicate the formation of cracks. The blue arrows indicated the holes and pits that appeared on the surface of the aged MPs due to the migration and degradation of the starch granules.



After 2 months of photodegradation, smaller fragments (indicated by yellow arrows) were observed on the surface of all the aged MPs compared to the pristine MPs (Figures 2A–F). In addition, the PE, PP, and PLA MPs became rough and generated cracks (indicated by orange arrows) after photodegradation. The width and depth of the cracks on the surface of the aged PLA were wider and deeper than on aged PE and PP MPs (Figures 2A–C). The polymer blends also developed holes and pits (indicated by blue arrows) (Figures 2D–F), suggesting obvious degradation. These findings indicated that the polymer blends and neat polymers had different degrees of resistance to UV irradiation.



3.3 Changes in the surface properties of MPs

According to the spectra obtained with ATR-FTIR, there were no significant changes in the spectra of PE and PLA after 2 months of UV irradiation (Figures 3A, C). A carbonyl peak at 1715 cm-1 appeared in the spectrum of PP after photodegradation (Figure 3B). The ATR-FTIR spectra of PE/TPS, PP/TPS, and PLA/PBAT/TPS (Figures 3D–F) showed broad bands between 3000 and 3600 cm-1 associated with the TPS structure. These broad bands are due to the hydroxyl groups linked by hydrogen bonds (Raee et al., 2020). The adsorption bands of PE/TPS at 1078 and 1152 cm-1 are attributed to the -C-O bond stretching of -C-O-H in the TPS. For the PP/TPS, peaks at 1053 and 1151 cm-1 are both assigned to the -C-O bond stretching of -C-O-H in the TPS. ​We observed that the intensity of the TPS-related absorption peaks decreased significantly after UV irradiation. Specifically, the polymer blends showed spectrum variations after photodegradation, followed by a decrease in the characteristic bands of TPS, indicating the depletion of the starch fraction.​ With respect to PLA/PBAT/TPS, the spectrum of the aged MPs showed a broader carbonyl peak at 1712 cm-1 with an extra shoulder peak at 1500–1600 cm-1 as compared to the pristine MPs (Figure 3F). These peaks were formed by photodegradation of the PBAT in the blend.




Figure 3 | ATR-FTIR spectra of the pristine and aged MPs treated by 2 months of UV irradiation in natural seawater. (A) PE, (B) PP, (C) PLA, (D) PE/TPS, (E) PP/TPS, and (F) PLA/PBAT/TPS. PE, polyethylene; PP, polypropylene; PLA, polylactic acid; PE/TPS, polyethylene/thermoplastic starch blends; PP/TPS, polypropylene/thermoplastic starch blends; and PLA/PBAT/TPS, polylactic acid/poly (butylene adipate-co-terephthalate)/thermoplastic starch blends.



To further evaluate the changes in the surface functional groups of MPs, their surface was analyzed using XPS. There were no significant changes in the C1s spectra of PE after 2 months of UV irradiation (Figure 4A). As shown in Figure 4B, the surface O-containing functional group (C=O, 2.67 ± 0.35%) was formed on the surface of aged PP after UV irradiation (Table S3). Unlike PP, the aged PE/TPS and PP/TPS contained fewer -OH groups than the pristine MPs (Figures 4D, E), consistent with the results of ATR-FTIR spectral analysis, where the intensity of TPS-related absorption peaks decreased significantly after photodegradation (Figures 3D, E). Although there was no significant alteration in the ATR-FTIR spectrum obtained for PLA after photodegradation (Figure 3C), the C1s spectra demonstrated a reduction in C-O bonds (Figure 4C), which may be due to the cleavage of ester bonds during UV exposure (Zaaba and Jaafar, 2020). According to previous research, bands at 1750 cm-1 (vibration of the -C=O group) and 1180 cm-1 (stretching vibration of -C-C-O) often reflect the degradation of PLA (Oliveira et al., 2016; Nazareth et al., 2019). Yet both of these peaks were typical absorption peaks detected in the pristine PLA. Changes in the peak of the C-O bond, which is likely related to the photodegradation of TPS and cleavage of ester bonds during UV exposure, were found in PLA as well as PLA/PBAT/TPS (Figures 4C, F). The aged PLA/PBAT/TPS contained more O-C=O (12.1 ± 0.61%) than the pristine PLA/PBAT/TPS (10.5 ± 0.05%) (Table S3), which is consistent with the ATR-FTIR spectrum results (Figure 3F).




Figure 4 | C1s XPS spectra of the pristine and aged MPs treated by 2 months of UV irradiation in natural seawater. (A) PE, (B) PP, (C) PLA, (D) PE/TPS, (E) PP/TPS, and (F) PLA/PBAT/TPS. PE, polyethylene; PP, polypropylene; PLA, polylactic acid; PE/TPS, polyethylene/thermoplastic starch blends; PP/TPS, polypropylene/thermoplastic starch blends; and PLA/PBAT/TPS, polylactic acid/poly (butylene adipate-co-terephthalate)/thermoplastic starch blends.



After 2 months of photodegradation, the contact angles of the PE and PP reduced significantly from 95.5 and 107.7° to 87.1 and 84.9°, respectively (Figure 5A). Similarly, the contact angle of the PE/TPS decreased significantly from 92.9° to 86.1° after photodegradation, indicating a decrease in the hydrophobicity of MPs. In contrast, the contact angle of the PP/TPS increased significantly from 84.8° to 94.1°, indicating a decrease in the hydrophilicity of MPs. The difference in the change of contact angle between PE/TPS and PP/TPS may be due to the different starch content of these two polymer blends.​ With respect to PLA and PLA/PBAT/TPS, there was no significant alteration in the contact angle after photodegradation, and the hydrophilicity was maintained due to the hydroxyl group content. The surface zeta potential of the pristine and aged MPs in natural seawater is shown in Figure 5B. We observed that the surface zeta potentials of all types of MPs were negatively charged. Except for PE, the surface zeta potential values for aged MPs exhibited a significant decrease after 2 months of photodegradation. These results indicate that photodegradation increases the negative surface charge of pristine MPs.




Figure 5 | Contact angles (A) and zeta potentials (B) of the pristine and aged MPs treated by 2 months of UV irradiation in natural seawater. PE, polyethylene; PP, polypropylene; PLA, polylactic acid; PE/TPS, polyethylene/thermoplastic starch blends; PP/TPS, polypropylene/thermoplastic starch blends; and PLA/PBAT/TPS, polylactic acid/poly (butylene adipate-co-terephthalate)/thermoplastic starch blends. Different letters following the data or under each bar indicate significant differences between the pristine and aged MPs (Independent Samples t test; n = 3, P < 0.05). Error bars represent the standard deviation. Zeta potentials were measured at 4 mg mL-1 MPs in natural seawater (pH 8.1, salinity 31‰).





3.4 Changes in the molecular weight distribution of MPs

After being exposed to UV irradiation for 2 months, little change in the molecular weight distribution (MWD) curve of the aged MPs compared with the pristine PE, PP, and PLA was observed (Figures 6A–C). Whereas the MWD curves of PE/TPS, PP/TPS, and PLA/PBAT/TPS shifted towards low molecular weights with a visibly increased width after photodegradation (Figures 6D–F). This data suggested the occurrence of chain scission of the polymer blends. Compared with the neat polymers, the molecular weight of the polymer blends decreased considerably after UV irradiation, demonstrating that more severe photodegradation had occurred.




Figure 6 | Molecular weight distribution curves of the pristine and aged MPs treated by 2 months of UV irradiation in natural seawater. (A) PE, (B) PP, (C) PLA, (D) PE/TPS, (E) PP/TPS, and (F) PLA/PBAT/TPS. PE, polyethylene; PP, polypropylene; PLA, polylactic acid; PE/TPS, polyethylene/thermoplastic starch blends; PP/TPS, polypropylene/thermoplastic starch blends; and PLA/PBAT/TPS, polylactic acid/poly (butylene adipate-co-terephthalate)/thermoplastic starch blends. The MWD curves shifted towards the low molecular weight side after photodegradation, indicating degradation at high molecular weight; the MWD curves shifted towards the high molecular weight side, indicating degradation at low molecular weight.






4 Discussion


4.1 Fragmentation of MPs derived from biobased polymer blends by photodegradation

MPs can be produced by small and large plastic litter after they have been weathered by wind, waves, and sand. The degree of fragmentation is largely affected by the mechanical properties of the polymers (Song et al., 2017). Our results proved that after mechanical grinding, the polymer blends experienced a higher degree of fragmentation than the neat polymers, generating more small-sized particles (Figure 1). This can be explained by the inferior mechanical properties of polymer blends. TPS had poor miscibility with the other polymers (i.e., PE, PP, PLA, and PBAT), which was confirmed by the island-sea structure of PE/TPS, PP/TPS, and PLA/PBAT/TPS (Figures S2D–F). Thus, polymer blends exhibited poorer mechanical properties than neat polymers. In addition, the mechanical properties of the polymer blends largely depended on the ratio of the polymer components (Ajitha and Thomas, 2020). However, the exact ratios of the polymer blends used in this study were not specified by the manufacturers. Therefore, there is a need for adequate monitoring and regulation of polymer blends markets, where information on the polymer composition is unclear. This information is essential to understanding the fragmentation of polymer blends when they are released into the ocean.

MPs composed of different polymers have different degrees of resistance to UV irradiation (Fan et al., 2021; Liao and Chen, 2021). Our results found that polymer blends were less resistant to UV irradiation than neat polymers in that they showed a higher degree of photodegradation. Furthermore, the island-sea structure of the polymer blends may influence the process of both photooxidation and subsequent fragmentation. We found that mechanical grinding damaged the island-sea structure of the polymer blends, assisting photooxidation by facilitating the depth of UV penetration and diffusion of radicals while increasing the availability of oxygen (Pilař et al., 2015). Due to poor adhesion between TPS and the other polymers (i.e., PE, PP, PLA, and PBAT), the starch granules migrated out of the polymer matrix during UV exposure. Apart from this, photodegradation of starch granules embedded in the surface of the polymer matrix also occurred, which can lead to the detachment of starch particles and plastic debris (Quispe et al., 2019). Consequently, the migration and degradation of the starch granules resulted in a porous structure of the polymer matrix, favoring further photooxidation and fragmentation (Wei et al., 2021b). As was shown by SEM, cracks, as well as many holes and pits, were observed on the surface of the aged polymer blends (Figure 2D-F). Photodegradation makes polymer blends less durable, thereby accelerating the release of small-sized MPs in their matrix. ​Therefore, the size of particle fragments varies under UV irradiation, with polymer blends exhibiting a higher degree of fragmentation than neat polymers.

As an inexpensive biodegradable polymer, TPS can be used as an alternative to PLA (Yoksan et al., 2021). Polymer blends containing TPS, such as PE/TPS and PLA/PBAT/TPS, have a higher commercial value than PLA/PE and PLA/PBAT. Hence polymer blends containing TPS have been predominately used in disposable tableware or plastic bags and are gaining a significant share in the bioplastics market (European Bioplastics, 2021). These disposable items have been unintentionally manufactured in large quantities due to the difficulty of classifying various types of polymer blends. However, polymer blends containing TPS that are extensively used and not properly disposed of end up in the ocean, thereby generating more and smaller MPs under the wave action, sand abrasion and UV irradiation than neat polymers. This poses a higher risk to the marine environment.



4.2 Potential photodegradation mechanism of MPs in the marine environment

UV irradiation can produce free radicals as primary photochemical products, leading to the dissociation of C-C bonds and C-H bonds from the polymer backbone, inducing chain scission and cross-linking reactions (Gewert et al., 2015). The photodegradation mechanism for the fossil-fuel-based MPs in our study is photooxidative degradation caused by free radical chain reactions (Figure 7A). For example, the carbonyl groups of aged PP (Figures 3B, 4B) can be attributed to the reaction of MPs with oxygen in seawater during UV irradiation (Wu et al., 2021). Unlike PP MPs, the photodegradation of PLA can be described by the Norrish type I reaction or Norrish type II reaction and the radical oxidation reaction (Figure 7B). The photodegradation of PLA occurs mainly through the cleavage of ester bonds. The C-O bond can be reduced following the cleavage of the ester bonds and consecutive reactions driven by free radicals during UV irradiation (Tsuji et al., 2006; Bocchini et al., 2010). Therefore, the difference in photodegradation mechanism between PLA and fossil-fuel-based MPs (i.e., PE and PP) mainly depends on the chemical structure of the polymers.




Figure 7 | Schematic illustration of the possible photodegradation mechanisms of MPs. (A) Surface oxidation of PE and PP caused by free radical chain reactions; (B) surface oxidation of PLA caused by Norrish type I reaction, Norrish type II reaction, and radical oxidation reaction; (C) the island-sea structure of polymer blends collapses following surface oxidation; (D) fragmentation of polymer matrix; and (E) release of microplastics. Neat polymers: PE, PP, and PLA; polymer blends: PE/TPS, PP/TPS, and PLA/PBAT/TPS. PE, polyethylene; PP, polypropylene; PLA, polylactic acid; PE/TPS, polyethylene/thermoplastic starch blends; PP/TPS, polypropylene/thermoplastic starch blends; and PLA/PBAT/TPS, polylactic acid/poly (butylene adipate-co-terephthalate)/thermoplastic starch blends.



For polymer blends (i.e., PE/TPS, PP/TPS, and PLA/PBAT/TPS) containing starch and plasticizers, the addition of plasticizers can enhance adhesion between the starch and polymers, thereby improving miscibility (Raee et al., 2020). However, plasticizers have relatively weak interactions with the starch chain, so the island-sea structure of the polymer blends collapses following surface oxidation, leading to the migration and degradation of TPS (Figure 7C). As was shown by ATR-FTIR (Figures 3D–F), the characteristic bands of TPS decreased significantly after photodegradation. In addition, the migration and degradation of TPS made the polymer matrix less durable than neat polymers and more prone to fracture into small fragments (Figure 7D). The liberated starch particles eventually accumulate in the environment with the MPs formed from the fragmentation of the polymer matrix (Figure 7E). Of note, some of these small particles were fossil-fuel-based MPs, such as MPs generated by PE/TPS and PP/TPS. Thus, the fragmentation of polymer blends after photodegradation may generate persistent MPs, causing problems similar to those of neat fossil-fuel-based plastics.



4.3 Marine environmental risks and utilization recommendations for polymer blends

For biobased plastics to serve as a substitute for fossil-fuel-based plastics, their photodegradation performance needs to be well understood, especially with respect to biobased polymer blends, which are likely to take a significant share of the bioplastics market (European Bioplastics, 2021). Our results indicated that biobased polymer blends (i.e., PE/TPS, PP/TPS, and PLA/PBAT/TPS) are more likely to generate small-sized particles than neat polymers (i.e., PE, PP, and PLA) after photodegradation (Figure 1). Photodegradation may accelerate the release of MPs hidden in polymer blends, which may pose a higher ecological risk to the marine environment than neat polymers. Furthermore, MPs derived from biobased polymer blends, such as fossil-fuel-based MPs generated by PE/TPS and PP/TPS, can persist for decades in the marine environment. Although MPs derived from PLA/PBAT/TPS do biodegrade, they are relatively less biodegradable in the marine environment because their biodegradation is triggered in composting conditions with high temperatures or abundant microorganisms (Narancic et al., 2018). Moreover, photodegradation causes changes in the physicochemical properties of MPs derived from biobased polymer blends and affects their fate in the ocean (Wallmann et al., 2021; Luo et al., 2022b). For example, photodegradation can decrease the hydrophilicity of PP/TPS and increase its negative surface charge. The holes and pits formed on the surface of aged PP/TPS may provide more available reaction sites for the adsorption of pollutants (Wei et al., 2021b). Therefore, the potential vector effects of aged PP/TPS on coexisting pollutants might also be a significant concern. Taken together, special concerns over the MP risk were needed during the photodegradation of biobased polymer blends in the marine environment.

Knowledge of the photodegradation of biobased polymer blends can guide the development and application of biobased plastics to ensure a positive impact on plastic waste management and a minimal impact on the environment when inadvertently released (Narancic et al., 2018). As such, we suggest that fossil-fuel-based polymers should not be added into biodegradable polymers, especially when the polymer blends are intended for disposable products, such as PE/TPS and PP/TPS for single-use plastic bags or disposable tableware. Despite the biodegradability of TPS, MPs originating from the fossil-fuel-based polymer matrix remain persistent in the environment, which needs to be taken into consideration when developing biobased plastics. For polymer blends similar to PLA/PBAT/TPS, it is necessary to require that the manufacturers provide information on the polymer composition. This information is crucial to understanding the formation of MPs when polymer blends undergo weathering processes such as photodegradation, oxidation, mechanical abrasion, and hydrolysis. In summary, caution should be taken in the development, production, use, and management of biobased polymer blends.

Photodegradation is a critical pathway for the transformation of contaminants trapped in the MPs (Paluselli et al., 2019). Previous research has found that UV irradiation can trigger the photodegradation of commercially available polystyrene (PS) in seawater, leading to leaching of monomers and chemical additives such as phthalates (e.g., dibutyl phthalate [DBP] and di-isobutyl phthalate [DiBP]) (Wang et al., 2020). Another research demonstrated that organotin compounds (i.e., monomethyltin [MMT] and monobutyltin [MBT]) released from polyvinyl chloride (PVC) MPs were rapidly photodegraded under UV/visible light irradiation (Chen et al., 2019a). As plastic items photodegrade into small fragments or MPs, heavy metals (e.g., lead, chromium, and cadmium) may also be released into the marine environment (Turner et al., 2020). ​These studies showed that the photodegradation of MPs in the marine environment led to the leaching of diversified and toxic additives and degradation products. Up to now, toxic effects of additives derived from fossil-fuel-based polymers on aquatic organisms at different trophic levels have been widely verified (Chen et al., 2019b; Huang et al., 2021). Nevertheless, the photolytic transformation of endogenous contaminants (e.g., plasticizers, organotin catalysts, and heavy metals) of the biobased polymer blends and their potential toxicity to aquatic organisms required to be further studied.




5 Conclusions and environmental implications

This study investigated the formation of MPs and changes in the physicochemical properties of biobased polymer blends and their corresponding neat polymers after photodegradation in seawater. It was found that polymer blends were less resistant to UV irradiation and showed a higher degree of fragmentation after photodegradation than neat polymers; this resulted in more small-sized particles that may pose a higher ecological risk to the marine environment. From the evidence of changes in the surface morphology, contact angle, and surface charge of MPs derived from biobased polymer blends, we deduced that the photodegradation of polymer blends may have a greater negative effect on the marine environment than neat polymers. Thus, special attention should be paid to the risk associated with the MPs generated by the photodegradation of biobased polymer blends in the marine environment. Moreover, caution should be taken in the development, production, use, and management of biobased polymer blends to ensure that they have a minimal impact on the marine environment when inadvertently released.
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