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Fragmentation of macroplastics into microplastics in the marine environment is probably one of the processes that have generated most drive for developing the microplastics research field. Thus, it is surprising that the level of scientific knowledge on the combinative effect of oxidative degradation and mechanical stressors on fragmentation is relatively limited. Furthermore, it has been hypothesized that plastic fragmentation continues into the nanoplastic size domains, but environmentally realistic studies are lacking. Here the effects of thermooxidative aging and hydrodynamic conditions relevant for the shoreline environment on the fragmentation of expanded polystyrene (EPS) were tested in laboratory simulations. The pre-degraded EPS was cut into pieces and subjected to mechanical, hydrodynamic simulations during four-day stirring experiments. Subsamples were filtered and subsequently analyzed with light microscopy with automated image analysis particle size distribution determinations, polymer identification with Raman spectroscopy, Scanning Electron Microscopy (SEM) with automated image analysis particle size distribution. The nanoplastic size fraction was measured using nanoparticle tracking analysis. In addition, the degree of polymer oxidation was spectroscopically characterized with Fourier transform infrared (FTIR) spectroscopy. The results illustrate that fragmentation of the mesoplastic objects is observed already after 2 days, but that is more distinct after 4 days, with higher abundances for the smaller size fractions, which imply more release of smaller sizes or fragmentation in several steps. For the nanoplastic fraction, day four shows a higher abundance of released or fragmented particles than day two. The conclusions are that nanofragmentation is an important and understudied process and that standardized test protocols for both thermooxidative degradation and mechanical treatments mimicking realistic environmental conditions are needed. Further testing of the most common macro- and mesoplastic materials to assess the rates and fluxes of fragmenting particles to micro- and nanoplastic fractions should be conducted.
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INTRODUCTION

Plastic debris in a large variety of sizes can be found in all ecosystems around the world. Plastic particles between 1 and 10 mm are referred to as mesoplastics, while plastic particles between 1 and 1,000 μm are called microplastics, and nanoplastics are plastic particles with a size between 1 and 1,000 nm (Hartmann et al., 2019). Microplastics have been reported to compose the majority of the numerical abundance of the marine debris (Browne et al., 2010; Hidalgo-Ruz et al., 2012; Goldstein et al., 2013). Microplastics are present in the marine environments as primary particles or as secondary particles. Primary particles are plastic particles manufactured in the micrometer size range, such as virgin plastic pellets or powders, whereas secondary particles are fragments from larger ones. Most microplastic particles in the marine environment are secondary particles, i.e., fragments from larger pieces (Brandon et al., 2016; Song et al., 2017) with a higher abundance for the lower size classes (Enders et al., 2015; Ter Halle et al., 2016; Primpke et al., 2017). Moreover, microplastics collected from the environment and analyzed with Scanning Electron Microscopy (SEM) or spectroscopic techniques such as Fourier transform infrared (FTIR) Spectroscopy show that particles can be in an advanced state of weathering (Cooper and Corcoran, 2010).

Plastic particles in the environment are subjected to degradation, a chemically, physically, or biologically introduced process, and one consequence is the creation of smaller particles (Andrady, 2011). One important degradation process for floating plastic particles in the ocean, such as expanded polystyrene (EPS), is photooxidative degradation initiated by UV-radiation (Gewert et al., 2015; Weinstein et al., 2016). The PS absorbs light via the aromatic phenyl groups, and the energy is transferred to the nearest C-H bond, where it causes a bond braking, and free radicals are formed. The final products of the polymer radical reaction are the formation of ketones and olefins, while the main products of PS are styrene monomers since end-chain scission is predominant. However, oligomers of styrene can also be formed. The same process occurs when plastic particles are exposed to thermooxidation except that the bond-breaking process is catalyzed by heat instead of light. Mechanical fragmentation occurs when the particles are subject to mechanical stress from waves, rocks, sand, and other forces or substances that the polymer can interact with in the ocean. Biological degradation is when microorganisms such as bacteria and fungi degrade the plastics through extracellular or intracellular enzymes and use the plastics as a substrate for growth. However, biodegradation is complex and not fully understood (Ho et al., 2018).

UV-radiation causes degradation of PS particles and creates particles in the nanometer size range (Lambert and Wagner, 2016a,b) with increasing particle concentration with decreasing size (Lambert and Wagner, 2016b). However, when in the marine environment, this degradation process is slow compared to in air (Kalogerakis et al., 2017; Cai et al., 2018; Julienne et al., 2019) or in pure water (Cai et al., 2018). Moreover, the fragmentation increases for particles when exposed to water compared to in the air (Julienne et al., 2019). Comparing onshore and nearshore conditions show more fragmentation when exposed to nearshore conditions (Kalogerakis et al., 2017). The degree of degradation increases over time (Lambert and Wagner, 2016a; Cai et al., 2018) as well as the creation of cracks and flakes on the particle surface (Weinstein et al., 2016; Cai et al., 2018; Julienne et al., 2019). Extremely ruff mechanical forces, e.g., the force from a kitchen blender has also been shown to create PS nanoplastic particles (Ekvall et al., 2019). More environmentally relevant mechanical forces, e.g., the force from a rotating mixer filled with water and sediment mimicking a breaking wave in the swash zone, shows that EPS particles fragment linear while PS pellets fragmented in a quad dependent size over time (Efimova et al., 2018). There is also a correlation between the sediment particles’ size and the fragmentation pattern, where larger sediment particles lead to more fragmentation (Chubarenko et al., 2020). However, both swash zone studies only considered particle sizes down to 0.5 mm (Efimova et al., 2018; Chubarenko et al., 2020). In another study, plastic pellets have been exposed during 3 years to conditions mimicking plastics exposure on beaches, benthic environments, and floating on the sea surface. They report a non-linear aging pattern for the degradation over time when analyzing the chemical bonds with FTIR (Brandon et al., 2016). However, in general, during the first 13 months, the particles mimicking floating plastics showed more degradation than the other treatments (Brandon et al., 2016), while the combination of UV-radiation with mechanical abrasion shows that, in general, the more prolonged exposure to UV-radiation creates more fragments and that the number of fragmented particles increased with decreasing particle size (Song et al., 2017). Biodegradation also occurs in the environment (Zettler et al., 2013), and for PS, it occurs in natural environments but at a prolonged rate (Ho et al., 2018). Moreover, terrestrial insects from polar environments can feed on EPS and ingest small fragments (Bergami et al., 2020).

The weathering of plastics generates smaller particles; however, how these particles fragment and the time scales for weathering plastic in the marine environment is not well studied or known. Moreover, the parameters that affect the fragmentation pattern are not known or the links between the polymer’s exposure, nature, and its manufacturing process. We analyze the size distribution of weathering EPS particles under environmentally relevant conditions by using pre-degraded EPS by thermooxidation combined with hydrodynamic turbulence. EPS was chosen since it is commonly found in the environment (Hidalgo-Ruz et al., 2012), and prone to fragment (Efimova et al., 2018).



MATERIALS AND METHODS


Particle Preparation and Thermal Oxidation Analysis

The polystyrene plastics originated from a conventional EPS packaging foam from an insulation box. The EPS was degraded in an oven at 80°C for 20 days. The thermal oxidation of EPS was verified by FTIR using the Thermo Scientific Nicolet iN10 infrared microscope. Three pieces were cut from the surface of the degraded EPS, and from the surface of the original, undegraded EPS and the absorption spectrum were recorded. All spectra were baseline corrected. The absorption spectrum of the degraded EPS was normalized to the peak at 3,028 cm–1, which corresponds to the C-H stretch in the average spectra of the undegraded spectra. The average area of the OH peaks (3,741–3,134 cm–1) for both the undegraded and degraded EPS spectrum was integrated, and the area was compared. Thereafter, the degraded EPS was cut by hand into pieces sized 5 × 5 mm. The thickness of the EPS varied between 1–2 mm and 20 pieces of EPS weighted 0.028 ± 0.0024 g. All plastics were stored in the refrigerator to decrease unwanted further degradation.



Fragmentation

To determine the time needed to create a suitable amount of fragmented particles, four fragmentation experiments with different fragmentation times were performed, 1, 2, 4, and 9.5 days. After evaluating the results, 2 and 4 days were concluded to be sufficient.

Initially, five 1 L-beakers were filled with 750 mL Milli-Q water together with 20 pieces of EPS. Two beakers were kept without plastics, serving as blank controls. The beakers containing plastic were placed in the flocculator, creating circle motion turbulence by paddles spinning at 250 rpm. The speed of 250 rpm was calculated to the Kolmogorov dissipation length scale to about 0.09 mm by using the following equation
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where η is the Komogorov dissipation length, ν is the viscosity of the fluid, and ε is the average rate of dissipation energy per mass. The energy dissipation rate (ε) was estimated to be 0.019 mm, calculated from the ε = 0.023 mm at 300 rpm (Sulc et al., 2015), and with Milli-Q water’s viscosity 1.004 × 10–6 m2/s. All beakers were covered with aluminum foil, and the open side of the flocculator was wrapped in plastic to prevent contamination. The two beakers without plastics were placed beside the flocculator, also covered in aluminum foil and plastic. After 2 days of fragmentation, the paddles were removed from the beakers and rinsed with 50 mL Milli-Q water to release any particles stuck on their surfaces. For the blanks, 50 mL of Milli-Q water was added. All beakers were then covered in aluminum foil and placed in the refrigerator until filtering. Next, the fragmentation was repeated, but the experiment lasted for 4 days. Finally, the fragmentation was repeated for both times, with the control beakers placed inside the flocculator.



Filtration

Initially, the filter set-up had three filters, 1000, 300, and 10 μm. The 1,000 μm metal sieve was chosen to collect the 5 × 5 mm start pieces. The 300 μm mesh was chosen since it is a common size for microplastic sampling, and as an addition, 10 μm polycarbonate filters (Millipore Isopore 1 μm) were used. The remaining water with the smaller sized particles was kept for further analysis with Nanoparticle Tracking Analysis (NTA). However, when the experiment was repeated, two filters were added to the set-up; 1 μm and 200 nm. For the 1 μm, polycarbonate filters (Millipore Isopore 1 μm) were used where half of the number of filters were coated with a 100 nm thick aluminum layer. The 200 nm filters were made of aluminum oxide (Whatman Anopore).



Particle Characterization


Photo Characterization

Photo characterization was used to characterize the formed microplastics’ size distributions on the 300 and 10 μm filters. The photo characterization was carried out with a Lecia MZ16 A Stereomicroscope and the software ImageJ (version 1.51j8). All photos were analyzed for each sample, but some were excluded due to blurriness or lack of particles. The Petri dishes containing the samples were put on a dark blue background, and 5–7 photos were taken under the stereomicroscope. The dark background made it easier to distinguish the white microplastics. Firstly, the contrast was enhanced by allowing 0.30% of the pixels to become saturated. Secondly, the color threshold was adjusted, so just the particles were selected. Lastly, the function Analyze Particles was used to measure the area, the major and minor axis, and the maximum Feret diameter of each microplastic. The algorithm used replaced the particle’s area with the best fitting two-dimensional ellipse, and the major and minor axis was then measured. Hence the ellipse had the same area as the area measured. The microplastics in contact with the edges of the photo were excluded. The measured microplastics’ mask was also controlled to ensure the background and light flicker was fully excluded. The replicates’ microplastics were summed for EPS and the blanks each for the 2 and 4-day fragmentation to get enough data in the size bins to create number-based size distributions. For the 300 and 10 μm samples, binwidth 300 and 50 μm were used respectively.



Raman Spectroscopy

The pre-degraded EPS pieces, the particles collected in the 1,000 μm sieve, and on all filters were analyzed with Raman spectroscopy on a WiTec alpha300 R microscope equipped with a 532 nm laser. First, a confocal mosaic image was obtained, and then a Raman spectrum from the particles was recorded. Laser power depending on the size of the particles since different objectives (5x, 20x, and 100x) were used, and 50 accumulations of spectra with an integration time of 0.5 s were recorded. These spectra were baseline corrected and compared to identify any spectral changes. On the 1 μm filter, many particles were analyzed to distinguish between EPS particles and contamination.



Scanning Electron Microscopy

The EPS particles’ size present on 1 μm filters was imaged in SEM (Zeiss Sigma VP) in VP mode (30 Pa) using the BSD detector with a magnification of 3.5 kX and EHT 15 kV. With the confocal mosaic image obtained from the Raman microscope and the Raman spectra from the particles, a brightness-contrast threshold was defined, so only EPS particles were analyzed with SEM (Figure 1). The software SmartPI was used to automatically image a mosaic of a defined area of the filter. The size of all particles within the area was measured according to the defined brightness-contrast threshold. For the different fragmentation times, 2 and 4 days, a total of 18,287 and 16,989 EPS particles were measured, respectively.


[image: image]

FIGURE 1. Raman-SEM identification for 1 μm membranes. (A) A confocal image of EPS particles obtained with the Raman microscope, (B) spectrum from the particles in a (C) spectrum from the exposed EPS pieces. (D) SEM image of the same particles.


The 200 nm filters were also analyzed with SEM. However, the fragmented particles on these filters were fluffy, and with blurry edges, it was not possible to measure the particles’ exact size, so these filters were neglected.



Nanoparticle Tracking Analysis

The instrument Malvern NanoSight LM10 was used for preforming NTA, measuring diffusion coefficients and hydrodynamic diameter of particles in the size range 10–1,000 nm. It is important to note that this instrument cannot distinguish what type of particles it is measuring. Three sub-samples from the collected water were analyzed. Every sub-sample was injected into the laser module chamber, and five videos were recorded over 1 min each, with a 5-s delay in between. After every recording, the sample temperature was noted. In between every sub-sample, the chamber was rinsed with Milli-Q water. The chamber was taken apart and cleaned with a 10% Hellmanex in Milli-Q solution, rinsed with Milli-Q water and dried with a 50% EtOH in Milli-Q solution and compressed air. After that, the software NanoSight (version 2.3) performed a summary analysis of the video batch. An excel macro was used to calculate the concentration in the size bins (binwidth 5 nm). The results from each 1 min recording were manually checked, and outliers were excluded. The EPS concentrations and the blanks were summed each for the 2 and 4-day fragmentations, and concentration based size distributions were computed.



Contamination

To investigate the contamination from the corrosion of the flocculator and the filter set-up, a test with blank beakers inside vs. outside the flocculator was performed. Three beakers were put in the flocculator, and three beakers were put on the outside, all containing 750 mL Milli-Q water. All beakers were covered with aluminum foil and plastic. After 4 days, the samples were filtered through 1,000, 300, and 10 μm and analyzed.

To exclude any contamination from the Milli-Q water produced by the Millipore Milli-Q Reference Water Purification System, the concentration of nanoparticles in the Milli-Q water was measured with NTA.



RESULTS


Contamination

The contamination from the flocculator and/or the filter set-up was black in color for both treatments. As the black fragments could easily be excluded in the photo characterization performed on the 10 μm filters, the contamination was not quantified.

Particles that were not plastics on the 1 μm filters were identified with Raman spectroscopy and SEM-EDX, e.g., iron-rich particles that most likely originated from one of the holders used for the filtration set-up. However, this was not considered to interfere with the results since the plastic particles on these filters were first sorted through polymer identification with Raman spectroscopy and excluded in the SEM automated analysis with a brightness-contrast threshold.

The concentrations of nanoparticles were similar for both treatments 28.74 ± 16.63 ×106 and 29.19 ± 13.86 ×106 particles/mL for samples inside the flocculator vs. samples outside the flocculator. This concluded that the experiment set-up did not add any nano-sized particles to the samples.

The concentration of nanoparticles in Milli-Q water was 0 particles/mL. It was concluded that the corrosion from the flocculator and the filter-set up did not contaminate the samples with the contamination that could not be excluded in the sample analysis.



Thermal Aging

The absorption peaks found in the spectra for the undegraded EPS at 3,150–3,000 and 3,000–2,800 cm–1 correspond to the phenyl group and C-H backbone stretch, respectively (Figure 2A). These peaks can also be found in the spectra for the degraded EPS (Figure 2B). Additionally, the degraded EPS show absorption around 3,570–3,200 cm–1 corresponding to O-H stretch. In the wavelengths 2,000–400 cm–1 there is much disturbance in both spectra due to poorly calibrated measurements, but this range is not crucial for estimating degradation state. The hydroxyl bond’s integrated area at 3,741–3,134 cm–1 for the undegraded EPS was 7.72 area units, whereas, for the degraded EPS, the area was 16.71. This verifies that the degraded EPS was more thermal aged than the undegraded EPS (Andrady, 2017).
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FIGURE 2. FTIR Absorption spectrum for (A) undegraded and (B) degraded EPS.




Fragmentation

All of the 5 × 5 mm start pieces of EPS were, as expected, collected in the 1,000 μm sieve, and no particles were found in the blanks. On the 300 μm filter, fragments of EPS were collected. After 2 and 4 days of fragmentation, 48 and 45 fragments of microplastics were found, respectively. The particles’ size distribution was similar for both times; however, there were more particles of the smaller sizes in the 4 days of fragmentation, 450–750 μm, nine vs. four (Figures 3A,B). There were no particles found in the blank samples. More particles were collected on the 10 μm filters, as expected, compared to the 300 μm. The particles’ size distribution was similar for both times, with more particles in the smaller size range. However, after 4 days of fragmentation, more particles were present 746 compared to 312 on the 2 days of fragmentation, an increase of 140% (Figures 4A,B). There were only 7 and 6 microplastics collected in the blanks after 2 and 4 days of fragmentation, respectively (Figures 4C,D). These particles were carried over from the filtration equipment and identified as EPS. The size distribution of the particles on the 1 μm filters was similar for both 2 and 4 days of fragmentation with a higher numerical amount of particles in the smaller size range, where 51% respectively, 49% of the particles were below 3.75 μm (Figures 5A,B). Most particles were identified between 2.25 and 4.25 μm, 62%, respectively, 61%. From the water samples, the concentration of EPS particles increased by 114% from 34.35 ± 10.70 × 106 to 73.49 ± 23.36 × 106 particles/mL (Figures 6A,B). The blank samples’ concentration was 15.07 ± 9.51 × 106 and 9.27 ± 5.92 × 106 particles/mL, respectively, a decrease of 38% (Figures 6C,D).
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FIGURE 3. Size distribution of particles collected on the 300 μm filter after (A) 2 days of fragmentation and (B) 4 days of fragmentation.
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FIGURE 4. Size distribution of particles collected on the 10 μm filter after (A) 2 days of fragmentation, (B) 4 days of fragmentation, (C) blank samples after 2 days of fragmentation, and (D) blank samples after 4 days of fragmentation.
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FIGURE 5. Size distribution of particles collected on the 1 μm filter after (A) 2 days of fragmentation and (B) 4 days of fragmentation.
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FIGURE 6. Size distribution of particles measured with NTA after (A) 2 days of fragmentation, (B) 4 days of fragmentation, (C) blank samples after 2 days of fragmentation, and (D) blank samples after 4 days of fragmentation.




DISCUSSION

The degree of weathering can be determined with FTIR and SEM can be used to study the surface structure of the particles and identifying surface changes such as cracks or bacteria growth. We used FTIR to determine the thermal aging degree of the pre-degraded EPS pieces and show that the particles aged when exposed to heat. The size distribution shows a higher abundance for the smaller sized particles; however, for the particles with a size close to the pore size, the number of identified particles was low. On all filters, we measured the particles max ferret value, the longest distance between two parallel tangents on opposite sides of a randomly oriented particle measured for eight different angles. Most of the larger particles had an irregular shape, while for the smaller particles, the shape was more similar to a sphere or elliptical. The irregular sized particles can have one dimension smaller than the pore size and therefore passing through a filter. However, the impact from the particles with a size close to the pore size can be seen in Figure 7, where the last measured point on each membrane, i.e., the bin closest to the pore size have a drop in particle amount. For NTA, the hydrodynamic diameter was measured, the diameter of a sphere with the same hydrodynamic behavior as the particle being measured. The size limitations of NTA can be seen in Figures 6, 7, where there are only a few particles measured in the smaller sizes. The NTA data also show a size-dependent fragmentation over time (Figure 6).
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FIGURE 7. Total size distribution per particles/L/μm after (A) 2 days of fragmentation and (B) 4 days of fragmentation.


Even in a controlled laboratory study, contamination from the surroundings poses a threat to interfere with the results. For larger particles, visible through a light microscope, this does not have to interfere with the results. The contamination can be separated from the studied particles by comparing color, size, shape, and other ocular properties. For smaller particles, less than 10 μm, it is more challenging to distinguish between particles and contamination. However, spectroscopic techniques such as Raman or FTIR, which identifies the polymer can be used. For particles in solutions, light scattering techniques such as NTA and Dynamic light scattering (DLS) is widely used which measure the size distribution and concentration of the particles in the solution, but without distinguishing between different types of particles, i.e., the measured concentration can be higher than the actual value. In our experiment, contamination could easily be distinguished from EPS on the 10 μm filter by ocular inspection since the contamination had a different color then what the EPS particles had, black vs. white. The chemical fingerprint of the EPS particles was also confirmed with Raman spectroscopy. On the 1 μm filter, we first identified the EPS particles with Raman spectroscopy and, together with the confocal image, a threshold in which only registered EPS particles were applied in the SEM to measure the size distribution of the particles on these filters. The nano-sized particles were measured with NTA, and the concentration was compared with blank samples as well as with pure Milli-Q water.

Most studies have only considered one type of degradation; UV (Brandon et al., 2016; Lambert and Wagner, 2016a,b; Cai et al., 2018; Julienne et al., 2019) or mechanical forces (Kalogerakis et al., 2017; Efimova et al., 2018; Ekvall et al., 2019; Chubarenko et al., 2020), and only two has considered a combination of UV and mechanical forces (Weinstein et al., 2016; Song et al., 2017). One has used conditions that are not relevant for the environment (Ekvall et al., 2019); some focus on the characterization of the degree of degradation, and some investigate the fragmentation pattern; however, most studies only consider a small size range (Lambert and Wagner, 2016a,b; Efimova et al., 2018; Ekvall et al., 2019; Julienne et al., 2019; Chubarenko et al., 2020). We have analyzed the thermooxidation, and when exposed to hydrodynamic turbulence. Moreover, the fragmentation pattern was measured for particles larger than 30 nm.

Future developments of more environmentally realistic hydrodynamic reactors would be desirable, that for example, mimics the beach zone under different hydrodynamic and geomorphological conditions.

The insights from these simple simulations of hydrodynamic mixing that can occur in the nearshore environment such as a beach splash zone, illustrate the importance that macro plastic litter such as EPS, is promptly being remediated from the marine environment, e.g., by beach cleaning efforts, in order to minimize the oxidation-fragmentation reaction chain, that both may inflict more ecosystem impact, but also render the plastic matters virtually impossible to clean-up.



CONCLUSION

For both 2 and 4 days of fragmentation, there was a clear fragmentation pattern with more fragments in the smaller size classes. When comparing what happens over time, the size distribution is similar for both 2 and 4 days of fragmentation for all size classes (Figures 3–6). However, the number of particles in size range between 0.025 and 2.7 mm was higher, 993 particles/L for 4 days compared to 446 particles/L after 2 days.

The conclusions are that nanofragmentation is an important and understudied process and that standardized test protocols for both weathering and mechanical treatments mimicking realistic environmental conditions are needed and then further testing of the most common macroplastic materials to assess the rates and fluxes of fragmenting particles to micro- and nanoplastic fractions should be conducted.
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