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Environmental effects of microplastic are rather due to their adsorption capacity of contaminants than themselves. Aging is a key factor influencing adsorption properties of environmental microplastics. In order to clarify this influence, polyethylene (PE), polypropylene (PP), and polyethylene terephthalate (PET) microplastics with particle sizes of <0.9 mm, 0.9–2 mm, and 2–5 mm were artificially aged in seawater for 12 months. This enabled an assessment of the change in Cu(II) adsorption capacity to the microplastics particles under aging. According to the FTIR spectra, fresh microplastics were oxidized during the UV induced aging process. The adsorption capacities of microplastic were positively correlated with their aging time. After 12-months aging, the amount of Cu(II) adsorbed to the aged microplastics was 1.45–2.92 times higher than on the fresh microplastic particles. For PP and PET, the aging effect increased with decreasing size of the microplastic particles. In the case of PE, particles with the medium particle size (0.9–2 mm) had the strongest aging effect.
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INTRODUCTION

Plastics bring great convenience to daily life, but poses also potential risks to the environment. Annual global production of plastic in 2018 was 360 million tons (Plastic Europe, 2019). Only 9% of the plastic waste is recycled. Most of it is thus dumped into landfills or just disposed of. Since plastic can take between 50 to more than 200 years to decompose, it eventually accumulates in the environment (Barnes et al., 2009; Jambeck et al., 2015; Geyer et al., 2017). It was estimated that about 4.8–12.7 million tons of plastic waste flows into the marine environment each year (Jambeck et al., 2015). If the current practice continues the weight of plastics in the ocean will be greater than the weight of fish by 2050 (World Economic Forum, 2020). Plastic waste accounts for 60–80% of all marine debris (Wang et al., 2018), and about 92% of all plastic fragments in the marine environment are in the form of microparticles (Wang et al., 2019).

Microplastics may adsorb pollutants due to their small size, large specific surface area and high hydrophobicity. Although microplastics are likely not toxic in themselves, this adsorption of contaminants to the microplastic particles may cause them to serve as a carrier or transport vector of toxic compounds in the environment. Considering the magnitude of microplastic particles in the marine environment this may significantly alter the fate and effect of pollutants in the environment (Wang et al., 2017). Heavy metals on microplastics collected from river sediments are found to have originated from the surrounding environment (Deheyn and Latz, 2006). Adsorption properties of microplastics will change over time in the environmental mainly due to exposure to solar radiation and physical weathering by e.g., wind or wave chopping. This aging causes modifications to the physicochemical properties of microplastic surfaces. Aged microplastics are found to adsorb more heavy metals than fresh microplastics (Deheyn and Latz, 2006; DeForest et al., 2007; Holmes et al., 2014; Turner and Holmes, 2015). For example, Holmes et al. (2014) reported that the adsorption capacity of beached plastic pellets was at least an order of magnitude greater than that of virgin pellets (Holmes et al., 2014). Photo-oxidation through UV exposure changes the physical morphology as well as the functional groups on the plastic polymer surfaces. Despite the potentially important role of microplastics in governing fate and effect of contaminants in the environment, there are few detailed studies on the photolytic aging process and how this aging affects metal adsorption capacity of microplastics with time in seawater.

In this article the UV aging effect on polyethylene (PE), polypropylene (PP), and polyethylene terephthalate (PET), the three most consumed types of plastics in the world1, 2, 3, are studied in laboratory experiments. Copper (Cu), which may cause toxic effects on humans and represent an ecological risk (Fu et al., 2017), is selected as target contaminant to explore the heavy metal adsorption capacity of microplastics with different degree of aging. The effect of particle size of the microplastics on the Cu adsorption capacity is also assessed.



MATERIALS AND METHODS


Chemicals and Microplastic Materials

Cu(NO3)2 was obtained from Shanghai Aladdin Bio-Chem Technology Corporation (Shanghai, China). HNO3 was purchased from Bohua Chemical Reagent Corporation (Tianjin, China). NaCl, Na2SO4, KCl, NaHCO3, KBr, H3BO3, NaF, MgCl2⋅6H2O, CaCl2⋅2H2O, and SrCl2⋅6H2O, which are all used to prepare artificial seawater, were acquired from Macklin Bio-Chem Technology Corporation (Shanghai, China). All chemicals were analytical grade or higher purity. PE, PP, and PET pellets were procured from Yousuo Chemical Technology Corporation (Shandong, China).



Microplastic Aging Experiment

The aging experiment of microplastics was carried out in the laboratory using UV radiation and artificial seawater. PE, PP, and PET microplastics with particle sizes of 5 mm were crushed using a high-speed crusher. The crushed microplastic particles were then sequentially sieved through 20-, 10-, and 4- mesh screens in order to separate the particle sizes <0.9 mm, 0.9–2 mm, and 2–5 mm. The prepared size fractions of microplastics were submerged by artificial seawater in petri dishes with a diameter of 20 cm. The petri dishes were placed about 3 cm under two parallel placed UV-340 mm lamps with irradiation intensity of 29.80 J s–1⋅m–2. Artificial seawater was prepared according to the method by Kester et al. (1967). The simulated aging time was estimated by the following equation:

[image: image]

In which n is the ratio of radiation intensity between the experiment and ambient conditions, E0 (J⋅s–1⋅m–2) is irradiation intensity of UV lamps, and E1 (J m–2) is annual outdoor ultraviolet (UV) radiation. In the Tianjin area, which is the location of the experiment, the yearly UV radiation is 178.85 × 106 J m–2 (Li, 1999), yielding an n value of 5.2545. The microplastics were taken out after being exposed to UV radiation for 556, 1,112, and 1,668 h, which are equivalent to 4, 8, and 12 months of natural aging, respectively. The artificially aged microplastics were rinsed several times with distilled water and dried before storage in the dark until characterized or used for the adsorption experiments.



Characterization by Fourier Transformed Infrared

Functional groups on the surface of PE, PP, and PET microplastics before and after aging were characterized by attenuated total reflection Fourier transformed infrared spectroscopy (ATR-FTIR, Bruker Tensor II, Germany). The ATR-FTIR is a single beam, percent transmission technique that runs 40 scans per sample at a resolution of 0.4 cm–1 over the wavelength range from 4,000 to 350 cm–1.



Adsorption Experiments

The fresh and aged PP, PE, and PET microplastics with particle size of <0.9 mm, 0.9–2 mm, and 2–5 mm were used to conduct the Cu(II) adsorption experiments. The experiments were carried out at room temperature in centrifuge tubes, each containing 0.5 g microplastics and 50 mL solutions of Cu(II) with concentration of 5 mg L–1. The adsorption time was 240 h, which was the time required to assure equilibrium based on a pre-experiment. All experiments were conducted in duplicate. After adsorption, the microplastics were separated from the solution by filtration using filter paper with a pore size of 15–20 μm. The microplastics on the filter were dried and transferred to 10 mL centrifuge tubes. Then, 5 mL 2% HNO3 was added to the tube and sonicated using ultrasound for 10 min to desorb the Cu(II) metal ions from the microplastic surfaces. The sonicated mixtures were subsequently filtered through 0.45 μm syringe filters transferring the filtered solutions to clean PP centrifuge tubes for measuring the Cu(II) concentration using an inductively coupled plasma mass spectrometry (ICP-MS, Elan drc-e, United States).



RESULTS AND DISCUSSION


Fourier Transformed Infrared Characterization of Microplastics With Different Degree of Aging

Attenuated total reflection Fourier transformed infrared spectra of the PE, PP, and PET microplastics surfaces with different exposure times to UV irradiation are shown in Figure 1. The spectra show that new functional groups are generated on the surface of PE and PP microplastic particles. For PE, characteristic peaks for –OH, –COOH, and –C–O– were evolved at wave numbers of 3,360 cm–1 (Figure 1A-1), 1,610 cm–1 (Figure 1A-2), and 1,150 cm–1 (Figure 1A-3), indicating that alcohol, carboxylic acid and fatty ether functional groups were formed by the photolytic oxidation of the surfaces. The peak observed at 850 cm–1 is due to the adsorption by –CCl3. This indicates that a substitution reaction occurred during the aging process, in which the hydrogen in the carbon polymer was replaced by chlorine in the artificial seawater. For aged PP, only a peak at 3,360 cm–1 appeared (Figure 1B), indicating that PP microplastics were oxidized to less extent than PE during the aging process by UV irradiation in seawater environment. The peak is attributed to the adsorption of –OH, implying that alcohol functional groups were produced. For PET, there was no significant change in the surface functional groups based on the FTIR spectra (Figure 1C). Its greater resistance toward degradation is also documented by other studies (Chamas et al., 2020). It was worthy to note that no obvious peaks detected for 12-month-aged 2∼5 mm PE and 12-month-aged 0.9∼2 mm PP. Because ATR-FTIR has a rigorous demand for sample surface flatness, the uneven protrusions found on the surface of two particles might lead to the peak lack.
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FIGURE 1. Selection of FTIR spectra of PE, PP, and PET microplastics surfaces with different aging time.




Aging Effect of Microplastics on Cu(II) Adsorption

As shown in Figure 2, the sequence of Cu(II) adsorption capacity for the three virgin microplastic materials is PE > PET > PP. Smaller microplastic particle sizes have, as could be expected due to greater surface area, higher Cu(II) adsorption capacity. For PE the capacity increases from 0.3 μg/g, for particle sizes between 0.9 and 5 mm, to 0.6 μg/g in particles smaller than 0.9 mm. This is less than expected considering that the surface area of a sphere increases by a factor of 25 when its size increases from 0.5 to 2.5 mm. The adsorbed Cu(II) increased with increasing aging time on all plastic materials and particle sizes. After 12 months aging, the amount of adsorbed Cu(II) on the aged microplastic particles were between 1.45 and 2.92 times greater than that on the fresh microplastic particles. Such increased Cu (II) adsorption in this study was also observed for aged beach plastic pellets (Holmes et al., 2014). However, the aging time was unclear in the study of Holmes et al. (2014).
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FIGURE 2. Adsorbed Cu(II) on aged PE, PP, and PET microplastics.


Increased Cu(II) adsorption on aged microplastic particles can be attributed to that the surface of the microplastic materials are oxidized during the aging process. The oxygen-containing functional groups that are produced, provide sorption sites and thus enhanced adsorption capacity of metal ions. Moreover, the UV light alter the surface morphology of microplastics by generating a rougher surface, which increase the specific surface area and thereby the adsorption capacity of metal ions (Wang et al., 2020). The increase in metal adsorption by aged PE and PP microplastics may thus be due to both the chemical reaction and morphological change taking place in the aging process. However, for PET microplastics, due to the lack of chemical changes, the increased adsorption capacity can only be explained by the physical morphological change caused by the aging process.

The aging-derived increased adsorption capacity for Cu(II) on microplastics (Figure 3) is quantitatively evaluated by the linear regression slopes of adsorbed Cu(II) on microplastics against aging time (Figure 2). Generally, the aging-derived increases in adsorption capacity for PE and PET were much higher than that for PP. This implies that PE and PET microplastics have higher potential to act as vectors for heavy metal transport than PP. Moreover, for PP and PET, the increase rate in Cu(II) adsorption capacity exhibited an increasing trend with the decrease of microplastic particle size. In case of PE, the increase in capacity for smaller size particles (<0.9 mm and 0.9–2 mm) are similarly higher than that for the large size fraction (2–5 mm). This implies that the aging of smaller microplastics might have greater potential for impacting the fate and effect of heavy metals in the environment than the larger microplastic particles.
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FIGURE 3. Aging-derived increase rate [(μg/g)/m] of adsorbed Cu(II) on aged microplastic.




CONCLUSION

Microplastic particles of PE, PP, and PET polymers in a seawater environment were aged to different degrees by UV irradiation in order to explore the effect of aging on their adsorption capacity of Cu(II).

The adsorption capacity of Cu(II) differs between microplastic polymer types. PE has the highest adsorption capacity to Cu(II), while PP has the lowest. The adsorption capacity of Cu(II) increased with the degree of aging. Microplastics with smaller particle size have a higher adsorption capacity. The adsorption capacity of microplastics with particle size less than 0.9 mm is about twice as large as for particle size between 2 and 5 mm. From this we can deduce that microplastics with smaller particle size have higher potential to have a significant effect on the fate and effect of heavy metals in the marine environment.
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