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Abstract

:

Microplastics are regarded as vectors of hazardous contaminants due to their ability to adsorb xenobiotic chemicals. This has led to increased interest in the risk of previously neglected microplastic contaminants in the aquatic environment. Here, we assessed the possibility of transferring chemical contaminants to microplastics by evaluating the adsorption performance of (in)organic pollutants on various types of microplastics (polystyrene, PS; polyethylene terephthalate, PET; high-density polyethylene, HDPE; and low-density polyethylene, LDPE;). Considering the toxicity and polarity of each pollutant, dyes (BB9 and RR120) and heavy metals (Cd(II), Pb(II), As(III), and As(V)) were selected for the adsorption experiments. Dye was found to be adsorbed through physical adsorption. The adsorption capacity of microplastics for RR120 and BB9 was the highest for HDPE-1 and LDPE-1, respectively. Additionally, the smaller the size of the microplastics, the higher the adsorbed amounts. The main adsorption mechanism of heavy metals was found to be through physical and chemical adsorption. And adsorption mechanism of dye depends on physical adsorption. Thus, the adsorption of microplastic contaminants was affected more by the condition than by the type of microplastics.
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1. Introduction


With the development of industries, plastics have become an indespensible part of modern society due to their adaptability, durability, lightweight nature, and strength. The global production of plastic has increased exponentially since the 1950s to an estimated 367 million tons in 2020 [1]. As the production of plastics increases, the amount of plastic waste also naturally increases. The generation of plastic waste more than doubled to 353 million tonnes from 2000 to 2019. The widespread use and poor disposal management of plastic items has resulted in worldwide pollution of terrestrial and aquatic environments [2]. Commercial plastics are mostly comprised of synthetic polymers derived from fossil-based sources, such as polyethylene (PE), polyethylene terephthalate (PET), polystyrene (PS), high-density polyethylene (HDPE), low-density polyethylene (LDPE) and others. These fossil-based plastics degrade slowly over hundreds to thousands of years after being discarded. The breakdown of large discarded plastic items by weathering results in the formation of microplastics (MPs). MPs have recently been defined as plastic materials with microscopic sizes ranging less than 5 mm by the National Oceanic and Atmospheric Administration. The MPs produced in this way are classified as secondary MPs, while primary MPs are miniscule particles designed for commercial use, such as cosmetics, textiles, and fishing nets. MPs are, therefore, found everywhere in the environment and potentially persist for extended periods in marine, terrestrial and agricultural environments [3,4].



Due to the ubiquitous presence of MPs, its uptake has been reported in various organisms such as zooplankton, mollusks, fish, marine mammals, and birds [5,6]. The negative effects on organisms may be divided into physical and chemical effects. Physical negative effects occur when animals directly ingest MPs. Once ingested by animals, it may be fatal or may obstruct the digestive tract [7]. Earlier, when the seriousness of MP contamination was established, attention was initially paid only to cases of physical damage caused by MPs. However, with continued research, there is now an increased focus on not only the physical but also the chemical damage caused by MP pollution [2,8].



MPs are known to interact with a variety of chemicals including inorganic and organic pollutants [9,10,11]. Several of these contaminants may be adsorbed to MPs owing to one or more adsorption mechanisms such as hydrophobic interactions, hydrogen bonding, or electrostatic interactions, between the sorbent and sorbate. MPs are, therefore, regarded as vectors of hazardous contaminants due to their ability to adsorb xenobiotic chemicals. Several field investigations have proved that the interaction between MPs and these contaminants is universal in the freshwater system. However, most of the studies focus only on the adsorption potential of MPs while ignoring the characteristics of plastics and hazardous contaminants. Plastic waste in the aquatic environment goes through aging and weathering by different mechanisms such as waves, UV irradiation, and sand abrasion, resulting in micro, nano-sized cracks and fractures on the surface of the plastic [12]. Aging by UV irradiation indicated oxygen functional groups such as hydroxyl groups (–OH), and carbonyl groups (C=O), make hydrophile [13]. MP characteristics such as surface area, and hydrophile meet the conditions of adsorption, and they can act as carriers of contaminants [14]. However, most studies have been conducted with one or two types of plastics, and contaminants in cationic and anionic have not been conducted simultaneously. In addition, there were few studies for adsorption effects in various sizes. Therefore, further studies on the adsorption of MPs and dyes are still required.



The experiment conducted in this study aimed to compare the adsorption performance of the following: (1) four different MPs (PS, PET, HDPE, and LDPE), (2) three different size classifications (MP-1, MP-2, and MP-3), (3) various hazardous (in)organic contaminants (dyes and heavy metals), (4) interaction of different ionic polarity contaminants (cationic and anionic), and (5) pH effect. Organic contaminants dyes were selected as representatives. Dyes may be classified as cationic, anionic, and nonionic dyes are released in these forms [15]. The adsorption potential of different types of MPs was therefore, evaluated using cationic and anionic dyes in this study. Inorganic contaminants were additionally studied by selecting cadmium, lead, and arsenic with a high degree of contamination and different polarities. This study is the first to evaluate the adsorption performance of different types of MPs of the same size. Additionally, this is the first study to evaluate the possibility of adsorption of inorganic and organic pollutants by MPs under the same conditions.




2. Materials and Methods


2.1. Materials and Chemicals


Dye solutions were prepared by dissolving analytical grade Basic Blue 9 (BB9, Acros organics, Morris Plains, NJ, USA) and Reactive Red 120 (RR120, Sigma-Aldrich, St. Louis, MO, USA) for the adsorption experiments. Metal solutions were prepared by dissolving analytical grade Cd(II) (Cd(NO3)2·4H2O, Samchun, Republic of Korea), Pb(II) (Pb(NO3)2, (Kanto, Tokyo, Japan), As(III) (NaAsO2, Sigma-Aldrich, St. Louis, MO, USA) and As(V) (Na2HAsO4·7H2O, Sigma-Aldrich, St. Louis, MO, USA). pH was adjusted using diluted HCl (Duksan, Ansan, Republic of Korea), and NaOH (Duksan, Ansan, Republic of Korea) solutions. All the reagents were of analytical purity grade and did not require further purification.



Four types of MPs PS, PET, HDPE, LDPE get support from Korea Testing & Research Institute (KTR). All the MPs were crushed into micro-sized particles using an ultra-micro pulverizer. To delimit the particle size ranges, size separation carried out using multiple size range sieves. A particle size analyzer (PSA) was used to measure the size distribution of MPs in the three different size claasifications finally obtained. Figure 1 shows the three particle size ranges of the four types of MP and the mean size of each. (MP-1; PS-1 = 14.88 µm, PET-1 = 16.97 µm, HDPE-1 = 19.60 µm, and LDPE-1 = 15.94 µm, MP-2; PS-2 = 36.93 µm, PET-2 = 79.51 µm, HDPE-2 = 74.65 µm, and LDPE-2 = 70.73 µm, MP-3; PS-3 = 141.10 µm, PET-3 = 168.83 µm, HDPE-3 = 202.75 µm, and LDPE-3 = 163.89 µm from Table S1).




2.2. Adsorption Experiments


Adsorption experiments were conducted to study the adsorption characteristics of the particle surfaces of the MPs in terms of heavy metals and dye solutions. The four types of MPs were used with 0.5 g/L in this experiment respectively. The experiments were conducted at pH 3 and 10. In the case of the adsorption experiment using cationic dye BB5, the pH of the solution was 10, and that of the dye solution was 3 in the anionic dye RR120 adsorption experiment. Cd(II) and Pb(II) were used as cationic heavy metals, and As(III) and As(V) were used as anionic heavy metals for the evaluation of the heavy metal adsorption performance of MPs. Cationic heavy metals were conducted at pH 3, while anionic metals were conducted at pH 3 and 10. Each batch experiment was performed by bringing 0.025 g of MP samples in contact with 60 mL of metal or dye solutions of known concentration in a 60 mL brown glass vial. This adsorption experiment was performed in a temperature-controlled shaking incubator at a fixed speed of 200 rpm and a temperature of 298 K. The reactions were performed at 1, 7, and 30 days.



The adsorption capacities of the heavy metals and dyes were calculated using the following equation.


   q e  =    (   C 0  −  C e   )   m    V  








where, qe is adsorption capacity of each type of MPs, C0 (mg/L) and Ce (mg/L) are the initial and equilibrium concentrations of solution, m (g) is the mass of the adsorbent and V (L) is the volume of the solution. It was confirmed from three independent replicates that the batch experiments were producible within at most 5% error in this study.




2.3. Analysis and Characterization


All the samples were filtered through a 0.20 µm membrane before analysis. The residual concentrations of BB9 (664 nm) and RR120 (534 nm) were analyzed on a UV-Vis spectrophotometer (Cary50, Varian Medical Systems Inc., Palo Alto, CA, USA). The concentration of heavy metals was detected using an inductively coupled plasma-optical emission spectrometer (ICP-OES, Thermo Jarrell Ash Co., Waltham, MA, USA). The surface morphology and characteristics of MPs were examined using a scanning electron microscope (SEM, JSM-7001F, JEOL, Tokyo, Japan). The surface charge of MPs was determined by using a zeta potential analyzer (Zeta ELS-1000ZS, Otsuka electronics, Osaka, Japan) under different pH conditions. The measurement principle was based on the electrophoretic light scattering method (laser doppler method). A stock solution of MPs was prepared in 1 mM KCl. The pH was set at 3–10, which was adjusted with 0.1 M HCl and 0.1 M KOH. Air contact of the sample was minimized during the analysis of the zeta potential. This is because contact with carbon dioxide in the air can cause pH changes. The functional groups of MPs were compared before and after adsorption using Fourier-transform infrared spectroscopy (FT-IR, PerkinElmer Inc., Waltham, MA, USA). The adsorbed sample was prepared by filtering through a filter of 1 μm size and freeze-drying.





3. Results and Discussion


3.1. Characteristics of MPs


Figure 2a demonstrates the surface morphologies of PS-1, PET-1, HDPE-1, and LDPE-1. Considering the sample was prepared using an ultra-micro pulverizer, the surface morphology has an irregular shape. While comparing the four types of MPs, the SEM image confirmed that there were some cracks on all the particle surfaces. It was also confirmed that it was distributed in diverse size-range microplastics.



Zeta potential analysis was performed to confirm the surface charge of MPs according to the pH. Figure 2b demonstrates the surface charge of PS, PET, HDPE, and LDPE. The order of zeta potential value at pH3 was PET > PS > HDPE > LDPE, while that at pH10 was confirmed to be HDPE > PS > LDPE > PET. The surface charge of MPs may be indicated as a point of zero charge (pHpzc). A gradual decrease of zeta potential was observed with increased in pH. On average, a pHpzc of MPs is pH 4. Acidic pH values of 3.0 and 4.0 represents a positive charge on the MP surface, while pH values of 5.0 to 10.0 represents a negative charge. In the case of pH > pHpzc, adsorption of cationic dye is favored due to the presence of OH- group. On the contrary, adsorption of anionic dye is favored in pH < pHpzc due to the H+ group [16]. This, therefore, demonstrates that pH is an important factor in determining the surface charge of MPs.



Functional groups of MPs are an important factor in confirming the mechanism before and after adsorption. Figure 2c demonstrates the functional groups of pristine MPs. For PS, the peak observed at 3070 cm−1, 3025 cm−1, and 2923 cm−1 belonged to the C–H aromatic stretch, that at 1610 cm−1, 1496 cm−1 to the C–C aromatic ring stretch, 1448 cm−1 to CH2 bending and that at 759 cm−1, 701 cm−1 to the C–H aromatic ring stretch. For PET, the peak at 1728 cm−1 corresponded to the C=O ester carbonyl stretch, that at 1572 cm−1, 1501 cm−1 to the C–C aromatic ring stretch, 1368 cm−1, 1340 cm−1 to CH2 wagging, 1094 cm−1 to the C–O bending and 715 cm−1 to the C–H aromatic stretch. For HDPE, the peak at 2926 cm−1 and 2811 cm−1 were assigned to the C–H stretch, 1472 cm−1 to CH2 bending, and 728 cm−1 to CH2 rocking. For LDPE, the peak at 2925 cm−1 and 2815 cm−1 was assigned to the C–H stretch, that at 1478 cm−1 to CH2 bending, 1377 cm−1 to CH3 bending, and 728 cm−1 to CH2 rocking. All peaks are characteristic of MPs that are typically found.




3.2. Dye Adsorption


Dye wastewater discharged from various industries contain several contaminants, including anion/cation synthetic dyes [17]. This experiment aimed to study the interaction of MPs for the adsorption of the widely used cationic dye BB9 and anionic dye RR120.



Table 1 shows the results of a study on the adsorption of dyes to various MPs. Most of MPs dye adsorption studies have never conducted studies adsorbing both cations and anions, and there is no study on MPs size by size as in the present study. And small-sized MPs that have recently become an issue due to their potential for harm to organisms’ body were used in the study. Therefore, in this study, cations and anions were adsorbed for each MPs size. According to Figure 2b, the surface charge of MPs are affected by the pH. The adsorption capacity of MPs with anion dyes is therefore expected to increase at pH 3, while that with cationic dyes is expected to increase at pH 10.



Figure 3 demonstrates the adsorption of RR120 and BB9 by MPs. In the case of RR120, the adsorption demonstrated a rapid increase on day 1 and reached adsorption equilibrium between day 1 and 7. The BB9 was observed not to reach enough adsorption equilibrium for one day. The adsorption capacity rapidly increased between day 1 and 7 and demonstrated adsorption equilibrium by day 30. The adsorption capacity of MPs with RR120 was as observed to be as follows: HDPE-1 (18.797 mg/g) > LDPE-1 (17.736 mg/g) > PS-1 (16.585 mg/g) > PET-1 (15.900 mg/g) and the adsorption capacity of MPs with BV10 was observed to be as follows: LDPE-1 (18.541 mg/g) > HDPE-1 (17.035mg/g) > PET-1 (15.974 mg/g) > PS-1 (15.553 mg/g). Since the adsorption experiment of RR120 was conducted at pH 3, which is a low pH region, the surface of the MPs was positively charged by H+ and adsorbed by electrostatic interaction to the SO3− of RR120. BB9 also receives OH− on the surface of MPs at pH 10, has a negative charge, and is adsorbed by electrostatic interaction with the N+ of BB9.



A comparison of the MPs by size demonstrated higher adsorption capacity for the dyes, following the order of MP-1 > MP-2 > MP-3, thereby proving that the smaller the particle size, the higher the adsorption capacity.



FTIR was used to compare the functional groups of MPs before and after dye adsorption. Figure 4 demonstrates the differences in the peaks before and after adsorption. The FTIR data after adsorption demonstrated slightly new peaks. However, this is inconsequential considering the peak is due to residual dye. The chemisorption of RR120 and BB9 on the MP surface is the only available functional group with C=O ester carbonyl stretch on the surface of PET. The C=O ester carbonyl stretch at 1728 cm in PET is not converted. It was observed that chemisorption hardly occurs and only physisorption occurs with Van der Waals force, Pi-Pi bond interaction, and electrostatic interaction [23].




3.3. Heavy Metal Adsorption


As shown in Table 2, most of the heavy metal adsorption studies of MPs are mainly adsorption information of cationic heavy metals. In addition, no experiments have been conducted in an optimal environment in which each adsorption can occur well. As with the dyes mentioned in the previous chapter, heavy metals exist as cations and anions in an aqueous system depending on the environment. Cadmium and lead were selected as the representative cationic heavy metals considering they are frequently used in the manufacture of plastics [24]. As an anionic heavy metal, arsenic, which is frequently exposed in nature as well as in the metallurgical industry, was selected for this study.



In general, it was reported that the performance of cationic metal adsorption increases with an add up in pH. To accurately evaluate the adsorption potential, the experiment should be conducted in a lower range than the pH range where the precipitation of hydroxide occurs. For this reason, an experiment was conducted to evaluate the adsorption potential of plastics to cationic heavy metals at a pH of 3. Both Cd(II) and Pb(II) were studied with all MPs with high adsorption amount at the smallest size and 30 days(Figure 5). According to previous studies, the influence of the polymer type primarily depends on the MPs and experiment conditions. For example, Guo et al. selected four MPs to adsorb Cd(II) and where the order of adsorption was found to be PE < PP < PS. In this study, a high adsorption capacity was determined in the order of PS < LDPE < HDPE < PET [30]. There was observed a strong correlation between the adsorption capacity of MPs and their specific surface area.



Figure 6 demonstrates the results of the FTIR characterization of four MPs before and after the adsorption of Cd(II) and Pb(II). The FTIR analysis demonstrated that no new functional groups were generated after the adsorption of Cd(II) and Pb(II), indicating that the physical interaction which depends on the forces between the adsorbate and adsorbent molecules was dominant during the adsorption process. The dominant mechanism of Cd(II) and Pb(II) adsorption on MPs is suggested as a physical interaction in other studies [25,31].



Among the heavy metals present as anions in the aqueous system, As, which has a high degree of pollution and strong toxicity, exists as two oxidation-state species (As(III) and As(V)). The mobility and toxicity of As are determined by its oxidation state. As(III) predominates in immoderately reducing anaerobic environments such as groundwater, whereas As(V) generally predominates in oxidizing conditions typical of seawater, lakes, and rivers. The pH value and the oxidizing or reducing conditions are sensitive factors for the forming elements of As. For instance, the As(III) species exists as H3AsO3 (pH < 9.2), H2AsO3− (9.2 < pH < 13.4) and HAsO32− (pH > 13.4) in aqueous environments while As(V) species exist as H3AsO4 (pH < 2.2), H2AsO4− (2.2 < pH < 6.9), HAsO42− (6.9 < pH < 11.5) and AsO43− (pH > 11.5). The observed effects of pH on arsenic sorption are governed by the arsenic species in the solution [32]. For this reason, an experiment was conducted to evaluate the adsorption potential of plastics to As(III) and As(V) at pH 3 and 10. In the case of the adsorption of arsenic, unlike other cationic heavy metals, the adsorption amount continued to increase as the contact time increased. (Figure 7 and Figure 8).



In particular, in the case of As(III), since it is an uncharged As(III) species (H3AsO3) at pH 3, adsorption by chemical bonding did not occur. It is also reported that adsorption by thiol groups is also possible [33]. However, thiol groups were not present in the MPs used in this study. In addition, the adsorption amount increased as the size of the MPs decreased. In the case of conditions under pH 10, the chemical species of As(III) is an anion (H2AsO3−). However, chemical bonding is not possible considering the pHpzc of all MPs used in the experiment was lower than pH10. For these reasons, it may be proved that the As(III) adsorption mechanism is governed by physical interaction on the MP surface. This was also confirmed through the FTIR analysis. Before adsorption, the MPs peaks at 3433, 2851–3080, 1710–1950, 1615, and 1440–1589 cm−1 represented the OH tensile vibration, CH stretching vibration, structural single-substitution, C=O structures, and aromatic ring skeleton vibration, respectively. In the FTIR images of each MP before and after As(III) adsorption, there was no change where functional groups were created or shifted (Figure 9). In general, when the pH < pHpzc, protons are adsorbed onto the adsorption layer, and the MP is positively charged (Figure 2). For this reason, the chemical species of As(V) is H2AsO4−. The physical interaction and chemical bonding with related functional groups, therefore, act as an adsorption mechanism at the same time at pH 3. At pH 10, when pH > pHpzc, protons are released from the –OH group and the MP is negatively charged. The main mechanism of As(V) at pH 10 may thus be suggested as physical adsorption on the MP surface.



Through the analysis of all the results of the experiments on heavy metal adsorption, the adsorption performance more consistent results were obtained as per the size and time of the MPs rather than the type of MPs. As a result, it was determined that the amount of heavy metal adsorption is determined by the state of the MPs such as the size, surface area, and surface roughness of the MPs rather than the type.



Table 1 and Table 2 show the results of a study on the adsorption of dyes and heavy metals to various MPs. Comparing the amount of adsorbed onto MPs in the literatures, the adsorption capacity of this study is relatively high. The particle size, pH are key factors affecting adsorption capacity. we adjusted the pH to observe the mechanism under better adsorption conditions. Because the adsorption amount changes due to MP and electrostatic repulsion according to the ion polarity of the pollutant. And smaller size MPs were used in the study compared to the literatures. The smaller size of MP improved the adsorption site and adsorption capacity [34]. Therefore, high adsorption capacity by particle size and pH was confirmed.





4. Conclusions


Adsorption of pollutants will imply higher concentrations of plastic particles, which can be ingested by marine biota leading to the additional potential for toxicity. A study was conducted on the possibility of chemical damage to MPs by evaluating the adsorption performance of (in)organic pollutants for various types of MPs (LDPE, HDPE, PS, and PET). As a result of the dye (BB9 and RR120) and heavy metal (Cd(II), Pb(II), As(III), and As(V)) adsorption experiments, the small size MPs demonstrated the highest adsorption amount regardless of the type of MPs, where the adsorption continued without reaching an adsorption equilibrium until completion of 30 days. In the case of dyes, the main adsorption mechanism was determined to be that of physical adsorption, while in the case of heavy metals, physical and chemical bonding occurred simultaneously, depending on the conditions. This study demonstrated that the adsorption of MP contaminants was affected more by the condition than by the type of MPs. Such efforts would aid in the identification of potential accumulated chemical contamination for each type of plastic and in the formulation of a manual that identifies environments where contact with plastics should be avoided.
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Figure 1. Size distribution of MPs (Numbers on the straight line for each peak indicate mean size). 
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Figure 2. Characterization of MPs. (a) SEM image of PS, PET, HDPE and LDPE. (b) Zeta potential of PS, PET, HDPE and LDPE. (c) FTIR spectra of PS, PET, HDPE and LDPE. 
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Figure 3. Effects of size on the adsorption of organic contaminants ((a) RR120 and (b) BB9) by types of MPs. 
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Figure 4. FTIR spectra of MPs before and after RR120 and BB9 adsorption. 
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Figure 5. Effects of size on the adsorption of cationic heavy metals ((a) Cd(II) and (b) Pb(II)) by types of MPs. 
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Figure 6. FTIR spectra of MPs before and after Cd(II) and Pb(II) adsorption. 






Figure 6. FTIR spectra of MPs before and after Cd(II) and Pb(II) adsorption.



[image: Water 14 04086 g006]







[image: Water 14 04086 g007 550] 





Figure 7. Effects of size on the adsorption of arsenic ((a) As(III) and (b) As(V)) by types of MPs at pH 3. 
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Figure 8. Effects of size on the adsorption of arsenic ((a) As(III) and (b) As(V)) by types of MPs at pH 10. 
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Figure 9. FTIR spectra of MPs before and after As(III) and As(V) adsorption. 
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Table 1. Study of dye adsorbed on several plastics in lab conditions.
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	Plastic Type
	Size
	Contaminants
	Uptake (mg/g)
	Reference





	PE, PP
	-
	Crystal

violet
	PE: 0.58

PP: 2.38
	[18]



	PE
	75–150 μm
	Methylene

blue
	9.36
	[19]



	PS
	-
	Malachite

green
	0.164 × 10−6
	[20]



	Nylon
	1000 μm
	Malachite

green
	aged nylon: 33.94

virgin nylon: 2.67
	[21]



	PS,

PVC,

PET
	43–74 μm

74–125 μm

125–425 μm

425–1000 μm
	Rhodamine B
	PS: 2.5

PVC: 4.6

PET: 1.8
	[22]
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Table 2. Study of heavy metals adsorbed on several plastics in lab conditions.
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	Plastic Type
	Size
	Contaminants
	Uptake (mg/g)
	Reference





	PE, PP
	1000 μm
	Pb
	PE: 1.0

PP: 1.5
	[25]



	PE
	600–840 μm
	Pb
	Virgin: 1.87

Aging: 10.3
	[26]



	PE
	50–200 μm,

2–10 μm
	Cu
	1.8 × 10−6

3.5 × 10−6
	[27]



	PS
	70–250 μm
	Cu
	0.3
	[28]



	PS, PET
	25 μm,

180 μm
	Cu
	PS_25: 0.137

PS_180: 0.126

PET_25: 0.134

PET_180: 0.120
	[29]
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