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Abstract: Accumulation of Microplastics (MPs) in diverse ecosystems is a growing global problem of our time. These are entering into the environment directly (micro-sized plastics manufactured purposefully) and by degradation of plastic products. Due to a diverse range of polymers and additives used to manufacture plastic products, the MPs of different chemical compositions are abundant in the environment. A detailed literature survey revealed that MPs -environment interaction is largely governed by these chemicals and other intrinsic properties of MPs viz. shape, size, density, surface charge, etc. The current investigation primarily aims to review different chemical and physical factors of MPs that potentially influence their interaction with diverse ecosystems. The effort justifies keeping these parameters at the centre of the future researches in the field of plastics and the health of the environment and humans. Also, the piece of work highlights various sources of MPs that would help to take necessary measures for the judicious use of plastic products.
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INTRODUCTION

Plastic- Environment Interaction; A big threat from tiny particles

The synthesis of polymer (Bakelite) in the laboratory by Baekeland in 1907 was a turning point for material science researchers. It introduced the plastic age[1] and opened new doors for the material scientists to explore and develop polymers as engineering materials. About 72 years back, Yarsley and Couzens predicted the potentiality of plastics to replace localized natural resources for almost every needs[2]. Undoubtedly, the prediction has come true. Today, polymers have substituted almost all the traditional engineering materials like wood, metals, alloys, etc. It is due to the tremendous flexibility in modification of their properties by alteration of structural architecture or by using it in combination with other polymers (polymer blends) or dissimilar materials (composites) and/or mixing various additives. Consequently, the commercial production of plastics has increased enormously from 1.5 MT in the 1950s to over 380 MT per year in 2015[3]. With the unremitting broadening of application-spectrum, it is estimated that the production of plastics will be doubled in the next 20 years[4]. Subsequently, the consumption of fossil-fuel as a raw material to manufacture different plastics will increase from 4% of global oil production at present to 20% by 2050[5].

Besides the extensive societal benefits of plastics[6], the accumulation of plastics waste (PW) in the environment is a serious cause of concern[7-10]. Lebreton and Andrady 2019, projected that in the next 25 years under a business-as-usual scenario, the world-wide municipal plastic waste generation would be increased from the current amount of approx. 200 MT to around 230 MT annually. It could increase to 300 MT annually by 2040 and 380 MT by 2060[4]. In addition to this, ever- increasing mismanaged plastic waste including inadequately disposed and littered plastic waste is a giant problem of our time[7].

Physical, chemical, and biological weathering make plastics brittle[8], leading to disintegration into small fragments or even microscopic particles[9]. Through water or air currents and the food-chain[11-13] these tiny plastic-particles enter into the diverse eco-systems and adversely influence its functioning and stability[14-18]. Oceans act as sinks for these particles. In the aquatic environment these particles potentially intervene in the predator-prey relationship, act as a medium to spread toxic chemicals and pathogens, and disturb its biological diversity and balance[7][19-24]. For instance, a huge amount of these particles gets adsorbed on the marine or freshwater microalgae chlorella, Scenedesmus[25], and Skeletonema costatum[26] and inhibit photosynthesis by blocking air and light. Thus, interrupt the food chain at the very first stage that may lead to a disbalance of the eco-system. However, Yokota et al. 2017, reported the contrary result confirming that on plastic particles, the photosynthetic activities of cyanobacteria increased[27]. Thus, plastic particles create net autotrophic hotspot in the oligotrophic sea and affect the carbon, nutrient, and energy dynamics in ocean[28].

Objective of the Current Review

Plenty of information is available on the abundance of plastic particles in the environment and their impact reviewed on humans and biota. This first review judiciously classifies plastic particles according to their intrinsic properties (size, shape, and surface properties, etc.) that significantly influence their interaction with different components of the environment. The review also throws light on the origin of the concept of the microplastics to describe plastic particles and summarizes their various sources. The intention of the current effort is to initiate the re-evaluation of the strategies concerning the production of plastics and Plastic Waste Management (PWM) globally.

MICROPLASTICS

Origin of the Concept

The fate of some of the plastic wastes on beaches and their disappearance overtime was first discussed by Scott, 1972[29]. According to his hypothesis, the photodegradation and oxidation convert plastics brittle that can be broken down into tiny particles by very small pressure. These particles are rapidly absorbed by the environment. This theory was further reinforced by Gregory, 1983[30]. He postulated that photodegradation and oxidation degrade the plastic pellets completely and disperse as dust.

At the same time, several reports have confirmed the abundance of plastic particles in the marine ecosystem. Buchanan 1971 observed a significant amount of synthetic fibres and larger fragments in a water sample collected from the North Sea[31]. The presence of plastic pellets and fragments was also reported in 1972 by Edward and Smith in the western Sargasso Sea[14]. He found pellet- shaped plastic particles with a diameter ranging from 0.25-0.5 cm. Later in 1974, Colton et al. confirmed the presence of polystyrene spherules and polyethylene cylinders and disks with a diameter ranging between 0.2-2.5 mm and 1.7-4.9 mm respectively in surface water of the North-Western Atlantic[32]. Thompson 2004 has obtained granules and a large number of plastic fibres with size ∼20 μm in samples collected from sediments and North-East Atlantic around Plymouth, UK[19].

Long term Investigation conducted by Thompson through the 1960s and 2000 recognized a correlation between all these findings. He proposed the concept of microscopic plastics and coined the term ‘microplastics’ (MP)[19]. He identified microscopic plastics of nine widely used polymers in the ocean and sedimentary habitat. The occurrence of microplastics is attributed to the fragmentation of degraded plastic products by mechanical action[33] and also to the micro-sized plastic particles used as abrasives in some cleansing agents[34]. The study offered an acceptable explanation for the disappearance of plastic wastes from beaches overtime as reported by Scott in 1972 and Gregory in 1983.

Size Limitation

In a specific area of study, the microscopic plastic particles occur in various sizes, shapes and types of polymers. National Oceanic and Atmospheric Administration, USA, in 2009 has standardised sampling and defined microplastics as a fragment with size less than 5mm, and the lower size limit was suggested 333 μm[35].

In 2011, Andrady[36] suggested three size- based categories of microscopic plastics considering physical characteristics of each set of particles and their interaction with biological systems (Table 1). He documented that the efficiency of particles to accumulate toxins from its surroundings increase with a decrease in particle size.
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Eriksen (2014) estimated the total number of plastic particles floating in the world's oceans and categorized them into four size classes- two microplastics, meso- and macro-plastics[15] (Table 2).
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Classification

The microplastics are generally classified based on their origin in the environment and particle size. The literature survey revealed the dependency of microplastic-organism interaction and the toxicity profile of MPs on its size[37] and shape[38]. The size and shape of particles also significantly govern their distribution in ocean[39]. The surface charge of the microplastics influences their interaction with the biological system[25][40]. Recently, Machado et al. 2019 reported that the ability of microplastics to alter the biophysical properties of the soil and plant performance is mainly governed by their shape, size, and type of polymers[41]. With this background, I summarise herein, seven major classes of microplastics, in terms of:

a) Origin in the environment, b) Shape, c) Size, d) Colour, e) Type of polymer, f) Surface property (viz. charge), and g) Buoyancy of microplastics, with the following justification:

Class based on origin of MP in the environment

The two sub-categories of microplastics according to their origin in the environment are-primary and secondary microplastics. Primary Microplastics are micro-sized plastic objects manufactured purposefully for specific applications[20], viz ‘Microbeads’, Nurdles, and Plastic-based glitters. The origin of Secondary Microplastics in the environment is the fragmentation of larger plastic products by mechanical, chemical, radiation, or biological degradation[15, 19, 29, 30, 33, 42].

Class based on shape

Fibrous MPs are among the most dominant types of microplastics observed in the natural environment[43-46]. Au et al. 2015, investigated the influence of the shape and texture of microplastics on its toxicity and absorption capability. He found polypropylene microfibres more toxic than spherical particles of polyethylene MP to the freshwater amphipod, Hyalella azteca. They concluded that fibres stay in the gut for a longer time causing serious harm to the organism[38]. Zubris and Richards 2005, considered synthetic fibres as rapid and semi-quantitative indicators of past sludge application[47]. Machado 2018, reported that the shape and size of polyester fibre are quite different from most naturally occurring soil components. Thereby strongly affect the biophysical environment of the common garden soil[48]. It is also recorded that polyester fibres and polyamide beads, with particle shape and size completely different from the naturally occurring soil particles, greatly affect the plant (Allium fistulosum) performance. The same paper revealed that the shape and size of cryomilled fragments of HDPE, PES, PP, and PS are similar to naturally occurring particles. Thus, instigate less effect in soil structure[41]. The General Ocean Turbulence Model (GOTM)- based investigation revealed that shape of MPs greatly affects their turbulent diffusivity; the fibres have the lowest velocity, followed by sheets and particles[49]. Based on the laboratory experiment Kowalski 2016, concluded that apart from the particle density, size and fluid density, the particles shape also influences the sinking rate of MPs of diverse size in fluid of different alkalinity[50].

These findings need more attention to assess the influence of microplastics' shape on its potentiality to impact the environment.

The MPs are classified based on their shape viz. Beads (or Spherules), Microspheres, Films, Irregular fragments, Cylinders (or Disks), and Fibres.

Class based on size

It is evident that the size of MPs plays a key role in their ingestion, bioaccumulation and toxicity profile in Biota and humans. Moore 2008, reported that lower trophic organisms ingest the particles, either synthetic or natural origin, of a specific size[51]. Lu et al. 2016 found that after 7-day exposure the polystyrene microplastic with size 20 μm accumulated in the gill and gut of zebra fish, while, smaller particles with a diameter size 5 μm entered in the fish liver also and demonstrated toxic effects[37].The cells of Fucus vesiculosus, restrict the dislocation of ∼20 μm polystyrene MP into the tissues because of its narrow passage[52]. These observations and work by Eriksen in 2014[15] emphasize the classification of MP based on their particle size as shown in Table 1 and 2.

Class based on colour

MPs exhibit a variety of colours; from transparent or opaque to light (white, green, and yellow) or deep (blue, black, brown, tan, and red)[19, 53-56]. The investigations revealed varied results related to the colour of MPs and their distribution in test samples. It is well established now that the colour is an important parameter that facilitates the microplastics to enter into the food chain through visual predators. These organisms capture MPs by mistake due to resemblance with their food items. Carpenter et al. 1972 found that fish in coastal waters of southern New England ingested white, opaque PS spherules preferably over clear (crystalline) PS spherules[57]. Ding et al. 2019 isolated MPs from bivalve and fish of commercial value and found variation in colour related to the shape of MPs[58] (Table 3). The study, however, did not conclude that the test organisms were selective to microplastics' shape or colour or both.
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Class based on the type of polymers

Thompson 2004, found micro-particles of 9 different polymers in 23 out of 30 samples and their occurrence was attributed to the fragmentation of larger items made of these polymers[19]. Since the existence of microplastics in the marine environment was discovered, their potentiality to adsorb and transport of toxic chemicals was known[14, 59-60]. Today, a good number of reports also confirmed the potentiality of microplastics to release toxic chemicals in different ecosystems. These chemicals, called additives (or process coadjutant), are mixed in polymers for manufacturing the final product (Table 4)[61].The selection of additives depends upon the type of polymer and the property required for the manufacturing process and final product as well. Most of the additives are not bonded chemically to the polymeric chain and therefore, released easily in the environment in which the plastic items are accumulated. Each additive has its own toxicity profile[62]. In addition to this, ample of papers are available demonstrating the degradation pattern of commodity polymers that share the largest market[63-71]. The rate and pattern of degradation of plastics are affected by various factors, like pH, light intensity, microbial attack, humidity, temperature, application conditions, additives, etc. producing an array of end-products and enhancing the contaminant spectrum in the system[72-73]. Machado et al., found that the type of polymer is a significant parameter that affects the ability of MPs to modify soil structure, plant traits, and bring in biogeochemical changes. For instance, the biogeochemical structure of soil and plant traits are less affected by the polymers composed of only carbon and hydrogen (HDPE, PE, PS, PET) as compared to the polymers having nitrogen in its basic structure, like polyamide[41].
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This pre-existing knowledge can be used in two ways- Firstly, to predict the environmental condition of a specific area under investigation, and secondly, to provide the solution and treatment in time to neutralize the adverse effects of MPs. Thus, it is meaningful to classify the microplastics based on polymer type.

Currently, Knight et al. 2020 enlisted (Table 5) microplastics of 15 different types of polymers (including rubbers) based on scientific reports published during 2000-2019 on the related subject[74].
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Class based on Surface Properties of Polymers

Just a decade ago, it has been revealed that the interaction between plastic particles and organisms is extensively governed by the surface properties of both of them. Bhattacharya et al. 2010 investigated the extent of affinity between model cellulose film, two algal species, Chlorella and Scenedesmus (containing cellulose in their cell walls) and positively and negatively charged PS beads of the size 20nm. The results established that i) positively charged PS beads were adsorbed preferentially by all the three substrates due to the slightly anionic nature of the cellulose surface. ii) the rough surface of the model cellulose film provided more binding sites causing the adsorption of an excessive amount of positively charged PS beads[25]. Nolte et al. 2017 also recorded the same observation. They confirmed that the cell wall of algae P. subcapitata has a stronger affinity to neutral or positively charged PS than negatively charged PS[40]. Sundbaek 2018 reported ∼94.5% sorption of positively charged PS-MP at the cut-site of Fucus vesiculosus due to the secretion of anionic polysaccharide-Alginate[52]. Mytilus galloprovincialis consumes more weathered microplastics preferentially over the virgin microplastics[75]. Hossain et al. 2018 found that the colonization of bacteria occurs more on eroded- PP disks than un-eroded PP surface[76]. Hydrophobic surface of plastic accumulates the hydrophobic persistent organic pollutants (POPs) from sea water[77]. Rochman 2015, reported the adsorption of heavy metals on the MPs surface[78]. Thus, MPs act as a means of transportation for diverse ‘adsorbed items’ to reach new locations (called rafting in the aquatic ecosystem).

Class based on buoyancy (Density)

In the marine eco-system, MPs are omnipresent, from the surface water, throughout the water column to the sediment[3][79]. In general, the MPs with a density lower than the surrounding water (viz. EPS – expanded Polystyrene, PU-Polyurethane, PP – polypropylene, LDPE - low density polyethylene, and HDPE - high density polyethylene with density range 0.02-0.06 to 0.94-0.96 g cm-3) floats near the surface or are suspended in sub-surface water, while MPs with high-density (viz. PS – polystyrene, PVC - polyvinyl chloride, PET - polyethylene terephthalate with density range 1.04-1.11 to 1.38-1.40 g cm-3) sink to the benthic environment. Ballent et al. 2012 reported that the vertical distribution of MPs is the result of the net influence of extrinsic turbulence factors and the intrinsic characteristics of microplastics[80]. Moreover, the MPs exhibit dynamic density behaviour leading to cyclic pattern of distribution in aquatic environment. Micro organisms aggregate on the surface of MPs and develop a biofilm. Thereby, increase the density to an extent that MPs floating on the surface tend to sink[81,82]. For example, PE food bag starts to sink below the sea surface as a result of biofouling within a period of three weeks[83]. Chubarenko et al. 2016 investigated some physical and dynamical properties of microplastic particles in marine environment of Baltic sea. He linked the residence time of different MPs at the water surface to their surface area. For a given mass, the time of fouling of the MPs up to the water density is directly proportional to the characteristic length scale (radius of sphere, thickness of the film, or a radius of a fiber). He estimated that biofouling of plastic bag, polyethylene fibers and spherical particles (and plastic pieces) takes 3-4 months, 6-8 months and 10-15 years respectively to sink in Baltic sea environment[84]. De-fouling of MPs causes them to return to water surface[36]. This process plays a key role in distributing chemicals and organisms throughout the water system as well as makes different types of MPs available to benthonic zone.

Sources

Sources for Primary Microplastics

Primary microplastics are manufactured for specific purposes in different shapes. These MPs enter into the environment through post-use discharge or accidental spillage. The sources of various primary MPs are listed below:

Microbeads of polyethylene, polylactic acid (PLA), polypropylene, polystyrene, or polyethylene terephthalate are used as scrubbers in some cosmetic products, toothpastes, and facial cleansers as a replacement for the traditional natural products like almonds or walnut husk, microcrystalline cellulose, oatmeal, or pumice[34][85-86]. Some industrial cleaning products also contain microplastics as abrasives[20][34][87]. These microbeads pass into the aquatic ecosystem through house-hold discharge. Such products act as the direct source of microplastics. As per an estimation-from one tube of exfoliating facewash more than three hundred fifty thousand microbeads enter into the environment[88].

Rochman et al. 2015 calculated that the United States alone releases 8 trillion microbeads per day into aquatic ecosystem from 17 wastewater treatment plants[89]. Murphy et al. 2016 reported that one wastewater treatment works in Scotland discharges 65 million microbeads per day in water[90].

Nurdles or plastic resin pellets (cylindrical, diameter 1-5 mm) are other examples copiously used primary microplastics that contaminate the environment. These are also called as ‘mermaid tears’. Nurdles are the pre-processing form of nearly all plastic products. Nurdles can enter into the environment during their production, storage, or mishandling during transportation and also during the manufacture of final plastic items[16][91-93]. It is supposed that these microplastics are accumulating in the environment since the 1940s when the commercial production of plastic was started[71] [19] [36]. However, it gained worldwide attention after the scientific reports published in the 1970s[14][57][91]. Sherrington 2016 estimated that two hundred thirty thousand tons of pellets per year are accumulating in the environment globally[94]. The estimated concentration of 300,000 to 1 million nurdles / mile on Mustang and North Padre Island, Texas in September 2018 was attributed to the offshore spillage during transportation[16].

Plastic based Glitters (PBG) are tiny, colourful, highly reflective particles. The usage of glitters as cosmetics dates back to ancient civilizations. Natural glitters like mica flakes were used in cave paintings. Plastic-based glitter was invented by Henry Ruschmann in 1934[95]. It is a metalized polymer (usually Aluminium- Biaxially oriented polyethylene terephthalate; Al- BoPET) coated with colouring agent (TiO2 of different thickness is commonly used for different colours) with marketed sizes as tiny as 0.15 mm. PBGs are manufactured in various shapes and colours. Other polymers viz. acrylic, Poly(methyl methacrylate) (PMMA), Polyvinyl Chloride (PVC) plastic epoxy resin mixture, or melamine and phenolic resin mixture are also used for this purpose. Plastic-based glitters made its way to the glamour world as a cosmetics ingredient replacing glass-glitters during the period of World War II. Currently, its ever-expanding applications, viz. in glittering ink and adhesives, on clothes, jewellery, shoes, and in craft material, etc. resulted in its boom production. For the last many years, the impact of PBGs on the environment was overlooked, probably due to the limited section of users. Now, it is well-established that the Plastic- based glitters are the potential primary microplastic contaminant[96-98]. Yet, reliable data on quantitative assessment of glitters' impact on ecosystems are insufficient.

Besides stamped as an environmental pollutant, PBGs enjoy the position of the valuable informer in different investigative studies. For instance, these glitters more often shed away from the surface they are attached to and stick to other surfaces including skin or clothes, very easily. Thus, hold a strong evidential value in forensic investigations[99-101]. Alexander and Juliana, 2019 reported the use of PBGs as a ‘flag-item’ or marker to understand the dynamic of microplastics from source to sink owing to its glittering appearance[102].

Sources of Secondary Microplastics

Fragmentation of larger plastic items or trashes is the chief source of secondary microplastics. Assuming a definite size of all the plastic particles for four size classes (Table 2), Eriksen 2014, quantified the fragmentation pattern of larger particles into smaller particles in marine environment (Figure 1)[15].
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Figure 1: Fragmentation estimation of larger plastic particles into smaller fragments, based on particle size assumptions (Eriksen, 2014)[15]

Several other major sources of secondary microplastics are listed below:

Synthetic Textile The long-term investigation by Thompson, 2004 confirmed the presence of fibrous microplastic of the size ∼20 μm in diameter in the marine environment[19]. Napper and Thompson, 2016 revealed that washing of synthetic clothing, such as polyester and nylon fleece, in washing machine pushes a huge amount of microplastic fibres (upto 1900 fibres per wash) in the aquatic environment[103]. The polymer ingredients of these textile fibres are mainly polyester, polyethylene, acrylic or elastane, and polyamide[104-105].

Wearand tear of vehicle tiers and brake wear

Tire wear particles are produced by the abrasion of tires against roads[106]. Their composition differs due to the varied formulation of original tire[107].These are recognized as ubiquitous microplastics by Sundt et al. 2014[108]. Vehicle (Car, truck, and airplane) tire wear and brake wear are the microplastics that collectively contribute a lot to environment contamination[109-110]. As per an estimation, the worldwide generation of tire wear is nearly 6,000,000 tonnes per year[109]. Microplastics of unidentified synthetic rubber[111] and styrene-butadiene rubber[112] were recorded in water- sample collected from Jinhae Bay, Korea and in marine sediment in Terra Nova Bay, Antarctica respectively. However, the transportation of these microplastics to water bodies and ocean from road surfaces is still a subject for investigation.

Packaging material

A large portion (about 42 %;146 million tonnes) of total plastics produced globally is used by the packaging sector[3]. Yet the literature regarding packaging materials as a source of MPs in the packaged material is scanty. The occurrence of microplastics in plastic and glass bottled drinking water only has been reported. Primarily the MPs of PET and polyesters were identified in plastic bottled water[113-116]. It was inferred that the bottle material was the source of these MPs. The high abundance of MPs in glass bottled water is attributed to the abrasion of plastic caps with the glass body[117]. Current effort identified a knowledge gap here and invites the attention of scientists to carry out more exhaustive research in the subject.

Chipping of road markings and coatings

Generally, thermoplastics and epoxy are used for road markings and paintings[11]. For anticorrosive or antifouling coating on marine vessels polyurethane, epoxy and vinyl paints are used. Chipping of these paints as a result of weathering and/or abrasion by running vehicles is a substantial source of MPs.

City Dust: It includes all the sources which do not contribute much individually but together they increase significantly the environment pollution specifically in urban regions. City dust consists of the MPs produced by abrasion of footwear soles, furniture, garden accessories, utensils, building coatings, and artificial turf etc[104].

DISCUSSION

Since the ‘plastic age’ is still young and advancing, we have to develop efficient mechanisms and infrastructure for the safe disposal of plastic wastes. Currently, there are three key options for Plastic Waste Management (PWM): recycle, incineration, and landfill. Recycle is one of the 5 Rs proposed from a waste management perspective[118]. It is usually the best option with the lowest global warming potential and energy use. Ali Chamas et al. estimated that only 18% of PW is recycled[63]. It is probably due to the drawbacks associated with process and recycled products. The second preferred option is incineration to dispose of 24% PW. The remaining 58% of PW is dumped in landfills. It is a simple but non-sustainable approach for PWM. Firstly, due to the limited capacity of landfills[119] and secondly, the persistence of plastics causes diverse environmental hazards. For instance, toxic chemicals like phthalates and Bisphenol A, released from degrading plastic products, contaminate air, dust, and the aquatic environment[120-124]. Addition to it, Microplastics entered in water of the polar region of the earth, sediment, and sea ice[125], and even in Arctic Sea ice cores[126]. Being small in size, longevity and buoyancy microplastics travel long distances from the place of their origin through air or water currents. Harriet Paterson, a professor at the University of Western Australia viewed that more than 2.25 billion nurdles spilled from a ship in Durban, South Africa in 2017, creeped their way to Australian shores in about 450 days[127]. The ubiquitous nature of microplastics, necessitates of worldwide determined approach to ban the use of microplastics in various products and safer PWM as well.

CONCLUSION

Widespread use of plastics led to rapid increase in global plastic production consequently resulted in an increase in the amount of plastic contaminant in the form of microplastics in the environment. It is evident that ‘today, the microplastics are everywhere, from the deep sea, land to the air; in our food, in our water, and in the products of personal care’. Based on sizes, shapes and other physical characteristics, MPs exert diverse impact on all the components of an ecosystem. It is now well established that as a carrier of toxic chemicals, microorganisms and pathogens the MPs are posing serious threat to health of environment. The current effort is aimed to classify MPs on the basis of their intrinsic properties to draw the attention of researchers to evaluate the impact of MPs correlating with their physical properties. The identification of different sources of MPs will certainly encourage the consumers for judicious use of plastic products.
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TABLE 1: Categories of plastic particles (Andrady, 2011)1!

Particle Category Size (Diameter)
Mesoplastics 500 um-5 mm
Microplastics 50-500 um
Nanoplastics <50 um
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TABLE 3: Colour variation with the shape of MPs isolated from the biological samples by Ding et al. 2019/

Shape Prevalent colour
Fibres blue, black and red
Fragments blue and transparent

Films transparent
Granules white
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TABLE 4: Commonly used additives in polymers !

Type of Additives

Classification

Class of Chemicals

Polymer matrix

Antioxidants

Primary Phenols PVC, PA, PP, PE, Cellulosic Polymers
Amines PA, PE, PP
Phosphites Cellulosic Polymers,
PVC, PS, PA, PP, PE,
Thioester Synthetic Rubbers
Secondary PA, PE, PP,PVC, PC
Benzophenones Adhesives (Polyolefins, Polyesters,

Acrylics, PVC)

Photo-Stabilizers

UV absorbers

Benzotriazoles

Adhesives (Natural Rubbers,
Polyurethanes, Polyamides, Polyvinyl
Alcohols, Epoxies, Polyolefins),
Sealants

Hindered Amine Light
Stabilizers

PVC, Polyurethanes, PA, PET, PBT,
PMMA, PE, PP, Polyester, Cellulosic
Polymers

Flame Retardants

Quenchers Metal Chelates PE
(Commonly Ni)
Metal Salts/ Ba, Ca, Zn, Sn PVC, PE,PS
. Organometallic
Thermal Stabilizers Compounds
Organic Compounds Bisphenol type PBT
Halogens PVA PS

Brominated/Chlorinated/
fluorinated compounds

PA, PE, PP, PS, Cellulosic Polymers,
PVC, Rubber, PC

Metal hydroxides

Mg, Al

PVC, PE, PP, Other Rubber

Plasticizers

Phthalates

Dioctyl phthalate (DOP)/
Diisonony! phthalate
(DINP) / Diisodecyl
phthalate (DIDP)/
Di-n-butyl

phthalate (DBP)

PVC, PS, Cellulosic Polymer

Esters

Polyesters/ Benzoates/
Adipates

Other Additives

Impact modifiers, Dyes (organic/inorganic), Compatibilizers

PA- polyamide; PBT- polybutylene terephthalate; PC- polycarbonate; PE- polyethylene;

PET- polyethylene terephthalate; PMMA- polymethyl methacrylate; PP- polypropylene;

PS- polystyrene; PVC- polyvinylchloride.
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TABLE 2: Categories of plastic particles (Eriksen, 2014)!"%!

Particle Category

Diameter range (mm = millimetres)

Nanoplastics

< 0.0001 mm (0.1um)

Small microplastics 0.33—1mm

Large microplastics 1.01-4.75mm
Mesoplastics 4.76 — 200 mm
Macroplastics >200 mm
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TABLE 5: Microplastics of different polymers (percent occurrence) reported in environment samples during
2000-2019 74

PE (18%) Nylon (7%) Alkyd (2%)

PP (16%) Polyesters(6%) PTFE (1%)

PS (14%) Polyamides(4%) Rayon (1%)

PET (10%) Polyurethane (3%) Rubber (1% + 7%)

PVC (8%) Acrylic (2%) Potentially from tire + from
other sources
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