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Abstract 
During the last 60 years the plastic production has increased more than 190 times and plastic 
pollution both at sea and land is a growing issue. Every year millions of tons of plastic waste from 
land reaches the oceans, but the land-based sources are diffuse. One possible source of plastic 
waste and microplastics are from plastic litter in urban areas which is common all over the world. 
The aim with this laboratory study was to study the photodegradation patterns of macroplastics 
that is usually found as litter in urban areas to contribute with knowledge and to the 
understanding of how macroplastics degrade to microplastics. The laboratory study was 
structured around the use of ultraviolet light exposure from UVA 340 nm lamps to accelerate 
photodegradations of plastics in air. The test was divided into four different time intervals: stage 
7 days, stage 14 days, stage 28 days, and stage 56 days to study the evolution of plastic 
fragmentation over time. Effect of the UV radiation and test duration were combined to derive 
the equivalent real time duration. Using Luleå as a benchmark the computed equivalence were 

0.27 years for every seven days of UV exposure. For stage 7d, a test with different mediums 
(water and air) were performed to compare the degradation processes between different 
environments. However, for the longer time intervals air was the only tested environment. New 
plastic products were bought which were among the most produced types of plastic or most 
common plastic litter. The plastics were the following: polystyrene (PS) as plastic coffee cup lid, 
polypropylene (PP) as chocolate wrapping, polyethylene terephthalate (PET) as plastic bottle, 
low- density polyethylene (PE-LD) as plastic grocery bag and cellulose acetate (CA) as cigarette 
filter or butts. The analytical techniques used were a particle size and number counter, with the 
selected particle size interval between 4-120 µm, and a camera mounted microscope to study 
shapes of microplastic particles. Before photographing the particles, the samples were filtered on 
a 10 µm aluminium filter. The results showed that photodegradation with UV light did in fact 
accelerate the degradation process even for short time intervals. Potential for fragmentation of 
particles in air was larger, due to air being a more oxidizing environment and weakening the 
plastics. The results implied that the degradation processes for PS is slower in water compared to 
the other plastics in the same environment. In PS there was a larger amount of particles for the 

UV- exposed samples compared to the other plastics. This is interpreted as it has a slower 
degradation processes due to the fact when looking on the other plastics in stage w.7 (in water), 
the control samples have a higher particle count than for the UV exposed samples. It can be 
interpreted as PS does not become as effected by the UV light while in water compared to the 
other plastics. Therefore, the conclusion is that the particles degraded and became smaller than 
the analysed size range (4 µm) and were therefore not detected, consequently, showing a lower 
particle count. After 56 days of UV radiation the largest amount of detected particle mass was 
produced by PP (chocolate wrapping) with 0.0143 mg/cm2 material and the least amount of 
detected particle mass in stage 56d was of PE-LD (plastic bag) with 0.00042 mg/cm2 material. 
Based on the comparison of the water stage and air stages together with conclusions from earlier 
studies, the potential for a substantial destructive breaking of large particle are considered higher 
in air than in water, because the oxidation weakens the material making it less resilient to 
mechanical stress.  
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Sammanfattning 
Under de senaste 60 åren har plastproduktionen ökat mer än 190 gånger och plastföroreningar 
både i havet och på land blir ett allt större problem. Varje år når miljontals ton plastavfall från 
land till havet men de landbaserade källorna är diffusa. En möjlig källa till plastavfall och 
mikroplast är från nedskräpning i stadsområden som är vanligt över hela världen. Syftet med 
denna laboratoriestudie var att undersöka fotonedbrytningssmönstren för makroplast som 
vanligtvis finns som nedskräpning i stadsområden för att bidra med kunskap och förståelse om 
hur makroplast bryts ner till mikroplast. Laboratoriestudien var organiserad kring exponering av 
ultraviolett ljus från UVA 340 nm lampor för att påskynda fotonedbrytning av plasten i luft. 
Testet delades in i fyra olika tidssteg: 7 dagar, 14 dagar, 28 dagar och 56 dagar för att studera  
utvecklingen av plastfragmenteringar över tiden. Effekten av UV strålning från lamporna och 
testvaraktighet kombinerades för att härleda motsvarande realtidslängd. Luleå användes som 
utgångspunkt och den beräknade realtiden motsvarade 0,27 år för varje sjudagarsperiod. Detta 

beräknades även för olika städer runt om i världen för att få den respektive realtiden. För steg 7d 
utfördes ett test med olika medier (vatten och luft) för att jämföra nedbrytningsprocesserna mellan 
olika miljöer. För de längre tidsintervallerna var luft den enda testade miljön. Analysmetoderna 
som användes var dels en partikelräknare som estimerade storleken och antalet partiklar med det 
valda partikelstorleksintervallet mellan 4–120 µm. Även ett kameramonterat mikroskop för att 
studera formerna hos mikroplastpartiklarna användes. Innan partiklarna fotograferades, filtrerades 
proverna på ett 10 µm aluminiumfilter. Nya plastprodukter köptes som var bland de mest 
producerade plasttyperna eller bland de vanligaste förekommande plastskräp. Plasterna var 
följande: polystyren (PS) som kaffekoppslock av plast, polypropen (PP) som 
chokladomslagspapper, polyetentereftalat (PET) som plastflaska, lågdensitetspolyeten (PE-LD) 
som plastkasse och cellulosaacetat (CA) som cigarrettfilter. Resultaten visade att fotonedbrytning 
med UV ljus i själva verket påskyndade nedbrytningsprocessen, även under korta tidsintervall. 
Potentialen för fragmenteringen av partiklar var större i luft på grund av att luften är en mer 
oxiderande miljö än vatten. Resultaten antydde att nedbrytningsprocesserna för PS var 
långsammare i vatten jämfört med de andra plaster. I PS fanns det en högre topp för de UV 

exponerade proverna jämfört med andra plaster. Detta tolkades som att PS hade långsammare 
nedbrytningsprocesser på grund av det faktum att i jämförelser med de andra plasterna i steg w.7 
(i vatten) så hade kontrollproverna ett högre antal partiklar än de UV exponerade proverna. Det 
tolkades som att PS inte påverkades till samma grad av UV ljuset medan det var i vatten likt de 
andra plaster. Detta led till slutsatsen att partiklarna bröts ned under den analysgräns på fyra µm 
och uppvisade därför ett lägre partikelantal i graferna. Efter 56 dagars UV strålning producerades 
den största mängden detekterad partikelmassa av PP med 0,0143 mg/cm2-material och den 
minsta mängden detekterad partikelmassa i steg 56d var av PE-LD med 0,00042 mg/cm2-
material. Potentialen för betydande destruktiv brytning av stora partiklar anses vara högre i luft 
än i vatten eftersom oxidation försvagar materialet vilket gör det mindre motståndskraftigt mot 
mekanisk stress. Detta baserades på jämförelser av resultaten mellan luft och vatten samt hänsyn 
tagen till tidigare studier. 
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1 INT RODUCTION 

After the second world war there was incredible economic progress and increased welfare, part 
of this led to an increasing demand for plastic as a cheap, light, and strong material. Between 
1960 and 2015 the global production of polymers increased by 190 times, were more than half 
of all the plastic ever produced were produced during the first 15 years of the 21th century (Geyer 
et al., 2017a; Roser, 2020). The global production and consumption of plastic is thought to 
increase with increased demands, prosperity, and population. However, the industrialization has 
been a major contributing factor of the negative anthropogenic impact on the environment.  
One of the key issues that we are facing as a society today is the ever-growing plastic problem 
and every year tonnes of plastic enters the oceans (Jambeck et al., 2015).  Some of the concerns 
of plastic debris and microplastic is e.g. aesthetics, ecology, toxicity of chemicals threatening 
biodiversity, entanglement and ingestion (Moore, 2008). The later can cause biomagnification 
and bioaccumulation in species and in the food web. 

Eriksen et al., (2014) estimated that more than five trillion pieces of plastic are floating in the 
ocean’s surface water. The word ‘sources’ are used in different contexts when talking about 
microplastics, one being the products generating or itself being microplastic like: large plastic 
pieces, hygiene and cleaning products, medicine and textiles (Bergmann et al., nd). Another 
context would be geographical or physical origin of plastic waste and microplastic. Plastic waste 
and microplastic may originate from different sources both land and marine based sources 

(Jambeck et al., 2015). Marine based sources of plastic waste are usually discharged from ships, 
military operations, different types of offshore industries like fishing, oil and gas and shipwrecks 
(Bergmann et al., nd; Jambeck et al., 2015). It is estimated that the vast majority of all marine 
debris comes from land (Jambeck et al., 2015). However, this is regarding land as a source of 
plastic to the ocean which is the logical assumption if the ocean is observed as the receiving 
water. But when observing land as a system, then e.g. streams would be transportation routes 
which makes the sources much more complex to define. 

There has been done a great deal of research on microplastics in marine environment but less on 
the land-based system. There are several different knowledge gaps. For instance, how the urban 
stormwater systems transport of micro- & macroplastics (Magnusson et al., 2016). The sources 
of microplastics in urban systems are a complex field and how microplastics adsorb pollutants 
present in urban areas, acting as a transportation vehicle and itself release pollutants (Slaughter et 
al., 2011; Bejgarn et al., 2015; Shaw et al., 2019). The degradation behaviour of different plastics, 
common in urban areas, compared to each other under the specific conditions of urban areas. 
The speed of degradation and how much of the plastics that eventually becomes micro- & 
nanoplastics (Magnusson et al., 2016; Julienne et al., 2019). All this needs to be research for 
further understanding of the complex nature of microplastics. 
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1.1 Aim and Objectives  

The aim of this laboratory study was to investigate how macroplastics from littering were 
degrading and able to release microplastic particles that is then transported with urban runoff to 
receiving waters. The research focused on the different degradation behaviours, speed of 
degradation and particle yield of common plastic litter found in urban areas and in stormwater 
systems. This study were supposed to lead to a better understanding of potential sources and 
flows of microplastic particles in urban areas and how each common plastic polymer degrades 

differently. 

 

The following research questions are investigated: 

 
o How does the photodegradation vary between different time intervals of UV 

exposure? 

o How does cellulose acetate (CA), polypropylene (PP), polyethylene 
terephthalate (PET), polystyrene (PS) and low- density polyethylene (PE-LD) 

all differ in degradation patterns? 

o What is the difference in photodegradation depending on the medium, either 
water or air, surrounding or submerging the plastic? 
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2 BACKGROUND 

 

2.1 Background of plastic 

2.1.1 Origin of plastic and its development 

Plastic have revolutionized the way we live, from clothes to construction to packaging. One of 
the earliest plastic material was created in the 1600th BC, and were refined by ancient 
Mesoamerican people (Hosler et al., 1999). They extracted latex from the plant Castilla elastica, 
also called the Panama rubber tree, and made for instance rubber balls by processing the latex 
with extract from the flower Ipomea alba. These rubber goods played an important role in the 
religious, ritual, and political life of the ancient Mesoamericans. In 1950 the global plastic 
production was estimated to 1.5 million  tons per year and 2019 it was estimated to 359 million  

tons worldwide (Chalmin, 2019; PlasticsEurope, 2019). Of the many different types of plastics a 
few of them is contributing to the largest demands. In 2015 55% of the worldwide demand for 
plastic were of polyolefins such as low- and high-density polyethylene (LDPE & HDPE) and 
polypropylene (PP), in second place came polyvinyl chloride (PVC) followed by polystyrene 
(PS). 

2.1.2 The increased plastic problem 

It is estimated that upwards of eight billion tons of plastic resins and fibres have been produced 
between 1950-2015 and that more than four billion tons were manufactured the last couple of 
decades (Geyer et al., 2017b). This shows the exponential growth of the plastic industry. Eriksen 
et al., (2014) estimated that around five trillion pieces of plastic weighing approximately 250 000 
tons are circulating in the surface water at sea. Most of which is coming from land-based sources. 
In 2015 the yearly amount of plastic reaching the ocean was estimated to be between 4.8 to 12.7 
million  tons of plastic waste from land end up in the ocean (Jambeck et al., 2015). This 
occurrence is predicted to ten-fold by 2025.  

Plastic packaging is the largest market sector with a primary production of 146 million tons in 
2015 (Geyer et al., 2017b). Due to the nature of plastic packaging being mostly single use items 
this sector is also highest in primary waste generation of 141 million tons.  

2.1.3 Pros and cons of plastic characteristics 

The benefits of plastic are many like Hosler et al., (1999), Andrady and Neal (2009) mentioned, 
but most notably that it is lightweight, strong and flexible (Kumar et al., 2014; Sigler, 2014).  

The strengths of plastic also come with some drawbacks, it can be a threat to the environment, 
animals, and humans. Possible threats of plastic pollution are for animals to become entangled, 
die of consumption but also that the plastic particles will transport invasive species through 
adsorption unto plastic surfaces. Cox et al., (2019) estimated that Americans ingest more than 74 
000 microplastic particles every year by evaluating 15% of Americans food intake including 
inhalation. 

2.1.4 Waste management 

There is a distinction between inadequate disposal of waste and littering (Jambeck et al., 2015; 
Ritchie and Roser, 2018). Namely, inadequate waste disposal is defined as insufficient waste 
management that is not controlled or handled in a correct manner. For instance, dumps or open 
and uncontrolled landfills that have a higher risk of not being able to prevent plastic from 
reaching the environment or that leachate is not contained. Littered plastic, which is around 2% 
of total plastic waste, is waste that is disposed at a wrong location like candy wrapper in the 
streets of a city or cigarette butts on the curb.    
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Waste management is a crucial part of dealing with the plastic problem both on land and at sea. 
From the 1950s until present time about 60% of all plastic waste have been discarded in landfills 
and in nature (Raynaud, 2014; Geyer, Jambeck and Law, 2017a). It was first in the 21st century 
that methods like incineration and recycling became conventionally viable. While landfills have 
been and continue to be the major waste management method of plastic waste, incineration and 
recycling has gotten more market shares. It was estimated in 2015 that of global plastic 20% was 
recycled, 25% was incinerated and 55% was discarded in either landfills or nature. He et al., 
(2019) identified landfills as a potential source of microplastics and found that the leachate samples 
contained microplastics from 17 different plastics ranging from 0.42 to 24.58 items/L. Of the 
total amount of particles polyethylene and polypropylene combined contributed to around 70%.  

2.1.5 Preventative measures 

In the EU 80-85% of all waste or debris in the ocean is made up of plastic (Håll Sverige Rent, 
2019b). Ocean pollution of plastic waste is seen as a major problem, it is included in one of the 
global goals for sustainable development, goal 14 (14.1) (UN General Assembly, 2015). The UN 
sustainability goal has a broad focus on improving the environment in the ocean. In 2019 the 
European Parliament, 2019 announced that there will be a ban on disposable plastic by 2021, 
this includes plastic cutlery, plates, certain polystyrene cups and lids, straws, cotton bud sticks, 
plastic balloon sticks, food and beverage containers made of expanded polystyrene and oxo-
degradable plastic (Naturbag, 2019; Timmermans and Katainen, 2019). The latter is a type of 

plastic that is falsely marketed as a biodegradable. Cutlery and bags made of oxo-degradable 
plastic is a plastic but with some additives like starch, that is often mixed with polypropylene 
(PP) and polystyrene (PS) which does not make them biodegradable. 

2.2 Plastic toxicity and composition 

 
2.2.1 Toxicity, pollutants, and adsorption 

Microplastic themselves are considered as pollutants but they can also carry other pollutants. The 
level of adsorption varies depending on the amount of degradation, salinity, temperature and pH 
(Yu et. al., 2019). Studies show that microplastic tends to adsorb hydrophobic organic pollutants 
and metals and even more if the microplastic is aged and degraded. Velzeboer et al., (2014) 
studied the sorption of the toxin PCB onto micro sized PE beads and nano sized PS beads and 
concluded that sorption unto PE was up to one order of magnitude greater in seawater for the 

same plastic than in freshwater. Also, that organic matter (OM) and sediment might have an 
effect on the sorption ability. Nanoplastics of PS showed between a magnitude of 1-2 greater 
sorption than that of microplastics of PE. This was partly attributed to higher aromaticity of the 
PS structure and the increased surface area to volume. Increased salinity lead to stronger sorption 
regarding nanoplastics out of PS which was determined to raise the potential hazards (Velzeboer 
et. al., 2014).  

There is also a possibility for some plastics to produce a toxic leachate the longer the plastic is 
irradiated which have been shown for e.g. PVC and polyurethane (PUR) (Bejgarn et al., 2015). 
Additives that are incorporated in the plastic is released as a contaminant through the degradation 
(Bandow et al., 2017). Photodegradation is more efficient than thermal degradation at triggering 
the degradation which release contaminants and it has been observed that Cl, Ca, Cu and Zn 
showed a significant release from HDPE, PS and PVC. 

2.2.2 Plastic additives and their consequences 

Plastic products usually do not contain only one plastic polymer, it has many different substances 
in order to get a certain characteristic and property (Deanin, 1975; Hahladakis et al., 2018; 
Hartmann et al., 2019). These added substances are called additives. Additives are divided into 
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four groups: Functional additives, Colorants, Fillers and Reinforcements. Functional additives 
are often to change physio-chemical properties and typical additives are e.g. plasticizers for a 
softer plastic which is common in PVC, UV and thermal stabilizers to counteract degradation, 
antistatic agents for electronics, flame retardants, biocides etc (Hahladakis et al., 2018). Colourant 
additives are intuitively different pigments for the sake of colour changing (Deanin, 1975). Fillers 
are different types of minerals like mica, talc, calcium carbonate etc (Hahladakis et al., 2018). 
Reinforcements additives are often different types of fibres added to enhance the stability, 
strength and toughness of a construction e.g. glass fibres, carbon fibres, asbestos although phased 
out, wood dust (Deanin, 1975; Hahladakis et al., 2018).  

While additives give polymers certain characteristics that is undeniably useful, they can also pose 
a threat to the environment and biodiversity. It is known that some additives carry hazardous 
compound for both humans and ecosystems and some have the ability of leaching from the 
plastic, creating a toxic wastewater (Bejgarn et al., 2015; Cherif Lahimer et al., 2017). For 
example, Deanin (1975) shines light on the issue with some inorganic colourants based on 
cadmium, chromium and molybdenum because of their toxicity and its implementation in toys, 
while organics is becoming increasingly more popular and a better candidate. 

It has been shown that plastic leachate from polyurethane and PVC has an acute toxic effect on 
Daphnia magna (Lithner, 2011), which probably is an indication of the release of chemicals from 
these type of soft plastic products often containing >50% plasticizers (Hartmann et al., 2019). 

2.3 Definitions of plastic and size fractions 

To define the terms and size intervals, of plastic and microplastic respectively, the same 

framework of Hartmann et al., (2019) was adopted in order to make a distinction between what 
materials is included in the definition of plastic debris and distinguish between different fractions 
of plastic particles. For example, all synthetic polymers including heavily processed and modified 
natural polymers is regarded as plastic in this study. The size fractions are divided into four 
groups: nanoplastic (1 to <1000 nm), microplastic (1 to <1000 µm), mesoplastic (1 to <10 mm) 
and macroplastic (1 cm and larger).  

There is not yet any strong consensus in the scientific community about the definitions for plastic 
and plastic debris (Hartmann et al., 2019). The definition suggested by Arthur et al., (2009) has 
been the most common source for defining the fractions of microplastic. During a conference 
(Arthur et al., 2009), the decision was made to define microplastics fragments to be <5mm. This 
definition was derived by arguments of biology and upon the notion that plastic debris smaller 
than 5 mm will not have a significant effect on large organisms when ingested.  

2.3.1 Primary and secondary microplastic 

Microplastics are divided into two different types, primary and secondary microplastics, which 
depends on the source. Primary microplastics are plastic that are produced to be small particles 
from the beginning, for instance some skincare and cleaning products may contain microbeads 
(NOAA, nd; Rogers, 2019). Secondary microplastics are plastic particles that once came from a 
larger piece. The original plastic piece, larger than the microplastics, is then degraded and small 
particles are broken off e.g. plastic bottles that are exposed to the sun and then generates 
microplastic particles.  

2.4 Different types of plastic 

One could categorise polymers into two different families; thermoplastics and thermosets 

(PlasticsEurope, 2019). Thermoplastics are polymers which have recycling abilities, when it is 
heated the plastic melts and when it cools down it hardens. This is a reversible process and hence, 
their recyclability. Most of everyday plastic items are made from thermoplastic. Thermosets are 
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plastics that, when being heated or under suitable radiation, undergo an irreversible chemical 
change of their structure (McNaught and Wilkinson, 2014). This means that after treatment and 
forming it cannot be undone. Polyolefins or polyalkene are types of plastics under the family 
thermoplastics (Encyclopedia Britannica Online, n.d.;). Example of polyolefins are polyethene 
(PE-LD, PE-LLD, PE-HD, PE-UHMW & PE-MD) and polypropylene which together 
covered 49% of the European plastic demand in 2018 by resin (PlasticsEurope, 2019). These 
plastics are most of all packaging of different sorts, bags, pipes etc. 

2.4.1 Polystyrene, PS 

Polystyrene (PS) was first discovered in 1839 by Eduard Simon, it was through distillation of 
storax resin that Eduard obtained an oil that he named styrol which is today called styrene 
(Scheirs, 2003). Further experimenting, he converted the oil with air, light, and heat into a 
rubberlike texture, this he finally called metastyrol. What he did not know and what would not 
be revealed until much later was that this was the first ever recorded polymerization therefore 
the name polystyrene. The chemical structure of polystyrene is defined as  
[–(CH2CH(C6H5))n-] (Terashima, 2014). 

In EU28 including Norway and Switzerland polystyrene was accountable for 6,4% of the plastic 
demand (PlasticsEurope, 2019). Polystyrene is a very hard and sometimes brittle plastic the main 
use is food packaging (e.g. coffee cup lids, blown PS can be used for take-out food etc), 
cushioning material in packaging, building insulation, in electronics etc.  

2.4.2 Polyethylene terephthalate, PET 

Polyethylene terephthalate (PET) was first patented in 1949 by John Rex Whinfield and James 
Tennant Dickson (Whinfield and Dickson, 1949). PET is a thermoplastic and is produced by 
esterification of ethylene glycol (Robertson, 2013), with the chemical unit formula 
 —CO.C6H4.CO.O.(CH2)2O— (Daubeny et al., 1954).  

PET plastic is primarily used as a synthetic fibre for clothing production and for plastic bottles 
(Robertson, 2013; Poulikakos et al., 2017). High- Density Polyethylene (HDPE) is sometimes 
used for different food packaging but PET have taken over more market shares, having better 
properties for this purpose. In Europe 2018, 7.7% of the plastic demand was covered by PET 
and was mostly used for packaging (PlasticsEurope, 2019). 

2.4.3 Low density polyethylene, LDPE 

Polyethylene is a part of a group of plastics called polyolefins. These plastics contribute to well 
over half the production and demand for plastics globally (Sauter et al., 2017; PlasticsEurope, 
2019). Polyethylene was first commercially introduced in the 1930s but it was first in the 1950s 
that the polymer became much cheaper to produce and gain more market shares (Encyclopedia 
Britannica Online, nd). 

There are two processes in manufacturing polyolefins: through free radical process or 
coordination catalysis. Low density polyethylene (LDPE) is produced by the former method. 
These are the main polymers which make up polyolefins.  

The vast majority of polyethylene is used for packaging of different kinds like shampoo bottles, 
food containers and other consumer products (Agboola et al., 2017; Encyclopedia, 2019; 
PlasticsEurope, 2019).   

2.4.4 Polypropylene, PP 

The origins of both polyethylene and polypropylene is closely connected. Karl Ziegler and 
Giulio Natta, both Nobel laureates for their work on polyolefins, was the forerunners when it 
comes to polyolefins (Malpass and Band, 2012). Ziegler managed to polymerize ethylene but 
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not propylene. That is when Natta learned from Ziegler’s experiments with ethylene and tried 
and finally succeeded to polymerize propylene to polypropylene in 1954.  

Polypropylene has the chemical formula C22H42O3 (PubChem Database, nd b), it can structure 
according to different configurations (Soares and McKenna, 2012). The different types of 
polypropylene typically are isotactic, syndiotactic and atactic, this differ between types depending 

on where the methyl groups are attached on the molecule. Most prevalent type on the market 
is isotactic polypropylene (i-PP). 

Polypropylene is a versatile polymer and is used in textile, packaging, PP fibre for furnishing and 
microbeads for personal care and cosmetics (Australian Government, nd; Agboola et al., 2017). 

2.4.5 Cellulose Acetate, CA 

Cellulose is a natural material that is the main building block in plants and is considered a natural 
polymer like wool and silk (Hartmann et al., 2019). From cellulose you can achieve different 
kinds of esters by reaction with various acids (Edgar, 2004; Fischer et al., 2008). The most 
common cellulose ester is cellulose acetate which is produced with acetic anhydride and acetic 

acid in the presence of sulfuric acid. This creates a versatile fibre with a multitude of applications.  

Paul Schützenberger discovered cellulose acetate in 1865 through the reaction of cotton and 
acetic anhydride (Chen, 2015). From this he precipitated triacetate in water, but it was not until 
1904 that George Miles managed to prepare the solution for fibre spinning by converting 
triacetate to diacetate. The chemical formula for cellulose acetate is C10H16O8 but varies 

depending on additive and characteristics (PubChem Database, nd a).  

Cellulose esters can be used in many different areas of our society but they are equally or even 
more expensive than petroleum based plastics due to the costly raw material of purified cellulose 
(Edgar et al., 2001). They are used in controlled release applications were the objective is to 
release substances under controlled circumstances in for example pesticides, fertilizers, or 

medicines. More common consumer products made of cellulose acetate are biodegradable plastic 
(Edgar et al., 2001), membranes (e.g. reverse osmosis), textiles (Puls et al., 2010), cigarette filters 
and plastic films (Edgar et al., 2001; Fischer et al., 2008; Puls et al., 2011; Chevalier et al., 2018; 
Tedeschi et al., 2018).  

2.5  Urban runoff- a vehicle for urban pollutants and microplastics 

When studying the ocean pollution, urban runoff, sewage water and air deposition are 
considered to be the main transportation route for microplastics among other pollutants 
(Magnusson et al., 2016). In cities there is infrastructure to diverge water from the streets to 
prevent flooding. Flooding can be a risk due to the increasing amount of impervious area in 
cities like roads, roofs, parking lots etc. Rainwater produced by a storm is defined as stormwater 
(Merriam-Webster, nd). This is not including all run off. Müller et al. (2020) defined urban 

runoff to cover all runoff in urban areas induced by e.g. rainfall and snowmelt. Runoff acts like 
a transportation vehicle that has the potential to carry pollutants far from the source to a receiving 
water body. While there are some solutions for treatment of stormwater like green infrastructure 
that can be implemented, many of the technologies main focus is to diverge the water  (Blecken, 
2018).  

2.5.1 Littering and microplastics in urban areas and urban runoff 

Plastic is ubiquitous in urban areas, not only as litter but for instance roof tiles can be made of 
recycled plastic (Topacio et. al., 2018), PVC roofing (Müller et al., 2020) and surface coatings. 
Magnusson et al., (2016) studied the situation of microplastic sources in Sweden and concluded 
that probable major sources of microplastic particles are from tyres, littering, artificial grass for 
football fields, textile fibres and buildings. These plastic materials will be worn down and release 

https://pubchem.ncbi.nlm.nih.gov/#query=C22H42O3
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microplastics. Runoff will transport the particles through the stormwater system and it has been 
showed that microplastics, mostly fibres, even spread through atmospheric deposition (Dris et. 
al., 2016). Becherucci & Seco Pon (2014) studied littering in the streets of Mar del Plata and 
observed that the largest categories were cigarettes corresponding to 42.8% of the total amount, 
papers 29.8% and plastic items 19.7%. A similar study was made in Sweden studying the amount 
of litter pieces, where cigarettes contributed to 67% of total amount of litter pieces, snuff- 
tobacco (‘Swedish Snus’) 11% and plastic 7% (Håll Sverige Rent, 2019a). What should be noted 
is that the studies have not measured the waste by weigh but by the number of items. 
Nonetheless, there is no doubt that plastic littering is present and a potential problem.  

2.6 Mechanisms for degradation of plastic  

In nature polymers can be degraded in several ways. What determines the main driver for 
degradation depends on chemical structures, mechanical abrasion, pH, temperature, salt 

concentration in the water, global solar irradiation etc. but the most dominant process is 
photodegradation (Yousif and Haddad, 2013; Ranjan and Goel, 2019). With enough time the 
final end-product is CO2 and H2O (Bandow et al., 2017). A few other degradation processes are 
biological, thermal, and mechanical degradation. 

2.6.1 Photodegradation 

UV-light or UV radiation (UVR) are electromagnetic waves with wavelengths between 100-
400 nm. UV light are subdivided into three intervals with respect to the wavelength. UVA has 
an interval of 315-400 nm, UVB has an interval of 280-315 nm and UVC has an interval of 
100- 280 nm. Energy levels are increasing with declining wavelength, meaning that UVC has 
the lowest wavelengths and highest energy. UVC is removed by the stratospheric ozone along 
with other radiation (The International Agency for Research on Cancer, 2012). Only a small 
part of the cosmic radiation penetrates the atmosphere (The International Agency for Research 
on Cancer, 2012). Of the remaining solar radiation that can reach the earth’s surface 
approximately 5% is UVR, of which roughly 95% is UVA and 5% UVB. Table 1 shows the 
radiation in different cities around the world, according to previous publications. 

Table 1. Annual UV- radiation in cities around the globe at different latitudes (CIEMAT, n.d.; Solargis, 2015; 
NREL, 2016; Australian Bureau of Meteorology, 2019; SMHI, 2019; Wang, 2019). 

Global radiation Annual radiation [W/ (m2*year)] UV rad iation [W/(m2*year)] UVA [W/(m2*year)] 

Luleå 881 317 44 066 41 863 

Stockholm 962 327 48 116 45 711 

Beijing 1 497 600 74 880 71 136 

Sevilla 1 526 400 76 320 72 504 
Perth 1 526 400 76 320 72 504 
Los Angeles 1 555 200 77 760 73 872 
Nairobi 1 676 160 83 808 79 618 

Photodegradation or photooxidation or UV degradation or oxidative photodegradation, there 
are a lot of different names for this process (Yousif and Haddad, 2013). It is the phenomena 
where UV light combined with oxygen is changing the physical and chemical structure of a 
plastic (The International Agency for Research on Cancer, 2012; Yousif and Haddad, 2013).  

The degradation rate of photodegradation might vary depending on surrounding environment 
and temperature, however, photodegradation is shown to be the most influential factor in 
degradation processes of this kind (Lambert et. al., 2013; Yousif & Haddad, 2013). Depending 
on existing conditions UV-light will affect plastics differently (Julienne et. al., 2019). Ranjan & 
Goel (2019) showed that the level of photodegradation varies with different environments. 
Photodegradation and oxidation were greatest in air and least in saline water solution. The reason 
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is that air has a higher oxygen content than water and oxygen is needed for the degradation 
process (Ranjan and Goel, 2019). Salt and minerals and lower temperature increases the refractive 
index of water which lowers the light intensity. This leads to a less oxidative environment, and 
less degradation. Common for all environments are that it will lead to oxidation, chain scission 
and displacement on the plastic surface. The surface will be hardened and made brittle with 
microcracks. 

There are two theories for the photooxidation process of polymers and its steps (Yousif and 
Haddad, 2013). The singlet oxygen mechanism of oxidation is the process of direct reaction of 
singlet oxygen with the polymer (Trozzolo and Winslow, 1968; Geuskens and David, 1979). 
The free radical mechanism of oxidation is the process of producing free radicals and reacting 
with oxygen. The energy in UV-light is enough to break the C-C and C-H bonds that create 
free radicals (Ranjan and Goel, 2019). These free radicals can then react with oxygen to create 
hydroxyl groups (O-H) and carbonyl groups (C=O).  

2.6.2 Biological degradation 

Biological degradation is performed by microorganisms under aerobic and anaerobic conditions 
(Gu, 2003; Hammer et al., 2012; Connell and Kozar, 2014). Microorganisms are altering the 
chemical structures, sizes, shapes, and mass of plastic by hydrolysis. Aerobic degradation is the 
process of oxygen being used as the oxidizer and breaking down the organics to carbon dioxide 
and water, this process often takes place in nature were oxygen is abundant. Anaerobic 
degradation is the process of degradation in absence of oxygen, instead NO3, SO4

-2, Fe2+, Mn2+ 
and CO2 can be used to reduce the plastic. 

2.6.3 Thermal degradation 

In essence, thermal degradation refers to the chemical changes in polymers as a result of an 
increased temperature (Faravelli et al., 2001; Pielichowski and Njuguna, 2005). This type of 
degradation has driven the development of technology in material sciences. It has not only been 
useful for the industry to create heat resistant plastics and lengthen the lifespan of polymers but 
also in the other way around, as a means of waste management and increasing degradation rate 
of certain plastics. Higher temperature will also boost the damage cause by for instance 

photodegradation, and will generally act like an accelerator in all different degradation processes 
(Andrady et. al., 2019). 

2.6.4 Mechanical degradation 

When studying plastic litter, especially in a stormwater context, mechanical degradation is an 
important process to consider due to constant wind and water abrasion but also litter being run 

over, trampled, or otherwise torn apart.  

For mechanical degradation to be effective it does not need to be a large force but could also be 
more of a grinding wear (Booth, 1963; Ravishankar et. al., 2018). Both during low force wearing 
and a large shear force, chain scission occurs, most often at the centre of the force. It breaks the 
polymer chain an creates macro free radicals, these radicals together with oxygen can in turn 

form a peroxy radical and that is the step of degradation (Yousif and Haddad, 2013).  
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3 MAT ERIALS AND METHODS 

The following method were used mainly to study the effect of the UV radiation parameter in 
an urban setting. Therefore, the focus lies on the photodegradation in air compared to the 
experiments found in literature about microplastics that often is performed in water. The reason 
is to contribute with knowledge to the current lack of research concerning microplastics in urban 
areas.   

3.1 Selection of plastic 

Five types of polymers were selected for photodegradation under UV radiation. These polymers 
were, low density polyethylene (PE-LD), polypropylene (PP), polystyrene (PS), polyethylene 
terephthalate (PET) and cellulose acetate (CA). The decision on which plastics to study was 
based on current literature, statistics, and own observations of the common litter in urban areas. 

First the polymers with the largest production volume and historical production volume were 
selected. These are the polyolefins like low density polyethylene (PE-LD) and polypropylene 
(PP), polystyrene (PS) and polyethylene terephthalate (PET) (PlasticsEurope, 2019). Håll Sverige 
Rent (2019b) reported the litter situation in Sweden and states that cigarette butts are the major 
fraction of debris, by quantity, which is supported by Root (2019). Cigarette filters are made of 
cellulose acetate which is a modified natural polymer (Puls, Wilson and Hölter, 2011). Cellulose 
acetate (CA) was chosen as an exception to the rule of the largest production volume. The reason 
being that it is so ubiquitous in urban areas as litter in form of cigarette butts.  

New plastic products were purchased to ensure no previous wear. Thin and white plastic bags 
for PE-LD, chocolate wrapping for PP exposing the white inner part, white coffee cup lids for 
PS, blue and see through plastic bottles for PET and cigarette filter for CA. All samples were cut 
into 4x4 cm squares, except the filters which can be seen in the lower left corner in Figure 1. 
Two rows of five filters clamped with a wire made up each sample, making up a 4x4 cm square. 
The samples were not flattened but were let to keep its natural shape or curvature, this meant 
that the radiation was distributed differently between the plastics.  

Information about densities and the specific samples sizes for each plastic are described in Table 
2. 

Table 2. Density, sample area and sample mass for mass calculations of fragmented microplastics 
(Lenntech, nd; Omnexus, nd; Guo et al., 2012). 

 PS PP PET PE-LD CA 

Density (g/cm3) 1.045 0.92 1.397 0.925 1.28 

Average sample area (cm2) 14.23 17.80 14.90 17.00 15.95 

Average sample mass (g) 0.542 0.088 0.752 0.070 1.151 
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3.2 Photodegradation 

This study focuses on photodegradation of plastic litter in urban areas, therefore similar laboratory 
environment will try to replicate that very same conditions. The laboratory climate with possible 
affecting parameters have been delimited according to the aim to first and foremost study only 
UV lights effect on plastic degradation. 

Figure 1. Plastic litter items in left column and in the right column cut out plastic samples, 4x4cm. 
From top to bottom, PS, PP, PET, PE-LD, and CA. 
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Figure 2. Beakers with plastic samples under the UV-light construction. In the back a UV protection is located, 
covered in aluminium foil to sheild the surroundings from possible radiation diffusion.  

Four single UV lamps from Q-LAB (UVA 340 nm 40 W T12 lamp) were used with a computed 
irradiation effect of 66.4 Wh/m2, 15 cm above the plastic pieces as can be seen in Figure 2. The 
effect of UV irradiation from the lamps were derived from Q-LABs comparison of UVA-340 
intensified 1.75x lamps to the typical UVA-340 lamps and sunlight (Q-LAB, 2012). The 

technical document Q-LAB (2012) showed graphs with the irradiance (W/m2/nm) for the UVA 
spectra, that which was used to derive the total effect of the lamps over the same wavelength 
spectre as UVA radiation. That way the effect of 66.4 Wh/m2 was achieved. The effect was then 
used to calculate the equivalent time duration of the set exposure times to real-time in different 
cities around the globe. This was possible by comparing the yearly global radiation, that is a 
combination of direct and diffuse radiation, data for different sites. This is outlined in detail in 
Table 3. 

 

Table 3. Time equivalency of radiation from UV lamps and average annual global radiation for different cities 
(CIEMAT, n.d.; Solargis, 2015; NREL, 2016; SMHI, 2019; Australian Bureau of Meteorology, 2019; Wang, 2019). 

 

3.3 UV Exposure set up and Sample preparation 

Considering findings of Ranjan & Goel (2019), that photodegradation varies between mediums 
mentioned in chapter 2.6.1. Including the presumed general environment of urban areas, the 

 
7 days UV 

radiation [years] 
14 days UV 

radiation [years] 
28 days UV 

radiation [years] 
56 days UV 

radiation [years] 
Luleå 0.27 0.53 1.07 2.13 

Stockholm 0.24 0.49 0.98 1.95 

Sevilla  0.15 0.31 0.62 1.23 

Los Angeles 0.15 0.30 0.60 1.21 

México City 0.14 0.28 0.56 1.12 

Nairobi 0.14 0.28 0.56 1.12 

Beijing  0.16 0.31 0.63 1.25 

Perth 0.15 0.31 0.62 1.23 
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main focus of the experiment was around samples in air, with one set of samples in deionized 
water for comparison.  

To observe degradation in relation to time, four different exposure times were set. For each 
stage, the time was doubled. These were stage 7d (7d for seven days), stage 14d, stage 28d, stage 
56d and stage w.7d were 100ml deionized water was added. During each stage three samples for 

UV exposure, two controls and two blanks were prepared, see sample scheme in Appendix.  

Duarte et al. (2009) showed that different types of glass would block UVA and UVB depending 
on type and colour of the glass. Therefore, the UV-light were angled in such a way that it would 
predominantly travel only through air until contact with the samples. Each sample were put in 
250 ml glass beakers and exposed to UV-light, controls samples were also put in glass beakers 

but without any exposure to UV-light and the blanks were just empty glass beakers put under 
UV radiation. The stage w. 7d samples were set up the same way with the exceptions for adding 
100 ml deionized water to UV exposed, control, and blank samples.  

The purpose for the control samples were to compare with the UV exposed samples to identify 

possible degradation from the analyse method itself and any microparticles that could be present 
from the beginning. The blank samples main objective was to detect any contamination during 
the sample preparation, UV exposure and analysis. All samples were uncovered and were 
therefore prone to possible contaminations from the air during the exposure duration. 

The beakers under UV were placed on wooden trays making up four quarters, and once every 

week, at same time, they were turned 180° to ensure that even distribution of radiation reached 
all samples due to the assumption of the lamps being weaker in the far ends of each tube.  

 

 
Figure 3. A deionized water tap with an extra filter device to make sure no potential plastic particles from the pipes 
would contaminate the samples. 

Each plastic piece, beaker and other equipment were thoroughly rinsed three times on both sides 
with deionized water, from a Sartorius arium 61316, that had been filtered an extra time through 
a Whatman 1.2 µm glass microfiber filter. The extra filter excluded the possibility of particles 
from both the purification plant and tubing. All water that were used in every operation came 
from the same tap, see Figure 3.  
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The cigarette filters were not washed but prepared on a Heraguard ECO 1.2 clean bench with 
filtered air across the work surface, but the wires were cleaned with water. All sample preparation 
except cleaning with water took place at the clean bench to avoid dust contamination. After the 
preparation, all beakers were covered with aluminium foil for transportation to the UV- 
construction.  

After finalization of each stage, samples were submerged in 30 ml deionized water and then put 
in an Elmasonic S 50 R ultrasonic bath, five minutes per sample side, to release loose particles. 
Then the plastic pieces were removed and rinsed with 10 ml water into each beaker. The water 
samples were then transferred into glass bottles for easy storage and transportation vessels. The 
beakers were rinsed with 10 ml water, adding up to a total of 50 ml deionized water was used 
to extract the particles.  

For the particle size analysis, described below, deionized water and a saline solution was added 
so that each water sample were 100 ml in total with a salinity of 0.9%.    

3.4 Analyses 

To ensure accurate measurements of liquids and salts the substances were weighed with a AND 
HF-2000G scale with a minimum weighing display of 0.01 g. 

3.4.1 Particle count 

The Beckman Coulter Multisizer 3 Coulter Counter was used to analyse the particle number 
and particle sizes and Figure 4 shows a simplified image of the instrument. The coulter counter 
determines the size of each particle by the changes in impedance (Beckman Coulter, nd; 
Snowsill, 2010). By adding a saline solution to the suspended particles in each sample the particles 
can be noticed. There is a beaker with the electrolyte and a tube with a small opening in the 
wall of the tube is placed in the sample. There are two electrodes, one in the tube and one in 
the sample and a current between them. Then there is suction in the tube and 2 ml of the sample 
passes the small opening with the particles. When each particle passes through the slit, impedance 
changes between the electrodes will occur and can be read as a voltage pulse or a current pulse 

and interpreted as a particle. Depending on the amount of pulses and the pulse height the 
instrument computes the number of particles and the sizes thereof. For each analysis, the 
instrument runs three replicates of 2 ml and for this experiment the analysed particle size interval 
was 4-120 µm. Every plastic and time interval were made in duplicates, meaning two different 
bottles with the same conditions.  

 

 
Figure 4. Particle filled beaker in electrolyte visualizing the coulter counter principle. 
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3.4.2 Microscopic Imaging  

Microscopic imaging was used to visualize the microplastic particles and to study the shapes and 
characteristics of the particles e.g. colours. It was also meant to be used to compare the shapes 
and characteristics of the particles, >10 µm, between the different plastics.  

Each stage and plastic including UV exposed, control and blank samples were analysed and the 

whole samples were used for each analyse. First, aluminium filters with a 10 µm pore size were 
put in an ultrasonic bath for five minutes on each side. Then the filters were burned in a Carbolite 
CSF 1200 Muffle furnace for one hour at 550°C. Afterwards, the water samples and microplastic 
particles were filtered using vacuum, collecting particles above 10 µm. Picture of the particles 
were taken with a Nikon SMZ- U ZOOM 1:10 microscope mounted with a Nikon D5300 
camera. 

 

 

 

 

  



Svedin, J. L. (2020). Luleå University of Technology, Luleå. 

16 
 

4 RESU LT AND D I SCUSSION 
 

4.1 Particle count of UV exposed samples 

The following text covers the results of Figure 5. The degradation yield for the UV exposed 
samples in Figure 5 is shown by plastics and different stages. In each diagram the yellow curve 

represents the blank for each time interval. The grey curve is the control samples and the blue 
curve is an average of duplicate samples exposed to UV light for the same time and plastic. The 
x-axis represents each size fraction between the set intervals of 4–90 µm due to the absence of 
particle detection between 90-120 µm. The y-axis represents the number of particles yielded 
from one cm2 of each material, not considering differences in thickness or weight. The blank 
samples were adjusted with an average density and sample area of the different plastics described 
in Table 2. They were therefore presented in the same manner as for the control and UV exposed 
samples, number of particles per cm2 material but were instead generalized. 

Plastic in stage water 7d (w.7d) acts a bit differently where it seems like some plastics are more 
affected by the water than others. PS and PET follow a similar trend where the control and UV 
exposed sample is affected about to the same degree, were PET w.7d control has slightly more 
particles than PET 7d and PS 7d slightly more particles than PS 7d control. PP, PE-LD, and CA 
all show a considerable difference between control and UV exposed sample, where the control 
samples had more particles. This could lead to the conclusion that plastic with absence of UV 
light degrade more particle, but this would be in conflict with Julienne et al., (2019) conclusion 
that UV light makes for a more oxidizing environment and Lambert & Wagner (2016) showed 
that while the control samples generated nanoplastic particles the UV exposed samples were 
fragmenting more particles. Andrady (2011) Lambert et al. (2013) Mattsson et al. (2015) support 
the concept of fragmentation from microplastics to nanoparticles which is a strong argument and 

possible explanation for that the majority of particles had become smaller than four µm and could 
not be detected by the coulter counter. In short, the already fragmented particles, given time, 
disintegrates into even more and smaller particles. Consequently, there is probably not less 
particles but less detectable particles. A plausible explanation would therefore be that the 
degradation process was faster with UV light and led to smaller particles under the size range or 
that the UV light combined with plastic submerged in water promote smaller microplastic 
particles from the source (which is the original plastic piece).  

An interesting comparison is to compare the UV exposed samples (blue curves) between w.7d 
and 7d. This shows that all selected plastic, except PS, experienced an increase of particles when 
the plastic is exposed to photodegradation in air compared to water. This is probably due to 
different characteristics for each plastic, more research needs to be made to draw further 
conclusions. 

Studying stage 7d, in Figure 5, it is observed that the UV exposed samples for each plastic is 
considerably different from both control and blank samples. This implies that photodegradation 
with UV light were a major factor for degradation and that photodegradation accelerate 
fragmentation which is confirmed by previous studies (Lambert and Wagner, 2016b; Song et al., 
2017; Cai et al., 2018; Andrady et al., 2019; Julienne et al., 2019). In the early stages (e.g. stage 
7d) the 4x4 cm plastic samples are as strong and resilient as they can be, and because of 
deterioration they will only become weaker with increased time and exposure. In stage 7d we 
can see that mostly small particles are fragmented from the macroplastics due to the large peaks 
below 20 µm. (Large peaks mean that many particles are detected for that specific size fraction 
over the size interval 4-120 µm.)This finding is confirmed by, and correlates with the results 
from the study of Lambert & Wagner (2016b), where similar results showed that, due to chain 
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scission at the polymer surface, mostly small particles were released in the early stages. However, 
Lambert and Wagner’s study was conducted in water solution, were we know that water’s ability 
to plasticize the plastic promotes cracking (Julienne et al., 2019).  

One can estimate what plastic is more resilient to UV exposure. This is possible by observing 
the similarities between the peaks of small particles, created during the strongest period of the 

macroplastics, and for how long this behaviour occurs. For instance, it is indicated that in this 
case PET is the most UV resilient plastic due to the similar UV exposure curves in PET 7d and 
PET 14d that is not seen in the other plastics. The other plastics show a greater difference for 
the curves between stage 7d and the longer stages. A possible explanation could be different 
additives in the plastics, which has not been taken into consideration in this laboratory study.  

After stage w.7d and 7d, the particle peaks are decreasing and the curve for UV exposed samples 
are becoming more like the control and blank samples. The longer time intervals showed signs 
on having lower peaks but at the same time there were more peaks in the large particle size 
fraction. This is thought to be due to different fragmentation behaviours of large particles from 
the plastic samples. Large particle fragmentation can be seen in, inter alia, PS 14d, PET 56d, PE-
LD 28d & 56d. The curves of the previous mentioned graphs are quite similar but there is 
somewhat of an offset in time where PS seems to be fragmented into particles below the lower 
limit of the size interval faster than PET and yield larger particles quicker. 

The more diffuse degradation patterns after seven days are probably the plastics becoming more 
brittle and particles becoming smaller than four µm. With time the plastics are becoming weaker 
to stress, in our case ultrasonic bath, and have the potential to release even larger particles. This 
can best be viewed in CA were the curves keep their peaks and similar size fractions, but the 
peaks decrease in magnitude, becoming more similar to the blank and control while at the same 
time detecting larger particles. This trend is true for PET, PE-LD, and CA.  

PS and PP takes a different route than the other plastics. Their curves diminish up until stage 
28d and then takes a big leap in the number of particles around 10 µm. Plausible explanations 
could be that the samples have not got the same amount of exposure, that there were some 
differences in the material used or that the degradation behaviour differs.  

In Figure 5, Stage 56d is showing detection of larger particles than that of the shorter time 
intervals. This could imply an exponential increase of particles with longer duration of UV 
exposure, something that Bartsev & Gitelson (2016) experienced in their study. One explanation 
could be that the material becomes more brittle and with time fragments larger particles that in 
turn produce a lot of microplastic particles.  
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Figure 5. Compilation of an average value of UV exposed, controls and blanks samples for all plastics and stages 
showing the number of particles yielded per cm2 for each particle size. 
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In the left image of Figure 6 an observation was made during one of the weekly sample rotations, 
mentioned in chapter 3.3. The PP samples were bent due to the UV radiation whilst the PP 
control samples were not. Julienne et al. (2019) had a similar experience in their study of PE-
LD films weathered in air. However, in the same picture both on the left and right of the PP 
samples are PE-LD samples from plastic bags which were not showing the same twisting as were 
experienced for PP and PE-LD films in Julienne et al. (2019) study. In the right image of Figure 
6 the PS sample were showing a similar discolouring as for particles in the study of Bandow et 
al. (2017) about the leaching behaviour of aged plastics.  

4.2 Particle count of control and blank samples 

In Figure 7, the diagrams of blank and control samples are showing the number of particles over 
the size range 4-90 µm measured by the particle counter. The control samples were recalculated 
to represent the number of microplastic particles produced per cm2 of virgin material seen in 
Figure 1. In adjusting the blank samples that from the beginning did not contain any plastic 
samples, an average density and sample area of the five other selected plastics, seen in Table 2, 
were used to estimate the volume and later mass of the yielded microplastics. This was done 

because the coulter counter does not identify the polymer as for example FTIR does so the 
plastic particles in the blank samples are of an unknown polymer. 

There was a suspected error in the blank 7d sample, seen in upper left corner of Figure 7, because 
it deviated to a very large extent, so a second analysis was performed of a different blank for stage 
7d but the result seems to be representative. No obvious explanations for this occurrence were 

found, expect that it might be a contamination spread between the blanks for this stage. 
Otherwise one can observe that there is a general trend for increased particle peaks with longer 
stage durations.  

The relation between control samples in water and control samples in air were different for 
different polymers. In the diagrams of Figure 7 each curve is colour coded according to their 

stages, were w.7d is samples in water for seven days and 7d, 14d, 28d and 56d are samples in air 
either exposed to UV light or not (controls). The particle size axis only reaches 90 µm because 
of absence of particles to be detected between 90-120 µm. Figure 7 shows a clear difference for 
the control samples between the water samples w.7d and the air samples 7d. The polymers seem 
to disintegrate in water to a higher extent. This was also the case in a study by Julienne et al. 
(2019) that found that while the oxidation level is higher in air, water tends to fragment more 

Figure 6. On the left, observations of PP samples bending upwards due to UV exposure and on the right, discolouring of PS. 
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particles due to the acceleration of cracking by plasticizing the polymer. During plasticization, 
water is absorbed by the plastic making it lose rigidity which can lead to more fragmentation 
(Parker, 2000; Crawford and Throne, 2002). This is especially destructive at higher temperatures, 
but this laboratory study was performed in room temperature 19±1°C therefore temperature 
was not considered a noteworthy parameter. 

Comparing the control and blank samples in Figure 5, one can observe that it is generally more 
particles in the control samples compared to the blank samples. However, control samples of PP 
and PET are not showing a larger visible amount of particles compared to the blank samples. An 
increased particle count for the control samples could be due to oxidation, plasticization from 
humidity or water sample and mechanical stress from the ultrasonic bath. There is also a 
possibility that the control samples were contaminated by air pollution to a larger extent than 
the blank samples, but there were no visual or measurable observations of this. 
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Figure 7. Number of microplastic particles produced, by the control and blank samples, per cm2 of material for each particle size were 
blank samples were corrected for the average sample area. 
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4.3 Particle volume of UV exposed samples 

In order to get a better understanding of the degradation processes, Figure 8 complements the 
results in chapter 4.1 and 4.2 by taking the volume into account. The y-axis represents the 
summarized particle volume in mm3 with respect to area, cm2, computed with the specific 
density and sample area for each plastic and stage. The x-axis represents particle size and is set to 
0-90 µm for every graph because no particles were detected between 90-120 µm. To derive the 
volume, it was assumed that each particles’ volume could be approximated with the shape of a 

sphere and the diameter used was the measured particle size. Figure 8 shows the volume for the 
UV exposed samples.  

Comparing the volume result in Figure 8 with the particle result in Figure 5 disclose that even 
though there are a lot of small particles, most of the particle volume is in the few large particles. 
Most of the plastics show the largest volume peak at larger size fractions while PP 56d has a large 

part of its volume between 10- 30 µm and a large peak closer to 90 µm. One possible explanation, 
as mentioned before, could be that the material degradation is not linear over time and that the 
plastic material became brittle and fragile and released many small particles between day 28 and 
56. 

PS 28d and PS 56d shares similarities where similar peaks in stage 28d (at 45 µm and 60 µm) is 

present in stage 56d (at 40 µm and 50 µm) but as a lower size fraction and some ‘new’ larger 
particles (see peak at 70 µm for PS 56d) following from the larger fractions. It is also confirmed 
by comparing the few but large particles in PP 28d in Figure 5 with the volume of PP 28d in 
Figure 8. This occurrence is observed in the other plastics and stages, particularly in PE-LD.  
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Figure 8. Total particle volume, in mm3, of microplastic produced per cm2 of each material for each particle size. Graphs are showing 
result from the average values of the samples exposed to UV light.  
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4.4 Particle mass 

Figure 9 is derived from the same data as previously, however, using mass allows for a new 
perspective on the proportions of released material. Figure 9 summarizes the mass of fragmented 
microplastic particles for each stage and plastic per cm2 material and is derived from the volume 
in Figure 8 and the density of each specific plastic in Table 2. The blue bars are the UV exposed 
samples and the average value of duplicates. The error bars are the maximum and minimum 
value showing the variation and reproducibility of the method. 

The plastics that were most affected by increased time of exposure were PP and PS which can 
also be seen in Figure 5 with the very large increase of particles, considering the increased volume 
and mass in Figure 8 and Figure 9 respectively. These were also the plastics that during the 
‘snapshot’ of stage 56d showed more mass from the UV exposed samples compared to their 
respective control sample. PP had a small and gradual increase of mass from stage 7d to 28d, then 
from 28d to 56d there was a great increase of particle mass reaching almost 0.0150 mg/cm2 

material. PET and PE-LD both increased and reached a peak at stage 14d and then decreased 
during the longer time periods. PS follows quit the opposite trend than that of PET and PE-LD. 
It starts with a high mass in 7d and decreases to its lowest point in 14d, then increase back up to 
original levels in stage 56d. CA has a different behaviour pattern, it shows a very high particle 
mass in stage 7d while in the following stages not so much.  

The difference between water and air stage for seven days vary depending on the plastic. In 
Figure 9 PS seems to fragment more particle mass during the water stage than of the air stage. 
This was also part of the conclusion, regarding PS:s perceived faster degradation and 
fragmentation in water compared to air, mentioned and described in chapter 4.1. However, not 
mentioned in chapter 4.1 is the same difference for PET. Combining the comparing result 

between stage w.7d and 7d of Figure 5, Figure 8 and Figure 9, one can see that even though the 
peak of small particles in Figure 5 is higher for air compared to water, the volume and mass (in 
Figure 8 and 9) is greater during the water stage due to larger particles contributing material to 
a larger extent than the peak of small particles. Therefore, it seems like PS and PET generally 
fragment more mass during photodegradation in demineralized water than compared to air alone.  

For the main part of all UV exposed samples in Figure 9, the control samples are often in the 
similar size range or showing an even larger mass. This is contrary to earlier conclusions and 
previous studies (A. L. Andrady et al., 2019; Cai et al., 2018; Julienne et al., 2019; Lambert & 
Wagner, 2016b; Song et al., 2017) showing that photodegradation accelerates the degradation 
processes. Therefore, as previously interpreted of the result above, some of the particle mass of 
the UV exposed samples are most likely found beyond the evaluated size interval.  

The control samples were generally not following a distinct linear increase in particle mass which 
most likely is due to contamination. The blank samples showed similar occurrences but not to 
the same extent. The UV exposed samples and blank samples were put under the UV lamps 
with a wooden cover or wall to protect surrounding environment from diffusing UV light, see 
Figure 2. This is thought to have hindered air flow and possibly lowered the risk for air 
contamination. The control samples were placed in the same room but were more exposed 
without any covers or covering lamps, therefore it is plausible that there was a higher probability 
for more dust to contaminate the control samples. This would have been resolved with an extra 
set of blank samples for the control samples which is the subject for future studies. It would also 
be possible to identify the material during the analysis phase with Raman micro spectroscopy 
method or FTIR (Frère et al., 2016; Gajendiran et al., 2016; Meyns et al., 2019; Velez et al., 
2019). This would probably lower particle levels of both control and blank samples. 

The major factor of reproducibility is thought to lie in the preparation, transportation and analyse 
stages of the experiment. The only difference in handling of the plastic pieces were in the 
preparation of CA, where the samples were not rinsed under water which were the case for the 
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other plastics but were prepared at a clean bench with filtered air. The reason that the preparation 
of CA differed was because washing the cellulose fibres would make the cigarette butts to lose 
their shape which would make it difficult to separate the fragmented particles. This was of a 
concern during the water stage, to rinse the samples that were disintegrating. Although, the mass 
of CA seems to be static, this is probably due to large fibres were not able to be detected in the 
selected size interval. The cigarette filters would also bind the water for a longer time than the 
other plastic pieces from where it would just evaporate.  
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Figure 9. Mass of microplastic particles for each plastic and stage. The blocks show the average value and the 
error bars represent the maximum and minimum of each duplicate. 
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4.5 Particle shapes 

Images that were taken in the microscope on microplastic >10 µm can be seen in Figure 10, 
which is first and foremost intended to show the shapes of microplastics but also colours and  
sizes of particles from blanks, stage 56d controls and stage 56d samples of PS, PP, PET, PE-LD 
and CA. Figure 10 shows that different plastics lead to different shapes of particles, for instance 
cellulose acetate will almost exclusively create fibrous microplastic particles while spherical 
particles and flake are more common for PS and PP. Similar shapes of PS and PP microplastics 
were found in Cai et al. (2018), and the flakes are especially visible for PP 56d in Figure 10. 
Microplastic particles from the selected plastic types predominantly lead to fibres with 
accompanied spherical particles except for PS and PP. It is a challenge to estimate the volume of 
large particles and fibres to get a total volume and mass. But in our case the Coulter counter 
with its specific test tube had an upper limit of 120 µm, which is quite a bit smaller than some 
of the larger particles seen in Figure 10. Therefore, the smaller particles that were analysed were 
more uniform and more shaped as spheres than the larger fibres. This makes the computation of 

volume more reliable for smaller spherical particles.  

What is important to remember when interpreting the results in 4.1, 4.2 and 4.3 is the size 
interval of 4-120 µm and that some large particles seen in Figure 10 are too large to detect within 
this size range. The large particles in Figure 10 will, like the original source, continue to fragment 

and to produce many small particles. This leads to a non-linear increase of fragmented particles 
(Bartsev & Gitelson, 2016; Erni-Cassola et al., 2017). It is unattainable to differentiate between 
microplastic particles from the ‘source’ (plastics sample) and large micro-/macroplastics 
degrading to small enough particles for detection with the Coulter counter.  

The blank samples contain particles of different shapes which is similar to the different shapes 

and characteristics from the plastics samples. Blank 56d especially resembles the small particles in 
PP 56d, meaning a contamination between samples could have occurred due to the preparation 
and analytical method. The most likely processes of cross-contamination probably occurred 
during the vacuum-filtration of the samples on the 10 µm filters using the same funnel to pour 
the liquid into. In PET 56d, PET 56d control and CA 56d some blue fibres are noticeable. The 
PET bottles, as can be seen in Figure 1, are translucent blue but yield mostly clear or milky fibres 
and particles. The blue fibres are therefore either discoloured microplastic or more likely a 
contamination of textile fibre from a blue lab coat used when conducting the preparation, 
experiment, and analysis. Nonetheless one can see a yellow discolouring of spherical particles in 
both PS 56d and PET 56d. This result underlines the difficulties in handling and researching 
microplastics because of its ubiquitous and erratic nature. Previous studies shows that microplastic 
particles can also be lost to the air which makes handling and transporting microplastics very 
challenging (Lambert et al., 2013). Stage 28d and 56d blanks contain predominantly spherical 
particles and films while stage w. 7d, 7d and 14d mostly consist of fibres.  

Something worth noting is that in every sample, microplastic particles were found both in UV 
exposed samples, control, and blank samples. This indicates that degradation of microplastic is 
occurring all the time but photodegradation is only accelerating that process or that there were 
loose particles from the beginning later released during the ultrasonic treatment. It can also be 
cross contamination between samples. 
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Figure 10. Microscopic imaging of plastic particles showing shapes and sizes of the microplastics. 
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4.6 Implications  

The result shows that the investigated plastic materials release differently shaped particles and at 
a different rate. When exposed to photodegradation in air the material will eventually have major 
fractures creating large microplastic particles, which also was found in previous studies (Julienne 
et al., 2019). The result also shows that products like coffee lids (PS) and chocolate wrapping 
(PP) can potentially fragment a large number of flakes. The implications of this is that plastic 
litter such as coffee lids and chocolate wrapping are most likely contributing to microplastic 
particles at a higher or faster rate of fragmentation compared to the other investigated plastics.  

The results show that, depending on which city one studies, the speed of degradation will vary 
due to the varying irradiation effects for different latitudes, seen in Table 3. Not only will the 
speed vary between cities but also the type of litter partially due to different measures taken to 
reduce plastic pollution. For instance, in the EU there is a ban of some through-away plastics 
e.g. plastic straws, plates and cutlery (European Parliament, 2019). 

Cigarette filters are the most ubiquitous litter found around the world and has toxic effects on 
e.g. Atherinops affinis (Slaughter et al., 2011), ryegrass and white clover (Green et al., 2019). 
This would imply that the fragmentation and dispersion of CA in urban environment would 
bring a toxic effect. Earlier studies show that common plastic such as PS, PE, and PP can absorb 
Cd2+ (Guo et al., 2020) and PCB (Velzeboer et al., 2014). This implies that macroplastic 
degraded to microplastic particles in urban areas can absorb and transport pollutants. In order to 
draw conclusions around the severity of microplastics in urban areas, the risk is divided into 
hazard and exposure (GESAMP, 2015).  

This study gives a yield of microplastic particles from different types of plastics found in urban 
areas. This would equate to the exposure when doing a risk analysis. Future studies could expand 
on the subject and quantify what plastic makes for the biggest hazard, considering both the hazard 
and exposure would rank the plastics that leads to the greatest risk.  

The study also highlights the importance of the combined effects of different degradation 
methods to estimate the potential degradation. Therefore, future studies should also consider 
combining more parameters to simulate urban areas, such as mechanical stress.  

The plastics are thought to be degraded in the urban environment and transported with urban 
runoff, eventually reaching the sea. La Beur et al., (2019) assessed the plastic pollution on beaches 
along northeastern Atlantic shores. They found that 97% of the marine litter was plastic, which 
they organized in fibers and fragments. Out of the plastic fibers, they found that PP represented 
50% and PET 29%, while of the fragments. 75% was PE and 25% PP. This mean that more 
measures need to be taken to hinder microplastics reaching the sea. Therefore, this small study 
is a good beginning in acquiring the knowledge that forms the basis for future decision making.  
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5  CONCLUSION 

This laboratory study investigated the photodegradation of PS (coffee cup lids), PP (chocolate 
wrapping), PET (plastic bottle), PE-LD (plastic bag) and CA (cigarette filter). These are among 
the most produced plastics and often found as litter in urban areas which were the basis for 
selection. The duration of UV exposure with the lamps are converted to real time for different 
cities. Based on Luleå, 7d represent 0.27 years, 14d represent 0.53 years, 28d represent 1.07 years 

and 56d represent 2.13 years in reality. 

The study confirms that UV light accelerates the degradation of all selected plastics. This can be 
seen in stage 7d because the considerable difference between UV exposed samples and unexposed 
control sample for all plastics. In the beginning of the UV exposure, especially during the early 
stage 7d, the plastic samples were the most unaffected and tenacious. This resulted in more 

smaller particles which can be seen as clear peaks in Figure 5 stage 7d. With longer exposure 
times, large particles were more commonly fragmented.  

The results show that UV light will weaken the material, making it more brittle. It is concluded 
that PP and PS reached a threshold of fragility between stage 28d and 56d and fragmented many 
particles at ones. This means that increased UV light exposure increases the potential for 

destructive breaking, leading to a rapid fragmentation. It is believed to be the case for not only 
PP and PS but for the other selected plastics as well. However, it is reasonable to believe that 
they have higher thresholds than PP and PS, or different fragmentation behaviours, because no 
similar event can be elucidated from the result regarding the other plastics within the 56 days of 
exposure time. This leads to the conclusion that the combination of photodegradation, oxygen 
and mechanical stress is important for degrading plastics in urban areas. 

The study concluded that the ongoing degradation of both source and large microplastics led to 
a non-linear fragmentation rate. The number of large particles that were above the size interval 
increased when the time intervals were increased. These large particles kept degrading, yielding 
more small particles and contributing to the rapid increase in numbers of microplastic particle. 
This leads to an exponential fragmentation and yield of particles over time, which is supported 
by earlier studies such as Andrady (2011), Lambert et al. (2013) and Mattsson et al. (2015). 

PS and PP were indicated to have the highest or fastest rate of fragmentation out of the five 
plastics. PE-LD and CA being somewhat stable while PET being more unpredictable. After 56 
days of UV radiation the most amount of detected particle mass was produced by PP with 0.0143 
mg/cm2 material and the least amount of detected particle mass in stage 56d was of PE-LD with 
0.00042 mg/cm2 material. Differences in degradation processes between the selected plastics may 
also be affected by additives in the products, however this has not been studied in this laboratory 
study. 

It is concluded that water enhance the cracking of the plastic surfaces during photodegradation. 
The comparison between stage w.7d and 7d showed that PS fragments to a larger extent in water 
than in air, this is explained by plasticization and chain scission leading to microcracking. In the 
same time interval, the other plastics show a larger number of particles in the control samples 
than in the UV exposed samples. This was interpreted as the degradation process for these plastics 
were faster than that of PS and that the particles instead were too small for detection.  

The result suggest that small particles are fragmented to a size below the size interval of the 
particle counter and therefore are not detected. It is also true that large particles above the size 
interval is later degraded to a detectable size for the particle counter. When studying the 
difference between stage 7d and 14d the peaks in Figure 5 of smaller particles is lower in stage 
14d, but the mass is generally not. In both PET and PE-LD the peaks of small particles decrease 
between stage 7d and 14d but the summarised particle mass has increased. For instance, in PET 
from 0.00078 mg/cm2 to 0.0048 mg/cm2 and for PE-LD from 0.00029 mg/cm2 to 0.00077 
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mg/cm2. This was interpreted as the small particles in 7d have degraded under the investigated 
size interval and that larger particles contributed more to the production of new smaller particles 
and the overall particle mass itself.  

This study indicate that it is the combination of different conditions and parameters that are more 
important than each parameter by itself. Therefore, future studies should also include parameters 
like biodegradation, mechanical stress, temperature depending on city, chemical degradation 
looking on the effect of degradation by pollutions commonly found in urban areas and the rinsing 
effect of rain, to more accurately simulate the conditions of urban areas. It is also suggested to 
use a large size interval to see the bigger picture, including the nanoplastics and larger fractions 
of microplastics.  
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Appendix  

Stage 7d CA PP PET PE-LD PS 

Particle 
counter  

2 2 2 2 2 

Control 1 1 1 1 1 

Microscopy 1 1 1 1 1 

Control 1 1 1 1 1 

Sum 5 5 5 5 5 

Blanks* 2     

Total 27     

Stage 14d CA PP PET PE-LD PS 

Particle 
counter  

2 2 2 2 2 

Control 1 1 1 1 1 

Microscopy 1 1 1 1 1 

Control 1 1 1 1 1 

Sum 5 5 5 5 5 

Blanks* 2     

Total 27     

Stage 28d CA PP PET PE-LD PS 

Particle 
counter  

2 2 2 2 2 

Control 1 1 1 1 1 

Microscopy 1 1 1 1 1 

Control 1 1 1 1 1 

Sum 5 5 5 5 5 

Blanks* 2     

Total 27     

 

Stage 56d CA PP PET PE-LD PS 

Particle 
counter  

2 2 2 2 2 

Control 1 1 1 1 1 

Microscopy 1 1 1 1 1 

Control 1 1 1 1 1 

Sum 5 5 5 5 5 
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Blanks* 2     

Total 27     

Stage W.7d CA PP PET PE-LD PS 

Particle 
counter  

2 2 2 2 2 

Control 1 1 1 1 1 

Microscopy 1 1 1 1 1 

Control 1 1 1 1 1 

Sum 5 5 5 5 5 

Blanks* 2     

Total 27     

* The two blanks are divided between the particle counter and microscope.  


