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ABSTRACT

This master thesis is dividedtint wo part s: a complete state of
pollution, where the studies made up until September 2017 are analyzed and discussed; and a
presentation of a replicable method to quardifgctly the microfibers detached when washing

garmens, which is of special interest for the apparel industry.

Microplastics are little pieces ef/ntheticplasticdebriswith a usuallyacceptedength of < 5mm.
These pollutants have been recently recognized asvironmentassueas they have been found
in almost every sample taken across eachrenwiental system of the world. Microplastics are
ubiquitous in the ocew, whereconcentrations of buoyant plastiare upto 18 kg/kn? or
1,000,000 piecekin? in the center of oceangyres.

The impacts that these pollutants may possess are still unknowthepumighthave a high
harmfuleffectpotential; consequently, a growing and globalized concern on the subject has been
reflected on the increasingiudiesthat aremade each yeaotunderstand thisituation. The
microplastics threateenvironmental systems propertisgjalland bigo r ga ni stmedodod | i f e
chain, and even the human health, as these pollutants have been feamavaier and edible

seafoodeady for human consuniph, among others.

However, it was seen thatrther investigation is needed to understandatteolute and relative
contributions of the sources, the distribution of the milarstics in the environmentte fate of

these micropollutantsand the impacthey could generate.

Microfibers are a suigroup of the microplastics. These haveylindric shape and their origin
could be the normal washing of textile garments,ube of accessories of the fishery industry,
etc. Here, a replicable and direct methiedquantify textilemicrofibers was elaborated. It was
found that aspors polyester garment detachegsproximatelyl5 microfibers per gram of garment

per liter ofeffluent,or 2,700 microfibers per square meter of garment per liter of effluent.

Finally, this report intends to contribute bisogiving recommendationfypothesisand specific

works proposals.



Microplastics& Microfibers UPC

Acknowledgments

To my family in South AmericaClaudette Conan Doyle, De NiroJerg Diplomatico,Opabl
Abuelas, PinchTobils, Coop, el Negro mad.indo del Mundo, Bigots, Checheand all my

friend®¢ f or being al ways here.
To my family in Barcelona, great time \havespent togeth& c heer s !
To my family that is up there watchinyermy steps, tremendous work you h&vet h an k s !

Specidthanks 6 my thesis supervisor, professor M&tespj who gave me the opportuniyd
the confidenceéo work upon a new environmental subjektgreat and lovely persowho was
always patient and willing to helme in both academic and personal issuea truly walking
encyclopediaVery lucky to have worked with hinThanks!

To professor Mercé Vilasecahowas always weltlisposed tguide me, and motivat me to
continue and present this worké thank you!

To professoMontserrat Raspall, whwas alwaysnaking people laugh with heteasantriels

Thanks to everyone whdo6és working for a better

To the Earth ! | Thankseél! Il

\



Microplastics& Microfibers UPC

CONTENTS
O = 1 Tod (o | (0] 0 [ PP PP PTPP PP PPPPPPPPR 1
1.1, Terms & BasiC DefiNItIONS. . ...uiiir ittt ettt e et e et e e e e e e e e e e eaans 1
O O = =1 T2 1
O = b= 1o Ao A= 1) (< 1
1.1.3. MICIOPIASTICS. ...ttt e e e meee sttt e e e e e e e e e e e e eannes 2
1.1.4.  FIDEIS & MICTOfIDEIS. ..ce i e r e e e 3
1.1.5.  DiStribDULION & EffECTS . ..uuiiiriiiiiiiiti ettt e et e e vrmmr e e reeen e eeenaeees 4
1.2, MiCroplastiCS PrOPEITIES ... ...uuuiiiiiiieeiiiiieeee sttt e e e e e e e e e e e 5.
1,20, PRYSICAL....uuiiiiiiiiiiiiieeeee et 5
O O £ 1= 4 (o7 1 TR 9
7 T = Yo ] (o o [ | USSR EUURRN 10
N © o] [=Tox 1)Y= SO PP PP PPPPPPPPPPRPPPN 11

2.1, Stateot he Art of the Micur.opl.ast.i.cs.0..@bntamina
22, Textile Microfi.heutr.s.a..Quant.i.f.i.ca.t.i.old

G T |V =3 i g ToTo (o] [0 |/ PP O PP PP PSP PR PP PPPPPPPP 12

3.1. Stateofthe Artof he Mi cr opl ast.i.c.s.0....Cant.ami.d2ati on
32 Textile Microfi.beur.s.a..Quant.i.f.i.ca.t.i.ol@

4, State of the Art of the..Mi.cr.opl.ast.i.cl86 Cont a
4.1, DEfiNtioN & SIZE.......ueiiiiiiiiiii e 13
4.2, CONIDULOIS / CAUSES ..ot eme ettt e e emmme et r e e e e e e 14
4.2.1. Primary & Secondary MicroplastiCs.............cccccooviiiiieeeiiiiiiccccccceee e 14
43, Estimations of the..Mi.cr.opl.as.t.i.c.s.8.18our ces

431. Primary Micropl.as.t..c.s.b6...Es.t.i.mat.i.olss

432. Secondary Micropl.ast..cs.d..Est.imat2lons

4.4. Distribution ACross the Earth..............ooovveiiiiicc e 24
o R [ 11 0T U Tod T o 24
4.4.2.  AQUALIC ENVIFONMENTS......coiiiiiiiiiiiiiiii et eseie e e 25
4.4.3. Terrestrial ENVIFONMENTS........uuuiiiiiiiiiiiiiiiieneeeeeeeeeeeeeaeeeaaseeeesssesennnannnnnnnnans 38
4.4.4. AMOSPNEriC ENVIFONMENLIS......uuiiiiiiiiiiiiiiiieeeiiie e eeeenn s 40
T = T ] - WSSO 41



Microplastics& Microfibers UPC

45, Microplasticsd & Wastewat.er..Lreat.n8@8nt Pl ant

4,6,  Adsorption Of ChEMICAIS.........coiiiiiiiiiiiii e 45
4.6.1. Persistent Organic Pollutants (POPRS)..........ccccvcviviiiieeceee i . 46
4.6.2.  HEAVY METAIS.....ccciiiiiiiiiei e 48
4.6.3. Chemicals Used in the Manufacture of a Plastic Praduct........................ 49
4.6.4. Desorption of TOXIC SUDSIANCES.............cooviiiiiiiieeeicccc e 49

O B 101 0= (o £ PP 50
0t R | 11 0T ¥ Tox 1 o] o 50
A.7.2. BIOTA..cii it e e e 50
O T O 1 g =T gl =i T o £ 54

T = U To o] = 1] 1 od= S U PRI 56

49, Gener al Mi tigation Strateg.i.es..f.or.5Mi cropl ac

5. Textil e Mi c tifwdtionb.e.r..s..6....Q.L. 2.0 ....cccvriiiiiiiiiiieenieeeeeeenn, 59
LT DR |11 70T [V Td 1T o PSSR 59
5.2, EXISHNG WOIKS....coiiiiiiiiiiiiiiieiie ettt e e e e e e s semea e e e e 60
53, Tex il e Microfibersaéa..Quaunt..f..cati.on6/Met hod
NG T8 N = U0 o Jo 51=To I \Y 1= 11 0o To (o] [0 | /2P 67
B5.3.2.  RESURS. ..ot rre e e et n—— e r 69
TR TG O B 1= Y o] U [=1] o] o [P OTORRR 71
5.3.4.  Funther INVestigation.................ooiiiiiii e 74
T O o o [od 11 1= o] LSOO UPPPPPRORRY 4 o

6.1. State of the Art of t he..Mi.cr.apl.ast7bcsd Cont

62. Textil e Microfi.ber.s.a..Quamnt..f.i.cat.i.o7’8

7. SPeCific WOIKS PrOPOSAIS.... ...ttt rmeee e e e 80
7.1.  Verification of the Theory Proposed by Solé et al. (2017).........ccccuvveeiiiieeninnnn 80
7.2. Reuse of Plastic Litter to Adsorb ContaminantS...........cceovveeeiiecceeeeeeeeeeeeennn 80

7.3. Extend the Definition of Microplastics by Evaluating the Risks from-Ronsidered
Ones 80
74. Studyt he Mi cropl asticsd Co.nnt.r.i.but..onB8lof Toil e

(R ST (=] (=] [0TSR 82

F AN ] 1SS 106

91. Primary Micropl asti.c.s.6...Sour.ces..Expd6anati on:



Microplastics& Microfibers UPC

9.2.
9.3.
9.4.
9.5.
9.6.

Marine Environment STUdIES.......ccooiiii i 112
Freshwater ENvironments STUAIES..........uuuvviiiiiiiiimmmee e eeeeeiiieees 120
MICIOPIASEICS IN BIOTA. .....eeiieiiiiiiiiiiii it 121
Microplastics in Market Marine Products..............ccoeeiiiiiccnniiiiiiiiiieeeee e 123
Studies on Impacts on Marine OrganiSMIS..........ccvvvevvveeiieemre i eeeieeeee e 124

\Y



Microplastics& Microfibers UPC

FIGURES

Figure 1.1.The relative production of the main plastics (@lahoration)................cccceveee. 1
Figure 1.2. The exponential growth of studies made on microplastic pollution................ 2
Figure 1.3. The exponential growth of fibers production (Qin 2014)........ccccvvveiriiieaneeenn 4

Figure 1.4. Typical microplastics shapes found in the environment (Crawford and Quinn 2016).

Figure 4.1. Primary and secondary microplastics visual example (Own elaboration)....15

Figure 4.2 Prnary microplastics emissions to the oceans by world regions (Boucher & Friot,

Figure 4.4. A simple conceptual model box of microplastics mewsnthroughout the Earth

systems (OWN €laboration)...........oooooiiiiii i rrrr e e e e e e e e e e e e e e e e e e e e e ennnranees 25
Figure 4.5. An example of microplastics found in marine surface watens é@oration)..28

Figure 4.6. Distribution of plastics in surface marine waters. The -Sguts are in the figure
(UNEP and GRD-Arendal, 2016)..........ccoeeeiiiiiiiie e mmmr e s e e e e e e e e e e e e e e e e e 29

Figure 4.7. a) Microplastics in the oceans vs. plastics discards trend; b) Microfibers in the oceans

vs. syrthetic fibers production trend (Law et al., 2010; Thompson et al., 2004)............. 31
Figure 4.8. Floating plastics, the tip of tbeberg (UNEP and GRHArendal, 2016)........... 31

Figure 4.9. The relative density of floating plastics in relation to their length. Btzitkd to the
left are microplastics. In between the tveal dotted vertical lines are the most common lengths
of plastic debris (COzar €t @l., 2017)u...cceiuiiiiee it 32

Figure 4.10. Distribution patterns of different range of length of floating microplastics (Eriksen
BL AL, 2004) . e e e mnn e e e e e e a e 32

Figure 4.11. An example of microplastics found in marine sediments (Own elaboratior33

Figure 4.12. Sampling lotans where microfibers were the predominant type in the sediments
of the sea (Mark Anthony Browne et al., 2010)..........oooiiiiiiiiiiicec e 34

Figure 4.13Sampling locations where microfibers were the predominant type in the sediments
of the sea (Woodall et al., 2014)........coooiiiiii e e e e 35

Vi



Microplastics& Microfibers UPC

Figure 4.4 Typical process of a secondary WWTP. The higher proportion of the microplastics
presented in the influent will be transferred to the sludge (Image from
https://global.DritanNNICA.COM)........coiiiiiiie e e 43

Figure 4.15. Physical and chemical microplastics behaviors. Blue arrows represent the adsorption

or adherence from surrounding environments; red arrows represent behavioral mechanisms that

Airenmowe astic debris from the..ocean..s.udd ace (J.

Figure 4.16. Example of concentrations [ng/g plastic] of PCBsdan plastic pellets across the
world (Ogata et al. 2009)..........cooiiiiiii i eeene A8

Figure 4.17. Points of potential chemical release throughout@egalife cycle (Luongo 2015).
........................................................................................................................................ 49

Figure 4.18. Impacts of microplastics in organisms (M. Cole et al. 2015).................... 52

Figure 4.19. Microplastic transfer in the food chain and biomagnification (UNEP and-GRID
F =T o F= U2 0 ) TR 53

Figure 4.20. Times Magazine in a report where they suggest that we might be ingesting all kind
of microplastics when eating fish, including fibel&d from washing clothes (Riley, Miles, and
DAVENPOIT 2015). .. ittt e et e e e e s e et e e e e s s e e e 55

Figure 4.21. Mitigation strategies to attack plastic pollutiontnimesapplied from the plastic
production to the final disposition (Own elaboration)...............c.eevviiiieeeiee i 58

Figure 5.1. The relative contribution ofrghetic textiles for microplastics entering the oceans is
between a) 5.25% and b) 10.85% (Own elaboratian)..............cccuviiieeciiiiiiie e, 59

Figure 5.2. Fibergletached from a garment as a function of the wash cycle. It can be seen that
there is a decrease in the fiber s'avash@ws si ons

<1 F=ToT0] = 11 [o] o ) F PO PPPPPPPPPPPPPPRR 70

Figure 5.3. It can be seen that there is an increase in therfdss ratio, this means that the length

of the fibers decreased in every wash until reaching a steady point (Own elabaration).72

viii

t



Microplastics& Microfibers UPC

TABLES

Table 1.1. The density of different plastics used by the industry (own elaboration)......... 7

Table 4.1. Gl obal primary microplast..cl§6 contri
Table 4. 2. Gl obal primary microplasticsd sourc
710X 4 TP 19

Table 4.3. Regional estimations of primary microplastics (Own elaboration,)................. 20

Table 4.4. Global plastics debris inflow to the oceans or potential secondary microplastics (Own
21 F=ToTo] = 11 [o] 1 ) H OO PP PPPPPPPPPPPR 21

Table 4.5. Regional plastic debris contribution to the oceans (Jambeck et al..2015)....23

Table 4.6. Overall removal percentages of microplastics after different steps of three WWTPs
(Michielssen et al. 2016).......ccccoeiiiiiiiiii it rrnr e e e e e e e e e e e e e e e e e e e e e s enenrnnnennn B

Table 4.7. Comparison of fiber retention rates and releases for WWTPs across the world and of

varying scales (Michielssen et al. 2016).............oooiiiiiiiieeeiiiiciccece e eeaand 44
Table 4.8. Percentage of microfibers found in drinking water the world (Kosuth et al.,.3817).

Table 5.1. Average fiber length and diameter emitted during washing anenfiiser ratios

estimated for each textile material (Napper et al., 2015)..............ooooiiiireriiiiiiines 61

Table 5.2. Summary of studies made on the emission of textile microfibers in a washing cycle

(O gl =1F= e o] £= 11 (0] o) F PP PO PRSP PPOPPPRRROPPPPPPPPPRRY 66

Table 5.3. Data and results obtained when counting fibers using the present quantification method

(O gl =1F= e o] £= 11 (0] o) F PP PRSP P PP PPRTROPPPPPPPPPRRN 70
Table 5.4. Length decrease along the washing cycles (Own elaboration).....................71
Table 5.5. Estimated fibe@mass ratio (Own elaboration)...............ccccviiiiieeeiiieieeee s 72
Table 9.1. Marine Environment Studies (Own elaboration)..............cc.eevviieeeieeeeeeennnnne 112
Table 9.2. Freshwater environments studies (Own elaboration)..............cceeveeeeiveeeeen. 120
Table 9.3. Microplastics studiesagte in biota (Own elaboration)............ccccccevvviiienninnns 121
Table 9.4. Microplastics in market products (Own elaboration)..............cccuvvveeeeieeeenn. 123



Microplastics& Microfibers UPC

1. Background

1.1. Terms & Basic Definitions

1.1.1.Plastics

Plastic is ageneral common term used for a wide range of synthetic orssarttietic materials,
commonly derived from petrochemica#sd employed in a huge and growing variety of
applications(PlasticsEurope, 2017y he UNEP def i n e scatdymy ohaslargec 0 a s
class of materials callegolymers, which may sometimes be supplemented with copolymers
and/or additives, and that generally have poor water giojuand biodegradability UNEP,

2015) These polymers are large organic molecules composed of repeatinglzaskdrunits or

chains, in which different elements as oxygen, nitrogen, sulfur, and chlorine may be included too
(GESAMP, 2015; Peters & Bratton, 2016)

Plastics provide a diverse rangé inexpensive, lightweight, strong, durable and corresion
resistant products, making this materialispénsable in every aspect of our daily life and
attractive for every sector of the industry, covering from clothing to automotive and from
electronics to agriculture. Consequently, world plastic production has grown exponentially during
thelastdecadeg,oi ng from 1.7 million tons in 1950 to
that will continue increasing in the same why2016, plyethylene production accounted for a

24% of the total plastic production, followed by polypropylene (18%), payd46%), and

polyvinyl chloride (12%) (Figure1.1) (PlasticsEurope, 2017 he production is so elevated and

the growing so accelerated that nowadays the plastic industry consumes approximately 6% of all
the oil used in the worldnal will increase to 20% by 20%&llen MacArthur Foundation, 2016)

Polyethylene Polypropylene | Polyester PVC; Others
25% 18% 16% 12% 29%

Figure 1.1.The relative production of the main plastics (Own elaboratio).

1.1.2. Plastic Waste

As said before, plastics products production has been growing exponentially. Approximately a
50% of the production is used to make packaging, from where much of which is used in disposable
applicationgNapper, Bakir, Rowland, & Thompson, 201%5his throwaway culture, in addition

to the long durability of plastics and the globalized lack of waste management systems, have

resuledin the presence of plastic debris in every environmental system worl{ite& Coors,

1
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2016) Therefore, it's considered a majottaopogenic pollution associated with high human
population densities and industrial activiti¢del, Hean, Noundou, & Froneman, 2016)
According to scientific estimates, plastic litter can constitute up to 54% by mass of all
anthropogenic waste materials dumped into the environfHenton, \Wdton, Spurgeon, Lahive,

& Svendsen, 2017)The marine environment is particularly polluted with plastfor instance,
nowadayghe ratio plastic to fishes is around 1:5 (by weight), and that by the year 2050 will be
greater than 1:{Ellen MacArthur Foundation, 2016)

Each year around 5% of global plastics production ends up as marine litter, which could mean a
quantity as high as 19.7 million tonsrpyear(Jambeck et al., 2015; Sherrington, Darrah, Hann,
Cole, & Corbin, 2016)These wastes include residues of all sizes with different properties that
may phystally, chemically, and/or biologically harm living organis(Mark Anthony Browne,
Rochman, et al2013) The magnitude of the problem has made some scientists to consider this

pollution as a trulyglobal challenge(McKinsey Center & Ocean Conservancy, 2015)
1.1.3. Microplastics

The term is used to describe a heterogeneous mixture of small and synthetic plastic particles that
could be littered directly into the environment or originated once in the envértras a result

of a larger plastic fragmentation (GESAMP 2016). Their size and origin are stibbjact of

di scussion, but itdés uoosldhavelagrimaryobsecomlarpsourceinl mm.
function of their origin. The size and the categation are further explained in thsection

Definition & Size These pollutants were recently recognized as an environmental Fsgpue

1.2 showsthat this is aelativdy new subjectvith g a growing concern:

150

Publications

125
100
75

30
25 /

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Year

Figure 1.2. The exponential growth of studies made on microplastic plution:
global concern and emergent situation (www.scopus.com).
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Some authors believe that all microplastics should be considered pollutants, not only the synthetic
ones. For example, cellulose plastics are recalcitrant under marine enviro(hneinésly, 2011)

and could also act as vectors for harmful chemicals, making these particles risky to the living
organi sms and wor t h@risfGasperii Saas, Miranden®& Tagsio, POLA) t ant 0O

1.1.4.Fibers & Microfibers

Fibers are polymers used in a wide variety of industries, e.g., apparel, fishery, cigarette, hygiene
and cosmetis, among othes. They may be naturahade: from plants (as cotton and sisal) or
animals (as wool and alpaca); or mraade: from natural polymers as viscose (cellulosic) or
casein (animal origin), or from synthetic polymers (as polyester and polyeth{fesse), Engel,

& Carus, 2015)

Global total textile fiber production in 2015 was estimated at 94.9 million tons; synthetic polymers
accounted for 64.5 million tons (68%), where polyester is by far the most produced with 52.1
million tons, followed by polypropylene (5 mitin tons) and polyamide fibers (4.5 million tons)
(Melliand International, 2017; Qin, 2014)

Microfiber is a microplastic category recently recognized as an imgrddiutant as it was found

to be widespread in the environmdBdalasiewicz et al., 2016)These microfibers are usually
connected to the apparel and the fishery industries. Therafoe of its greater sources appears

to be synthetic textile microfibers released during normal lau(@opcher & Friot, 2017)
Addressing the microfiber pollution could suppose a huge environmental challenge, as most of
the clothes are made of synthetic fibers and for the moment no alternative material economically
feasibleis known. Furthermore, the expected market trends in the apparel industry show an

increment in synthetic fiber demand. The tendency is shown in the next figure:
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Million Metric Tons

160 ==
i Woo
140
Cofton
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- ] Polypropylene
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40

20

o 1 1 1 1 1 1 1 1 1 a1 | 1 1 1 1 | 1
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Figure 1.3. The exponential growth of fibersproduction (Qin 2014).

1.1.5. Distribution & Effects

Microplastics have been found in every Earth system (Aquatic, Terrestrial, Atmospheric, and
Biota), beingubiquitous in marine environments. Given the extent of this global contamination,
some refer to the crent period as thplasticeneor descr i be t hpgastiwsoupg d 6 s
(Plastic Soup Foundation, 2017@ven some authorsuggestthat microplastics are a key

geological indicator of thA&nthropocendZalasiewicz et a) 2016)

Although this pollution is fully recognized as ubiquitous, the potential effects are poorly
understood. Howevemicroplasticgposes a great risk for living organisms, not only because the
physical impacts that their ingestion may have, bs dlecause they may behave as vectors of
hazardous chemicals, either used througlplita s t i ¢ sproguctiondon adsosbéd once
released into the environmgihuongo, 2015; Teuten, Rowland, Galloway, & Thompson, 2007;
J. Wang et al., 2017)

Recent studies have found negative effects in living organisms. In respect to human health,
microplastics have been found in tap wdt€osuth, Wattenberg, Mason, Morrison, &r€e,

2017) and it has been calculated tratEuropearshellfish eater can ingest up to 11,000
microplastics per year, meaning that this pollution could affect our {&HBBEAMP, 2015; Van
Cauwenberghe & Janssen, 2Q1Hdgnceforth, in order to understand and develop appropriate
mi t i gat i o rcruaatte ideatify &nd evaltafe ghe sources, amounts, @istgpution

and effects of this pollution.

0 C €
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1.2. Microplastics Properties

Microplastic debriscomes from a wide range of sources that are intended to have distinct
functions; thus, physical and ahical properties as density, shape, or chemical composition will

be different as well. Therefore, the microplastics are suitable to distribute among every Earth
system and to influence many natural processes, for instance, in aquatic environments they may
change the scattering and absorption of light in the water column, the exchange of substances
between solid and liquid phases, and the transportation of subdtasedsnents, as well as their
interactions with biological process@gsambert & Wagner, 2016b)Some properties that could

be important to determine microplastics sources, fates and/or tsngacipally in marine

environments, are shown next.

1.2.1. Physical

1.2.1.1. Visual Propertiesi Shape & Color

Microplastics could be found in the environment in some specific shapes and colors, which could
be helpful to determine their possible source and to provide an effective categorizing system
(MERI, 2014) The standardized size and color sorting systeexplained inchapterl0 of

Crawford and Quinn (2016). The shapes are shown in the next figure:

’ '

Figure 1.4. Typical microplastics shapedound in the environment (Crawford énd Quinn 2016).

a. Fragments: Have irregular shapes, with rough and broken edges. They usually come from

larger plastic pieces as plastic bottles or food packaging that suffered a fragmentation process.

b. Fibers: Have a regular fibrous shape and is usually equally thick throughout their entire

length. Common sources are ropes from fishery or the fibers shed from textile garments.

c. Films: Have irregular flat shapes. These usually come from the fragmentation of thin plastics

as bags.

d. Granulated: Have a spherical shape. These could come from microbeads used in cosmetics

or from plastic pellets used in the plastic industry.
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Microplastics aralso presented in a wide gamma of colors. Whether the color of microplastics

is a major factor in their misidentification as prey by aquatic organisms is still a matter that is up
for debate. However, it seems intuitive because many aquatic speciesiarprédators. Indeed,

the current evidence suggests that black and red colored microplastics are the least likely to be
ingested by aquatic speci@rawford & Quinn, 2016)

1.2.1.2. Density

An important predictor of microplastic partitioning in wasgistems is the particle density, with
denser than seaater particles normally settling to despa sediments and buoyant particles
floating on the sea surface, with the intermediates distributing along the water column. However,

turbulent fluxes could rsuspend denser particles or sink lighter ones.

The extent to which this occurs will also depend on many relevant processes that may affect the
characteristics of the microplastic. For example, the aggregation of microplastic particles, either
with themseles or with other particulate materials, the sorption of chemicals, the growth of
bacterial biofilms on microplastic surface (biofouling), among others, can raise density leading to
an increase in the sedimentation (@edrady, 2011; Cézar et al., 2015; GESAMP, 2016; Horton
etal., 2017) Therefore, it is believed that microplastics may become negatively buoyant in the
ocean within a timescale of weeks to mor(iveodall et al., 2014)

On the other hand, some studies found dense particles floating rather than sinking. Two main
reasons may explain this phenomenon: vertical mixing forced by temperature differences at
different depths, andrabubbles contained within the microplasti€rawford & Quinn, 2016)
Additionally, hydrophobic coatings added during manufacturing may further alter the buoyancy
of plastics(Bruce et al., 2016)

Plastic densities of materials thae often found in the marine environment can be seen in the
next table, materials used in the apparel industry are highlighted with light blue, and bolded ones

are those denser than seater (1.025 g/ch):
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Table 1.1. The density of different plastics used by the industry (own elaboration).

Plastic class Abbreviation Density (g/cn¥) @
Expanded polystyrene (styrofoam) EPS 0.01-0.004
Low-density polyethylene LDPE 0.890.93
High-densitypolyethylene HDPE 0.94/0.98
Polypropylene PP 0.830.92
Polyethylene terephthalate PET 0.961.45
Polyamide (nylon) PA 1.021.16
Polystyrene PS 1.04'1.10
Polymethyl methacrylate (acrylic) PMMA 1.091.20
Polyvinylchloride PVC 1.161.58
Polycarbonate PC 1.2011.22
Polyurethane PU 1.20
Alkyd - 1.242.10
Polyester PES 1.2412.30
Polytetrafluoroethylene PTFE 2.102.30
Rayon ® 1.50

(@) Note that densities of plastic items can be modified by additives and environmental processes such as
weathering andbuling.
(b) Cel lulosicconbdiederadd Nanmi cropl astic.

1.2.1.3. Transport

Once in the oceamicroplastics will start migrating to other sites forced by currents. Even denser

than seavater particles can still be transported by underlying cur{@ni#&/ang, Tan, Peng, Qiu,

& Li, 2016). There are fspetddeatodmneédt idoworl d whe!
microplastic @&bris accumulates, i.e., where theyl tend to migrate. These are the North and

South Atlantic, North and South Pacific, and Indian Sea gyres. As an example of this movement,

a study estimated that microplastic debris could migrate from USA eastern seaboard to the North

Atlantic subtropial gyre in 60 daygLaw et al., 201Q) The wind affects botmigratiors of

microplastics in the atmospheaad in theupperlayers of the ocean.
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1.2.1.4. Specific Surface Area

When plastic degrades and fragments into smaller pieces, the specific surface area increases
providing additional sites for adsorption to take plaktéVang et al., 2016hence, miasplastics

have a high specific surface area. It implies that a small volume of microplaiititave a high

contact area and high amounts of toxic substances could be adsorbed or biofouling may occur at
those available site€GESAMP, 2016) For this reason, smal pieces of plastic represent a

greater toxicological threat to marine species than larger pi€caaford & Quinn, 2016)
1.2.1.5. Degradation & Fragmentation

Degradation is defined as any physical or chemical change in a polymer generated by
environmental factors as e.g., Wddiation, oxygen or biological attack (biodegradation). This
implies alteration of the physical properties, such as discoloration, surface cracking, and
fragmentatior(Shah, Hasan, Hameed, & Ahmed, 2008; UNEP, 2015)

The longvity of plastic is estimated to be hundreds of thousands of (eaigang et al., 2016)
hence, it has been suggested that it never fully degfeateSebille et al., 2015)nstead, physical
degradation and fragmentation into smaller pieces occur, which is one of the key factors causing

microplastics to be ubiquitous in the marimyieonment(GESAMP, 2016)

The degree to which synthetic polymers degrade depends on both the properties of the polymer
and the environment to which it is expogetNEP, 2015) Two examples of this: polystyrene and
polyethylene are more prone to weathering than other pld&fesvford & Quinn, 2016)and

oxygen availability at beaches facilitates gradual phieigradation of large plastic pieces to
microplasticfAndrady, 2011)

In marine systems, the degradation process is mostly motivated by the expositicretiatidn,

which results in the plastic phetxidative degrdation. Once initiated, the degradation can also
proceed thermaoxidatively even without the need for further W&diation. If oxygen is
available, the autocatalytic degradation reaction sequence can also progress. Other types of
degradation processes dxlsut are orders of magnitude slower compared to -ligthticed
oxidation (Andrady, 2011) Consequently, embrittlement and fragmentation may occur. This is
especial true to lower than seaaterdensity plastics as LDPE and HDPE, as they would be
more exposed to U¥adiation. On the other side, this process can be slowed down by the
inclusion of specific additives such as Uahd thermabktabilizers. Once plasticseaburied in
sediments, submerged, or covered by organic and inorganic coatings, the rate of fragmentation

declines rapidlfUNEP, 2015) The degradation and fragmentation rates of plastics are widely

8
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unknown, but once the fragmentation takes pltee plastic exposes a larger area for chemical,

physical and biological degradation reactions.

Few studies have measured the plastic fragmentation process, for example, it has been recently
demonstrated that a 1 émiece of polystyrene coffee cup lid placeddiemineralized water at

30°C for a period of 24 h, and exposed to both visible and ultraviolet light 4820nm), is

capable of producing 1.26x308anoparticles per milliliter after 56 days, with an average size of

224 nm(Lambert & Wagner, 2016a)

As for biodegradable plastics, they are polymers capable of being broken down quitdgasily
hydrolysis (ESAMP 2015). Most of thelastics are not biodegradable, and as a consequence,
they have been found in, e.g., soils up to 15 years after sludge containing micropkesaidded
(Zubris & Richards, 2005)In addition, biodegradable plastics do not degrade readily under

marine environment, as conditions required for rapid biodegradation are naiMie®, 2015)

1.2.2.Chemical

1.2.2.1. Water Affinity

Some microplastics are maderh nonpolar highly hydrophobic materials, i.e., they are repelled
from water. This property may help less than -segterdensity particles to remain up or near the
surface water layer. Polyethylene, polypropylene, and polystyrene, among others,-potanon
materials, while polycarbonatpplyamide and polymethyl methacrylateeamade off by polar
molecules. A study reported that biofouling not only changes the particle density by increasing it
but also makes the particles less hydrophobic, making easier for the particle (loobiake &
Cunliffe, 2011)

1.2.2.2. Adsorption of Substances

For this report, adsorption is considered as the process in which a material travels from a gas or
liquid phase and forms a superficial monomolecular layer on the microplastic. In a water matrix
the sorptionof chemicals happens mainly due to greater affinity ofpalar materials for the
hydrophobic surface of plast{€rawford & Quinn, 2016)plus the specific area, diffusivity and
crystallinity (J. Wang et al., 2016yvhich are propédies that most microplastics havéis subject

is further explained isectionAdsorption of Chemicals
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1.2.3. Biological

1.2.3.1. Biofouling

Fouling is a coat that tends to form énhe mi cr opl asti cb6s surface
Biofouling is the formation of this coat by the adherence and growth of microbial communities.
It is unclear if the microplastic bacterial assemblage is selected simply by the hard surface of the
microplastic or by its chemical composition, however, it was found that some microorganisms,
including pathogenic ones, have a strong affinity for microplastics compared-pbastic debris
(McCormick, Hoellein, Mason, Schluep, & Kelly, 2014ljhe biofouling combined with the
microplastic transport may imply adverse environmental effectdieasspeciesan reach zones
where they may be hazardous for endearganisms Moreover, sorption characteristics may
change when fouling happens; for instance, microplastics with any type of coat will have a greater
potential to adsorb PCBs than microplastics free from any fouling mai€rahford & Quinn,

2016). The accumulation of fouling also leads to an increase in density of the microplastics,

thereby resulting in sinkin@leuten et al., 2007)
1.2.3.2. Biological Interactions

Given the small size of microplastics is that they could be ingested by a wide variety of organisms,
from the top to the bottom of the food chain. This can cause directisnga irritation, damage

to the digestive system, alteration in the feeding behaviors, aratbionulation, among others
(NOAA, 2009) In addition, microplastics have been found in a varied diversity of fieelolg

sold animals for human consumptiose¢tion Microplastics in Readyo-be-Sold-Animals),

meaning that we are already ingesting these small pollutants.

Indirect impacts as physical translocation of microplastics may also occur. For example, Browne
et al. (2008) demonstrated that microplastics camstocate from the gut cavity to the circalty

system in exposed mussdiairtherexplanation of impacts in sectibmpacts

10
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2. Objectives

2.1. State of the ArtoftheMi cr opl asti csd6 Cont ami |

a. Gatherthe available information in relation to the microplastics’ contaminatising

different internet searabngine tools.

b. Make a critical and profound analysis of theraturethat waspresented up until September
2017.

c. Present a clear statement of the art by classifying and organizing the information into groups
and subgroups that cald be further used to study ttgabject.

d. Expose discussions within the existing gagsides in espect to possible solutions, and

further needed investigations.

e. Propose specific future works in relation to

22. Texti l e Microfibersd Quantificat

a. Compile and make a critical analysisatifthe studies made until September 2biiglation

to the microfibers étached by textile garments when washed.
b. Present a concise summary of the methods used and the results obtained in every study.

c. Replicate when ités possible and make a criti
d. Analyze new ways to quantify fibers.

e. Propose a n@l and replicable method to quantify these microfibers by making a direct count

of them.

11
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3. Methodology

3. State of the Art of the Micropl a

To conduct this review, combinations of keywords (microplastics, microfibers, microbeads, etc.)
were entered into different web search engines as Scopus, Web of Science, Elsevier, Science
Direct, Google Scholar, among others. Articles up to September 2017 are included in this report.

The data was organized under different categories andatagories€.g., causes / primary /
textile fibers; Compartments / Aquatic / Marine / Seabed). From there, a structured and detailed
lecture was made in order to analyze and compare the results (quality, conclusions, etc.). The
purpose of the analysis is to presempmplete state of the art of this environmental problem,
discussions in relation to definitions, findings and others, and some guides in respect to possible

solutions and future investigations.

32. Textile Microfibersd Quantificat

There is no standard meitiology to quantify the fibers™ detachment froamrgents in a washing
machine at the momertience, the first step was to gather all the studies on the subject done until
September 2017 in order to make a critical and objective analysis, where speciasismas

given tothe methods used. Afterwaneplication of the methods and new ideas were tried. The
main objective was to find a reliable and replicable method to quatitdgtly these fibers, as

some textile industries are interested in working on the subject and they want to know the fibers®

detachment rates of their garments.

Finally, the quantification method is based on direct counting and difference in the mass of the
filters. The equipment used and the methodology stéepsdetailed in the sectiofextile
Mi c r o fQuantdicatsoidf this thesis.

12
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4.St ate of t he Ar t Comthminatiore Mi cr

4.1. Definition & Size

The term &émicropl ast i c 6US fAir Fosce MatepapseLaborataty i n 19 6
publication to describe the deformation of a plastic material. It was used by scientists to refer just

to small pieces of plastiCrawford & Quinn, 2016)In 1972 the world first became aware of

micro-sized plastics in the aquatic environment, buspecialattention was put onto them until

2004 when a publication that reported the potential magnitude of the problem intrabace

modern use of the term microplas{ithompson et al., 2004Nowadays, the term is used to

describe a heterogeneous mixture of smallsmdhetic plastic particlesthat could be littered

into the environment at all steps of a plastic product's life cycle, they can haverlapdbased

sources, and be emitted directly in that size or originated once in the environment as a result of a

larger plastic fragmentatigqESAMP 2016).

Although size is still a subject of discussion, after the firt&rnational Microplastics Workshop
hosted by the NOAA in 2008 there is a global scientific consensus to consider the upper size limit
at5 mm and a suggested lower size boarndof 333 um(UNEP, 2016) Nevertheless, some
studies use and suggest an upper limit of 1 mm, which is based in a more intuitive boundary that
follows the IS classificatioffMark A. Browne Dissanayake, Galloway, Lowe, & Thompson,
2008; Claessens, Meester, Landuyt, Clerck, & Janssen, 2011; Rehse, Kloas, & Zarfl, 2016)
Furthermore, some authors relate the microplastic upper size limit with the diameter, while others
relate it to the lerp. To avoid mistakesa microplastic should be defined as a piece of plastic

less than 5 mm in size along its longest dimension

As for the | ower boundary concerns, despite the
mesh size of the nets usea deparate the microplastics from the samples as the lower size
(Galloway, KoelmansBesseling, Shim, & Galloway, 2015; Masura, Baker, Foster, & Arthur,

2015)

In addition, as some of the evidermeggest, itos r e exdemdtieenddfiaittbn df o

microplastics to all kind of plastics i.e., not only the synthetic ones.

Microplastics are classified as a function of their sources, they could be primary or secondary. In

the nextsectionthese definitions are discussed.

13
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4,2, Contributors / Causes

As said before, microplastics can be spilled into the environment at any stelpsti@life cycle,

i.e., at its production, transportation, consumption, and/or final disposition, or could be generated
once in the environment as a consequence of a bigger plastic fragmentation. This led us to the
definition of primary and secondary miplastics™ sources:

4.2.1.Primary & Secondary Microplastics

In order to classify and understand the sources of microplastics, two general groups were created.
Nevertheless, these groups are not equally used throughout the literature. Here, an explanation of

both definitions is given as well as a discussion of which of those should be better used:

Primary microplastics are those that are released into the environment already in a <5 mm size
range. These microplastics could be manufactured in this size (e.@heads used in cosmetics,
pellets), or be originated from the abrasion or shedding of large plastic objects during
manufacturing, use or maintenance (e.g., the shedding of synthetic textiles during laundry).

Secondary microplasticsare generated once inethenvironment as a consequence of a
degradation and fragmentation processes of larger plastic items. This happens mainly through a
photodegradation process, and their major soigo@smanaged plastic wast@ndrady, 2011)

In the other handome of the authoronsideprimary microplastic only to those manufactured
in a microplastic size. Therefore, some microplastics (as the shedding of synthetic textiles) wi

fit under the definition of aecondary microplastic
The first definition is the one used in this thesis.
Next, someoros and conswvhen using both definitions are exposed:

a. A simple and concise differentiation between these definitions arises if dsggon
mi cropl astics ar e o0 n-ih-theetnhvoi sreo ngneennetrpeanagrdo ci ens sa, i
microplastics areeleaseddirectly into the environment in any step of a plastic life cycle;
andsecondarymicroplastics argeneratedonce a larger plastisin the environment. Under
the | atter definition, some Asecondary microp
size range, meaning that there wildl be a fAmi x
part of a tire, or in the environment)dawhy (as a consequence of a plastic product use or

maintenance, or because of its exposure to the environment) it is happening. In other words,

14
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ités simpler to classify the sources of micro

before reachrg the environment and those that are generated once in the environment.

b. The plastics processd fragmentation rate beca
unknown, however, some of the microplastics considered by the latter definition ataggcon
ones could be somehow measured as they have point ankinaeth sources (e.g., tire
abrasion or textile fibersé shedding). Hence,
these point and diffuse sources, which is the same that saying betassenand harder

measurable sources

c. When referring to developing action plans, it
secondary microplastics solutions using the first definition. Under the first definition, primary
microplastics will have molst located solutions (e.g., washing machine filter), and
secondary ones will mostlyover environmental systemge.g., ocean plastic cleap), as
their sourcegare mismanaged plastic wastes.

d. Primary microplastics tend to have a manufactured appearance, exhibiting either a spherical
or fibrous shape, and have a consistent even surface. On the contrary, secondary microplastics
tend to have a more random appearance and hence are more difiatdiggoriz€ Crawford
& Quinn, 2016) This point has some exceptions, as for example the particles emitted during

the abrasion of a tire during its use.

As it can be seenthe first definition may have moreébenefitsin respect to the use @n
comprehension of tighly recommanded to unifythis definibon ie ordei t 6 s

to be used by the scientific community.

A visual explanation of this definition is shown next:

Secondary

Figure 4.1. Primary and secondary microplastics visual exampl¢Own elaboration).
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43. Esti mations of the Microplastics

Up until now, knowledge about the emissions of primary microplastics and formation rates of
secondary microplastics is generally lacking. Moreover, in casgsit is not possible to obtain

specific conclusions of their origin when characterizing mi@oplt i cs 06 sampl es as w
may turn them indistinguishab(®uis & Coors, 2016)Therefore, there argcarcestudies that

have made st i mati ons regarding the contribution of
efforts were put onto microplastics entering the oceans.

These estimations were done taking into account the plastics inputs to the oceans, the produced
and/or consumedmounts of plastics, and the efficiencies in manufacturing processes and waste
management planBoucher & Friot, 2017; Verschoor, De Porter, DeltareBdlert, 2014)

Many of t h aekist Deade,dhe a@pprexsnations made so far may not be accurate.

It has been estimated that arouf®©90% of general plastic debris in the marine environment

originates fromland-basedsources, which accounts 418 to 19.7 million tons of plastics per

year; and the redi0i 25% are fromoceanbasedsourcegEunomia, 2016; Jambeck et al., 8301

Most of that litter is in a macror more size range and should be considered seatial

secondary microplastic sourceHence, dumping of plastic debris from inappropriately waste
management is the most important route of entry of plastic ialgténto the environment,

according to some authors, its fragmentation is likely to be the most relevant microplastic source

( GESAMP 2016). This is a subject of debate, as
of large plastics; hencthe relative importance of primary versus secondary microplastics is

still unknown. However, it must be noticed that contr

constant flux of primary microplastics as they come from routine activities.
4.3.1.Primary Mi cr opl asti csd Estimati ons

Two recent studies found that there are seven major sources of primary microplastiarethese
Vehicle Tire Dust, Synthetic Textiles, Marine Coatings, Road Markings, Personal Care
Products and Cosmetics, Plastic Pellets Spillxd City Dust. Personal care microplastics are
the only ones c on bssesmecaesd they san Bei easilyeprevented nuat Ibyd
changing the manufacturing formula (producer), or by buying another product (consumer)
(Boucher & Friot, 2017; Eunomia, 2016)

Boucher andrriot (2017) reported th&8% of all the primary microplastics that reaches the
oceans is generated frdand-basedactivities, the remaining part comes from activities at the

sea. They also estimated that around 1.5 million tons per ydagtween 15%and 31% of all
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the microplastics in the oceans could be originated framnaary source These numbers are
related to the 4.8 th2.7 million tons of plastic waste that enters the oceans annually (estimated
by Jambeck et al. 2015), which means it study considered all that quantity directly as
microplastics. Eventually, these larger plastics could fragment into microplastics, however, the
supposition is still overwhelming and seems like an extraordinary situation. Therefore, their

estimations regarding primary microplastics importance could beunderestimated

The estimated global contribution to the oceans of each primary source is shown in the next table:

Table4l. Gl obal pr i ma ontributidn¢orthe pceaass@win elabdratian).
Reference Eunomia Boucher &
(2016) Friot (2017)
G i ol 950 kt/year 1,500 kt/year

Entering the Oceans

Emissions in kt/yed?
% of total primary MPs
Position between primaiyPs

Primary MP ® Source

— 190 525

Synthetic Textiles 20% 35%
— 3° 1°

270 420

Vehicle Tire Dust 28.4% 28%
1° 2°

City Dust (building = <12l
S = : 13.7% 24%
paints in Eunomia) 40 30
80 105

Road Markings 8.4% 7%
/ 50 40

16 55

Marine Coatings 53 1.7% 3.7%
7° 50

Personal Care p; 35 30
Products and @ 3.7% 2%
Cosmetics 6° 6°
230 5

Plastic Pellets Spills 24.2% 0.3%
2° 7°

(1) MP = Microplastics.
(2) kt = kilotons = 1,000 tons.

As it can be seen, both studies reported different results, especially in tetimesqofantity of

microplastics that comes from plastigllpts spills. Nevertheless, soitiéngs are for sure:

a. Even considering all larger plastics as secondary microplastics, primary microplastics

contribution is still significant. To visualize it bett&50,000to 1,500,000 tons per yeaare

equalto 12.6to 20 million humans of 75 kg each entering the oceans per year
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b. In addition to the subparagraph a, it must be noticed that primary microplastics reach the
oceans already in a miegizedrangeand that there is eonstant flux of these pollutants as
the activities that generate them are from daily rostitieerefore primary microplastics
may have even more relevancenan the estimated

c. The fibers shed from the laundry ®yfnthetic textiles the particles emitteby atire when a
vehicle is used, and tltist generated in theities, account for the biggest proportion of the

primary microplastics contribution.

It should be noticed that these estimations are only related to microplastics entering the oceans.
Accordng to Boucher & Friot (2017), thtetal amount of primary microplastics emitted in the

world is supposed to b&200 kilotons per year This means that,700 kilotons per year or

52% of al | primary micropl ast i oceans addoneayg lmebd t reac
retained in the soil However, these microplastics could eventually reach the oceans via runoff

or wind.

The same study also reported that alntbste-quarters of the primary microplastics entering
the oceans are generated byusehold activities, while the rest is due to the industries.

Furthermore, they found that most of the relea:t

An explanation of each primary microplastic source is detailed in anBekes
4.3.1.1. Sources by Regions

|t is | ogical t hat mi croplasticsd6 emissions w
technologies used, policies, lamforcementpopulations, cultural awarenebackgroundsand

wealth differ enormously. For instance, considering an equal amounailef production, the

emissions from pellet losses will be different in Europe than in South America, as in the first

region efficient environmental technologies arpleggl and the legislation is strongly audited in

contrast to the latter one. The same is true for textile microfibers reaching aquatic environments,

as a minor proportion of thBouth American countries have sewage treatment plant facilities,

contrary to EHrope, where almost all municipal and industrial wastewaters are treated. In relation

to tire dust, an important factor is the road distances that each country has between cities.

While Boucher & Friot (2017) estimated the emissions by world regions, cikerestudies made

estimations for individual countries. A comparison between those studies is shown next.

The relative primary microplastics emissions by world regions that reach the oceans are:
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SOUTH AMERICA -9.1%

INDIA &
SOUTH
ASIA -
18.3%

I EAST ASIA & OCEANIA - 15.0%

: i 7

Figure 4.2 Primary microplastics emissionsto the oceansyy world regions (Boucher & Friot, 2017).

Regarding the specific sources, the relative contributions of each regidmoane is Table4.2.

The s ityduste Mias not i mgiodl repbre as thie estimatedecontribution was
extrapolated from a Nordic studBoucher & Friot, 2017)However, the data was modified so
that the table could be interpreted directly. For example, the contribution to the oceans of

microplastics fronthe laundry otextilesin India & South Asia is 12.1%.

Table42. Gl obal pr i masoycessontobutiomn tb thesoteans Botcher & Friot 2017).

Region / Source
2 0.1 0.6

India & South Asia 0.8 0.

North America 14 0.8 0.1

Europe andCentral Asia 1.8 0.5 0.2 0.1
China 1.0 0.9 0.4 0.0
East Asia & Oceania 4.8 4.0 1.2 1.1 0.2 0.0
South America 2.2 3.9 0.7 0.0 0.2 0.0
Africa & Middle East 3.0 2.4 0.5 0.3 0.4 0.0
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As for the country estimations, the studiessaamrmmarized in the next table:

Table 4.3. Regionalestimationsof primary microplastics (Own elaboration).

Country Norway Denmark Sweden Germany Europe
(Sundt,
Schulze, & (Lassen et (Magnusson
Reference Syversen, al., 2015) et al., 2016) (Essel et al., 2015)
2014)
Source Reaching the marine environment Total emission$
. . . 60,0001 375,000
Tire abrasion 2,250 5007 1,700 No data(a) 111,000 693,000
Synthetic . . . 5007
textiles 110 61 60 3.57 40 8071 400 2500
. . 21,0001 57,000i
Pellet spills 180 0.17 4.5 No data(b) 210,000 570,000
PCP 4 0.571 4.4 1.3 500 -
Marine coating 657 217 240 48271 1,540 - -
City dust 313 21.51 500 No data(c) - -
Road paint 160 107 180 No data(d) - -

All with units of tons per year.

* Total microplastics produced by the source.

For (a), (b), (c), and(d) there are total emissions for reference: 13,000:58@M 136250; and 504,
respectively.

Comments

a. The results between the studies are coherent between them and with Boucher & Friot (2017)
with respect to the importance that tire abrasion hasaisroplasticcontributor in Europe;

all studies situated this source in the first place.

b. Even applying theercentagef emissions (48%) that reach the oceans estimated by that
Boucher & Friot (2017), most of the results reported by Essel et al. (2015) are higher by a
magnitude or two when compared to each microplastic eéotédsiors reported by the other

studies.This could be a because of the different methodologies and data used.

c. The information provided by different studies is sometimes difficult to compare, as the
sources are not equally consider€derefore, there is a need to identify and standattize

sources.

Other remarkable points

a. Lassen et al. (2015) includédotwear as one the most important microplastic source in

Denmark. The estimated emission was set in 100 to 1,000 tons of microplastics per year, from
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where 10 to 260 may reach aquatic iemvments. Inthe Table 4.3, it was included as a

subgroup of city dust.

b. Magnusson et al. (2016) considematificial turfs as an important microplastic source in
Sweden, with an estimated production of 2,300 to 3,900 tons of microplastics per year. This

could be included in the Acity dusto group.

432.Secondary Microplasticsd6 Estimatio

Secondary microplastics are defined her¢hase that have resulted from the fragmentation of
larger items once exposed to the environment. As said before, this process mostly occurs as a
consequence of plastic exposure to-8dfar radiation and mechanical stress (such as e.g., tidal
waves)(Crawford & Quinn, 2016)Therefore, these pollutants are originated from mismanaged
plastic wastes, which can happen practically everywhere: from landfill sites and recycling

facilities ortland to material lost from fishing vesselssea

As thedegradation and fragmentation processes rates of plastics are poorly understood, no reliable
information is available on the contribution of secondary microplastics to the overall amount of
microplastics in the environment. However, gitkae large amourdf large plastics entering the
environment, first estimations and some studies indicate that they might be the predominant
microplasticsource(GESAMP, 2016)

Regarding secondary microplastics estimations, the plastics inflow to the marine environment
could be ged as a synonym pbtential secondarymicroplastics. In this context, the next table
shows different estimations of large plastics inflows to marine environment estimated by some

studies, which are presented here as potential secondary microplast&sso

Table 4.4. Global plastics debris inflow to the oceans or potentiadecondary microplastics (Own elaboration).
Source Million tons/year

Jambeck et al. (2015) 4.80- 12.700
Sherrington et al. (2016) 9-42-19.70

Eunomia (2016) 11.25
(1) Estimated for 2010, values used by Boucher & Friot (201

Mismanaged plastics wastes in coastal countries are generally not well documented, hence, the
base data used in the studies isartirely reliable. However, they all reported large quantities of

plastics entering the oceans that are in the same order of magnitude.

As f or i ndi vi dual contributorsé6é respects, one

fishing industry, to whichit was attributed at8% of the existing marine plastic debris This
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is congruentwith the overwhelming nopolyester quantity of microfibers found in the oceans.

The rest comes from ladzhsed sources, including beach li@ndrady, 2011)

This means thaestablishing or improving waste management programsnd removing
plastic debris from the marine environmentnot only willreduce macresize plasticsn marine

environments butecondary microplastics formation too

Some organizations are working on the recycling/removal strategy giving recovered items an

addedvalue. For instance:

a. The Spanish compargycoalfis producing a wide variety of garments witicycled bottles

and plastics recovered from the ¢Eaoalf, 2017)

b. Adidasand the organizatidRarley forthe Ocearare making shoes from sea recovered plastic
(Adidas & Parley for the Ocean, 2017)

c. Thelogoplaste Compang makingThe EcovelOceanbottle, which is produced with 10%
recovered ocean plastic and 90% from recycled mat&ogoplaste, 2015)

d. Nets to Energpy Ocean TodayThis project has already recovered 8% of nets from the
oceans, which were used to power over 300 homes for §9eean Today, 2014)

4.3.2.1. Potential Secondary Microplastics by Region

Everymismanaged plastic waste in the environment with a >5 mm size is a potential secondary
microplastic. As the microplastic pollution greatest risk seems to be in the marine environments,

is that the larger plastics contribution by regions will only accfamtoastal countries.

Jambeck et al. (2015) evaluated the plastic waste inputs to the oceans from 192 coastal countries.
They defi ned mianymaateralghatds either itteéred oranadeduatdigposed .

It was concluded that population ahdhe fAqualityodo of the waste man:
factors to the marine plastic debris contribution that each country will have. It was also reported

that the cumulative quantity of plastic debris inflow to the oceans may increase by an order of

magntude by the year 2025.

The next table shows the estimated quantity of plastic waste that some countries generated and

littered to the oceans in the year 2010:
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Table 4.5. Regional plastic debris contribution © the oceangJambeck et al. 201k

Coastal Waste Mismanaged Plastic marine

Country population  generation rate plastic waste debris

[millions] [ka/ppd Y] [Mtlyear @) [Mt/year]

1° China 262.9 1.10 8.82 1.353.53
20 Indonesia 187.2 0.52 3.22 0.481.29
3° Philippines 83.4 0.50 1.88 0.280.75
40 Vietnam 55.9 0.79 1.83 0.280.73
50 Sri Lanka 14.6 5.10 1.59 0.240.64
7° Egypt 21.8 1.37 0.97 0.150.39
15° Brazil 74.7 1.03 0.47 0.070.19
20° United States 112.9 2.58 0.28 0.040.11

(2) ppd = person peatay
(2) Mt = million tons

Asitcan be seen, mostoftheop fAmar i

ne | i dradsstributaddoag the @acifict r i e s

Ocean coastlinesthis isconsistent with thehigher concentrations of plastic litter that are usually

found in theNorth Pacific Gyre. The next figure shows it better:

Most and least
contaminating
countries in 2010

3
- i

Least

Figure 4.3. Most and least plastic garbage contributors countries to the ocealidambeck et al., 2015)
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4.4, Distribution Across the Earth

4.4.1. Introduction

In this work, four compartments were considered to categorize the distribution of microplastics
across the worldiaquatic (marine andfreshwate), terrestrial, atmospheric, and biota

(including readyto-be-sold animals).

Although it is highly likely that higher concentrations of microplastics will be present within areas
of intense anthropogenic influen¢®ark Anthony Browne et al., 2011; Horton et al., 2Q17)
global sampling datéhave shown their presence throughout the Earth and among every
compartment, beingbiquitous in marine environments (Cézar et al., 2014; Eriksen et al.,
2014; GESAMP, 2016; UNEP and GRI&rendal, 2016) therefore, most of the studies were

made in that system.

To understand the fate and impacts that microplastics could have and to develop consistent plans

to mitigate or eliminate them, it is important to identify and connect each microplastic type with

its possible fluxes between and within compartments, as well as with their spatial distributions,
including the areas wher e hdt-$petyp wardadepatckedd t o acc
In order to do so, there is an urgency to standardize methodologies to quantify microplastics

(Avio, Gorbi, & Regoli, 2016)

Nowadays, considerable efforts are being taken to understand the distribution of the microplastics,
especially m marine surface waters, where a huge quantity of sampdssanalyzed and
oceanographic models were made, this combination has contributed to comprehend better this
pollution in this layer of the oceans. Howewagnyefforts are needed to understandditeation

of the whole problem.

As for the fluxes, they are not well determined yet, as not only physical but also chemical and

bi ol ogical processes are i nvoldifferslbetiveen eache mi cr ¢
compartmen{GESAMP, 2016) Understandinghiese fluxes will also help to elaborate better

mitigation plans and to predict the consequences that this pollution will(Gagani, Hanke,

Werner, & De Vrees, 2013)

Figure4.4is a simple conceptual model box to illustrate the microplastics movements throughout

the Earth, including ways to reach humans.
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AQUATIC BIOTA

‘ Preys H Predators ‘

Figure 4.4. A simple conceptual model box of microplastics movements throught the Earth systemgOwn
elaboration).

HUMANS

Sediments

4.4.2. Aquatic Environments

As said before, the aquatic environment is divided in marine and freshwater systems.
Microplastics have been found across every layer of these environments: in their sediments,
throughout alllhe water column, till the upper surface layers, particularly in the o¢&adsrson,

Park, & Palace, 2016)

To study the sourceand distributiorof microplstics in aquatic environments, there are some
organizations or scientists that are compiling the information, for instanceAdbenture
Scientistorganization is compiling a microplastics™ dataset, where an interactive map has been
generated and upload to the internet with all the sample data they have gatlfdthenture
Scientists, 2017Even though the methodologies used to take these samples are not standardized,
it can be seen that microplastics are present in alraesty sample taken from these

environments.
4.4.2.1. Marine Environments

Mi cropl astics have been accumulating in the

products. Nowadays, plastic pollution in the oceans is dominated by microplastics by number of
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items (Cézar et al., 2014)and are considereid be ubiquitous, as they were found from the
Arctic (Obbard et al., 2014p theAntarctica (Cincinelli et al., 2017)across thehorelinesto

the deepseasedimentgAnderson et al., 2016; Galloway et al., 2015; Charles James Moore,
2008, even reachingemote placegFree et al., 2014; Imhof et al., 2017; K. Zhang et al., 2016)
and very deep regions, as the Kiuibmchatka TrenckV. Fischer, Elsner, Brenke, Schwabe, &
Brandt, 2015)r the deepest known placen Earth, the Mariana TrencfJamieson, Malkocs,
Piertney, Fujii, & Zhang, 2017However, guantitative measures of the global abundance of
microplastics are still limited, particularly in the Southern Hemisphere and remote regions, where

fewerstudies have been made.

The highest concentrationscross the sea surface are found irctreers of théive subtropical

gyres which are the North and South Pacific, the North and South Atlantic, and the Indian Sea

gyres, in theMediterranean Seg and inbeaches anctoastines. In the gyres the microplastic

particles accumulate due to conyence ofEkman transports i n t he Medi terranea
consequence of the semmiclosure system characteristic that it fvas Sebille et al., 2015and

in the coastal lines it happens because ofittad forces and the proximity to the microplastics

sourceglLassen et al., 2015)

Some authors have found a positive correlation between human population and microgaét
concentration(Mark Anthony Browne et al., 2011while others have reported no obvious
correlations(Laglbauer et al., 2@t Ling, Sinclair, Levi, Reeves, & Edgar, 2017This might

mean that even though i tos hi ghly probable t
contaminated, at least in the shoniddle termspecific hydrodynamics and climate conditions

of each individual ecosystem will transport and distribute these contaminants differently

As for the inputs concern, it was already said that primary microplaséderived mainly from

land-based activitiegBoucher & Friot, 2017) Their pathways are the rivers, te®rmwater

runoff, wastewater discharges, transport of mliter by the wind, etceterAvio et al., 2016)

As for the inputs of secondary microplastics, these are connected to the huge quantity of
mismanaged plastic waste that is constantly entering the oceans, which could be originated by
landorseabased activities and shoigcrodophbhasdtcalclsed (Bpet
Secondary Mi cr opThase uantitedare Eslarge that byi the yesr 2050 it has

been estimated that there will be more ftasthan fish (by weight) in the oceafEllen

MacArthur Foundation, 2016)
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4.4.2.1.1. Microplastics Distribution in Marine Environments

The spatial patterns of accumulation are mostly influencexhipsical factorsas the wave action,
the wind, and the density of plastic. Research has also suggested that the accumulation of plastic
debris is affected by climatic forcing, geostrophic wirndsised by gradients of atmospheric

pressure and solar radiation, stratospheric temperaitdehe Coriolis effect (GESAMP, 2016)

A summary of the marine distribution of microplastics is shown,nebére it was divided in
Coastines, Surface waters, @€Column of water and sessediments

Coastlines

Coastlhes are obviously nearest to anthropogenic nuclei than the rest of the ocean layers. Plastic
debris can easily reach these environments via runoff dindogtirect disposal of litter, hence,
beaches and coastal lines aomsideredto bea major sink for both plastic and microplastic

debris (GESAMP, 2016) The relative ease of accessibility and sampling madheitmost
surveyed place(Anderson et al., 2016Because of theceanic dilution, there is an important
difference between microplastics concentrations faamthe beaches and in estuaries tian
intertidal zones and beyotidhao, Zhu, Wang, & Li, 2014)

On the beach the high presence of all kind of plastics debris, as food packagioonsssten
with the microplasticsd mat dde Cavaliso &Bapista NP P, PET]
2016; Frias, Sobral, & Ferreira, 2010; Kunz, Walther, Léwemark, & Lee, 2016; Naji, Esmaili, &

Khan, 2017) In other words, the predominant concentrations of microplastics on beaches are
usually derived from the fragmentation of larger plastics debris already existing in the coastal

environment.

The microplastics concentrations reported in these zones aflyusigh, reaching to extreme
values 0f92,217 microplastics per square metefLee et al., 813). These pollutants can be
easily transported teeawatervia runoff, by thewind, and by the waves. For instance, a study
evaluated the occurrence of microplastics along the Chennai coast in India before and after a
flood. They found that the condeation after the flood was 3 times higher than before it,
confirming that these pollutants may accumulate within the soil and that from there are

transported via runoffVeerasingam, Mugilarasan, Venkatachalapathy, & Vethamony, 2016)

As acomplementaryemark: one of the most commtypes of waste that is usually encountered
across beaches are thigarette butts (GESAMP, 2016) These filters can also fragment to
micropartcles fibers. Even though it is known that they carry hazardous substances, small

particles from these filtemre not considered microplasticss they are made from natural fibers.
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Therefore,a critical evaluation of the definition of microplasticsshouldbe done in order to

determine if all kind of small plastics should be considered as microplastics (i.e., natural and man

made plastics).

Marine Surface Waters

The microplastics mostly found are usually in the form of fragments or films. In respect to the

material, microplastics with a lower density than that of the seawater, as polyethylene and

polypropylene, will be the predominant plastic types across thimelayer. However, denge

particles could also be fouras some phenomena couldsiespend these denser patrticles (e.qg.,

turbulence flows induced by wind and tidal curre®dri & Thompson, 2014The next figure

shows an example of three differstitdies where this statement is true:

Mediterranean Sea
Cézar et al. (2015)

2% 2% 2%

6% \

|:| Fragment
. Film

|:| Fishing Line

88%

Subtropical Gyres UK Tamar Estuary
Cozar et al. (2017) Sadri & Thompson (2014)

1%
4%

86%

Figure 4.5. An example of microplastics found in marine surface waters (Own elaboration).

However, one study reported denser microplastics to predominate in surface waters. Lusher et al.

(2014) took samples in subsurface waters (3 meters depth) across the northeast Atlantic Ocean,

fibers accounted for 96% of the particles and were identifiegpofgester and polyamide.

Polyester fibers are usually connected to the textile industry, while polyamide fibers are used by

the fishery industry also. This study claimed that other two studies found similar results,

nonetheless, one of them sampled ordarshore sedimen{§hompson et al., 2004and the

other found fibersb u t t hese

wer enot i denti f ir exdmple meani ng

polypropylene lines Mreover, it was also found that the contribution of fibers to the total plastics

decreased with increasing distance fiimaore(Desforges, Galbraith, Dangerfield, & Ross, 2014)

The distributon pattern for buoyant microplastic debris is forced by prevailing winds and surface

currents, meaning thahost plastic particleswill move in predictable patterns. Hence, these

micro-pollutants will tend to accumulate in one of the five subtropical gyrémtspots(North
Atlantic, North Pacific, South Atlantic, South Pacifémd the Indian Ocean, sEmgure4.6). The

averagesurface microplasticoncentrationacrass all oceans 18.75 kg/kn?, but concentrations

as high a48 kg/km?or 1,000,000 microplastics/ krhhave been reportedn the North Pacific
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The higher plastic load in the North Pacific Ocean in relation to the other oceans could be related

to the highhuman populatiomnd the plastic inflows generated the eastern coast of the Asian
continent(seeFigure4.3), which has on¢hird of the global coast populati¢@ozar et al., 2014)

Thefive hotspotthat involvesplastics concentrations floating at the ocaarshown next:

Plastic currents i
7= A giant distribution’system for marine plastics : Er< {
~\7. j Do
4 <
" / \ North Atlantic | |
o f )\ v )
; 7 NorthPaific| o\ ~\; ( =
{1 gyre N N\ N~ /.
a0, 7, . s = = -
T — — . N
S ’ P\ = — — ““7 ‘
| [ ) /; > 195 ‘\‘ South Atlantic
Y7 indan S SouthPacific | =
/. Oceangyre gyre /
T - W40 i, -
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S 'd il
Sample points used in the model ’ :
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e, P C‘J_', T~ ~___~ Surface currents igs
» 1001106
Microplastic Concentration

Figure 4.6. Distribution of plastics in surface marine waters.The 5 hd-spotsare in the figure (UNEP and

GRID-Arendal, 2016)

The Mediterranean Seahas been found to be anothet-spot The accumulation occurring

there is a result of the combinatiasf the high anthropogenic pressure it has and the

hydrodynamics of this serginclosed system. The average density of plastics is 1 itemrper 4

which is similar to the concentrations found in the subtropical gi{@ézar et al., 2015)

Moreover,any semienclosed micrasystemwith anthropoggic influence, as harbors and bays,

will tend to havea high concentration of microplastics. For example, a study reported

concentrations of up 8,000,000 particles/kmin the San Francisco Bay (USA), with an average
abundance of 700,000 particles/AgButton et al., 2016)

Some studies hawstimatedhe quantity obuoyantmicroplastican the oeans:

a. Cozar et al. (2014) used 3,070 samples collected around the world to estimate a floating

microplastic mass on the open sea ranging betw@80and35,000 tonsnevertheless, they

reported that e n' s

of

t housands

of

t ognd€ozar etalm20tdy opl ast i
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b. Eriksen et al. (2014) reported that a minimum of 5.25 trillion plastic particles (of all sizes)
are floatingat the sea, with a weight of 268,940 tons. Microplastics represent approximately
92.4% of that number, 04.85 trillion particles, and weight35,540 tons However, a
Aitremendous o0 | ofkosthe seasufacewasphsened, suggssting that there
are mechanisms removing these small particles from the ocean surface and that this ocean
layer is likely not the ultimate sink for plastic pollution. The authors point out that their
estimates areighly conservative and must be considered as minimum estimates (Eriksen et
al., 2014).

These missing particlagported by a. and lare in accordance with a study that evaluated
the temporal variability of plastic garbage floating on the sea (sampkss itakhe western
North Atlantic Ocean anthe Caribbean Seawhich reported that there an® obvious
temporaltrends(Law et al., 201Q)This means that there is no correlation between the plastic
concentration in the oceans in response to increased plastic products production(see use
Figure4.7 a).

Authors believe thapossible sinksfor floating plastic debris are: sinking of microplastics

because of biofouling, ingestion by marine organisms and their transference to the bottom of

the sea via food web, shore dejtion, and other processes yet to be discovéviatk

Anthony Browne et al., 2011; Ling et al., 201Fpr instance, a recent study theorized that

these missing particles might be the consequence of some organisms that are degrading them

(Solé et al., 2017)f the theory is e, signs that could demonstrate the veracity of this theory,

as or g anonssnts,6 sfihboou | d hal ewewern, otblseeyyr vRdyenot
investigationis needed to conclude these findings, as the laast#ndardizé methodology

and/or the unawaress of the horizontal plastic variation throughout the surface of the oceans
(e.g., microplastics wonodot stay in the same p
the findings;for example, as a study found, microplastics can easily be transpetteeen

gyres and across hemispheregich might indicate that the expected quantities are more

equally distributed, i.e., more dilutéBriksen et al., 2014)

In the other hand, as seenRigure4.7 b, it wasreportedthat microfiber concentrations in
historical surface water samples correlate with the production of synthetic(fibemspson
et al., 2004)
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Figure 4.7. a) Microplastics in the oceans vs. plastics discards trend; b) Microfibers in the oceans vs. synthetic
fibers production trend (Law et al., 2010; Thompson et al., 2004)

c. A recent study gave an even more pessimistic scenario. By using more than 11,000 field

observations it was estimated an accumulated number of floating microplastic particles in
2014 ranging from5 to 51 trillion particles with a weightbetween93,000and 236000
tons. According to the authors, this mass is larger than those previously published because of
the data standardization ug@dn Sebille et al., 2015)

As it can be seen, estimations may not be very accurate between them as it is a very complex and

recently know situation. However, even without including negative buoyant microplastics, the

oceans ar e cont ami

of the icebergd Figure4.8).

nat ed

Wi

t h

an

e n o r thmotip s

Figure 4.8. Floating plastics, the tip of the iceberdUNEP and GRID-Arendal, 2016)

Floating microplastics length: It is worth mentioning that most of the data that these models

used to estimatihe amount ofloating plastics came from samples taken with > 0.333 mm mesh

quant

size, meaning that there is a considerable amount of microplastics not included in the calculations

which may derive to underestimated resultst Example, Cozar et al. (2017) evaluatbd

31


























































































































































































































































































