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Resumo

O crescimento populacional humano acelerou a geracdo de residuos
sélidos, dos quais, uma porgao expressiva, € descartada inadequadamente. Por
consequéncia, poluem os ambientes aquaticos causando prejuizos alarmantes
a biota. Dentre esses residuos, os plasticos sdo os principais tipos de materiais
presentes nos ecossistemas, principalmente em sua fragcdo micro (< 5 mm). Os
microplasticos (MPs), uma vez no ambiente aquatico, estdo constantemente
sendo submetidos a processos degradativos, podendo sofrer influéncias
extrinsico(fatores ambientais e tempo de exposicao a eles) e intrinseco (tipo de
polimero o qual o material € composto). Desta forma, o objetivo do presente
estudo foi analisar a influéncia dos fatores ambientais indice ultravioleta (UVI) e
salinidade no processo degradativo dos MPs, considerando a composicao
polimérica. Para isso, MPs derivados de produtos a base dos polimeros
polipropileno (PP), poliestireno (PS) e etileno acetato de vinila (EVA) foram
manufaturados e, posteriormente, submetidos a fotodegradacéo acelerada, em
diferentes tempos de exposicdo a radiacdo UV (Dose A — 2 horas, Dose B - 8
horas, Dose C - 30 horas), estando submersos em agua destilada (Dose A, B e
C). Além disso, a influéncia da salinidade foi testada utilizando agua marinha
artificial ao mesmo tempo em que ocorria a exposicdo a radiacdo UV (Dose D —
8 horas e salinidade 35). Os padrdes degradativos foram avaliados combinando
os dados de perda de massa (%), mudancas na superficie (surgimento de
buracos, fissuras e rachaduras) e analises térmicas. Esses dados foram obtidos,
respectivamente, pelo uso de balanca analitica, microscopia eletrbnica de
varredura (MEV), analisador termogravimétrico (TGA) e calorimetro diferencial
de varredura (DSC). A degradacao foi completamente influenciada pelo tipo de
polimero. As mudancas térmicas foram maiores nos MPs de PS (principalmente
em 8 horas de exposi¢cdo) e nos de EVA (diminuicdo das temperaturas de
degradacdo inicial de acordo com o aumento da dosagem de UV). Quanto a
cristalinidade, o PP e EVA apresentaram comportamentos divergentes pois,
respectivamente, houve crescimento e decrescimento dessa caracteristica. A
perda de massa ocorreu em todos os polimeros, porém, a maior foi detectada

no PS, sendo o menor valor na Dose C. Evidéncias fisicas de degradacao foram
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presentes mais frequentemente no EVA e PS, por meio de buracos e
descamacdes, porém todos os polimeros mudaram superficialmente com maior
intensidade na dose C. A salinidade influenciou o processo degradativo devido
a diminuicdo da cristalinidade do EVA. Por outro lado houve aumento desse
fator para o PP nessas mesmas condi¢Bes. Além disso, a perda de massa do
PS e do EVA foram retardadas na agua do mar simulada. Quanto ao indice UV,
para efeitos comparativos, as doses de exposicdo em laboratério foram
convertidas para valores de UVI ambiental (indice UV). Com isso, observou-se
que a localizacdo geogréafica em que os MPs se encontram também pode vir a
influenciar em sua taxa de degradacédo, devendo este ser considerado,
juntamente com os demais fatores ambientais, na interpretacdo dos estudos de

fotodegradacao.

Palavras-chave: cristalinidade, fotodegradacdo, microplasticos, radiacdo UV e

salinidade.
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Abstract

Plastics contaminate aquatic environments, especially in their micro fraction (<5
mm). Microplastics (MPs) are constantly submitted to the degradative process,
influenced by environmental factors, time and polymer type. So this study
analyzed the influence of environmental factors UV index (UVI) and salinity in the
degradative process of MPs, considering polymer composition. For this, MPs
derived from polypropylene (PP), polystyrene (PS) and ethylene vinyl- acetate
(EVA) were manufactured and, later, exposed to accelerated photodegradation
in different UV radiation dosages (A — 2 hours, B — 8 hours, C — 30 hours),
submerged in distilled water (Dosage A, B and C) ou artificial seawater (D — 30
hours and salinity 35). Degradative patterns were evaluated by mass loss,
superficial changes and thermal analysis. As observed, polymer type influenced
degradation. Thermal changes were higher in MPs of PS (mainly in Dosage B)
and EVA (decrease of temperatures of initial degradation according to UV dosage
increase). Regarding cristallinity, PP and EVA showed divergent behaviours
because, respectively, they had growth and decrease of this parameter. The
mass loss occurred in all polymers, but PS was the just one that maintained a
decrease. Degradative superficial features increase in EVA and PS. Holes and
flaking were the most present, being accentuated in Dosage C. Salinity affected
crystallinity of EVA and PP, causing, respectively, decrease and increase on their
values in saline environment. Also, mass loss of PS and EVA were retarded in
simulated seawater. Changes concerning UV dosage show different tendencies
depending on polymer type. For example, EVA MPs exhibit greater thermal
resistance than PP. However, they present more superficial and mass loss.
Salinity favoured crystallinity increase of PP exposed to UV radiation. In this
research, high dosages (Dosage C) caused more changes. To better compare
results, laboratory dosages exposition were converted to environmental values
(UV index). Thus, it was observed that geographic locals where MPs are located
could influence their degradation rate, which should be considered with other

environmental factors in photodegradation research interpretation.

Keywords: cristallinity, microplastics, photodegradation, salinity and UV radiation.
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Capitulo I:

Introducéao



1. Introducéo

Um dos principais problemas globais é a contaminacdo dos ambientes marinhos e
costeiros devido a geracdo e descarte indevido de residuos solidos [Galgani et al. 2015].
Mesmo que haja adogdo de medidas para prevenir e/ou reduzir a polui¢do, o problema
ainda persiste e cresce conforme o0 aumento da populacdo humana [Andrady 2011].

Em 2021, dentre os materiais descartados indevidamente, 62,35% sdo compostos
por plasticos [Alfred Weneger Institute 2021]. Esses residuos sdo definidos como
polimeros sintéticos derivados do petroleo, resultantes do processo de polimerizacéo de
monomeros [Galgani et al. 2015]. Sdo populares por serem leves e de baixo custo
[Carvalho & Neto 2016], sendo os de maior destaque no consumo mundial o polietileno
de alta densidade (PEAD), polietileno de baixa densidade (PEBD), polipropileno (PP),
poliestireno (PS), politereftalato de etileno (PET), policloreto de vinila (PVC) e o etileno
acetato de vinila (EVA) [Abiplast 2015].

Os plasticos sdo altamente duraveis [Carvalho & Neto 2016], entretanto, isso pode
causar prejuizo quando descartados incorretamente [Carvalho & Neto 2016]. Além de
persistirem nos ambientes por dezenas a centenas de anos, devido a sua resisténcia
degradativa [Browne et al. 2007], podem se acumular na superficie da agua, sendo
transportados pelos ventos e correntes por longas distancias, assim como podem afundar
na coluna d’agua, atingindo o fundo oceanico, sendo depositados no sedimento [Clark et

al. 2016].

1.1. Microplasticos

Os plasticos encontrados em ambientes naturais podem ser classificados de acordo
com o seu tamanho como macroplasticos ou microplasticos (MPs), quando maiores ou
menores que 5 mm, respectivamente [Kedzierski et al. 2018]. Halle et al. [2017] discutem
gue os microplasticos estdo se acumulando cada vez mais nos oceanos, havendo
estimativa de 5,25 trilnGes dessas particulas presentes nos ambientes marinhos [Eriksen
et al. 2014].

Com relagéo a sua origem, os MPs sdo classificados em primarios ou secundarios
[Barnes et al. 2009]. Os primarios sdo produzidos industrialmente na faixa de tamanho
inferior a 5 mm, como os microgranulos usados em cosméticos, bem como as esférulas
de producao de plastico virgem (“pellets”) utilizadas na fabricacdo de outros produtos.

Estes podem entrar no ambiente aquatico durante a manufatura (descarte acidental), bem



como durante as atividades de transporte e uso [Quero & Luna 2017]. Os MPs
secundarios, por sua vez, resultam do processo de fragmentacdo e degradacdo dos
macroplasticos, causados durante o processo de uso ou por fatores ambientais abidticos e
bioticos, resultando na reducédo da integridade estrutural desses materiais [Quero & Luna
2017].

Os MPs podem ser transportados, distribuidos e acumulados em diversos
compartimentos ambientais [Lambert & Wagner 2018], representando ameaca aos
ecossistemas [Cole et al. 2013]. A depender das condi¢bes ambientais, da mobilidade, da
biodisponibilidade e de suas caracteristicas morfoldgicas [Halle et al. 2017], estdo
sujeitos a diferentes taxas degradativas [Lambert & Wagner 2018], refletindo no seu

tempo de persisténcia [Browne et al. 2007].

1.2. Degradacao dos plésticos

O processo de degradacdo, do ponto de vista da quimica polimérica, é definido
como uma mudanca deletéria na estrutura quimica, propriedades fisicas ou aparéncia de
um polimero, que pode resultar na quebra quimica das macromoléculas que formam um
item polimérico, independentemente do mecanismo de quebra das cadeias [ASTM D883,
2012].

A degradacdo pode ocorrer por diferentes vias, tanto abidticas quanto bidticas
(Fig. 1), consecutivamente ou simultaneamente [Andrady 2015]. A depender de qual
delas é o principal mecanismo, o processo degradativo € definido [Lambert & Wagner
2018].

FATORES AMBIENTAIS INFLUENCIADORES

Radiacao UV

Formagao

Acgao Degradagéo

hidrodinamica de biofilme ; microbiana

Figura 1. Principais fatores ambientais influenciadores dos processos degradativos dos
polimeros sintéticos no ambiente aquatico (Adaptado de Jahnke et al. 2017).

Os mais importantes (Fig. 2) e seus respectivos mecanismos sdo degradacao
mecénica (agdo hidrodinamica, flutuacbes de temperatura e abrasdo com outras
particulas), fotodegradacdo (radiacdo ultravioleta), degradacdo quimica (oxidagdo ou

hidrélise) e biodegradacdo por organismos (agdo microbiana e formacao de biofilme)



[Jahke et al. 2017, Klein et al. 2017]. A exposicao a radiagdo solar UV € um dos poucos
fatores que resultam na répida degradacdo ambiental pois ela inicia a oxidacdo termal

autocatalitica, primeira responsavel pelo processo degradativo (Andrady 2011).

PROCESSOS DEGRADATIVOS

Fotodegradacao
4 Degra:de}g:ao
4l mecanica
Al

Figura 2. Principais processos degradativos dos polimeros sintéticos no ambiente aquatico
(Adaptado de Klein et al. 2017).

Ao longo do processo degradativo, os polimeros sdo convertidos a unidades
moleculares menores (e.g. oligdmeros, mondmeros ou versdes quimicamente
modificadas) e, possivelmente, serdo completamente mineralizadas (Fig. 3) [Klein et al.
2017]. Consequentemente, isso enfraquece a integridade mecénica do material [Singh &
Sharma 2018], modificando as propriedades macroscopicas do material (surgimento de
rachaduras e ranhuras e alteracdo de cor) [Halle et al. 2017], propriedades térmicas e
cristalinidade [Zhou et al. 2018].
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Figura 3. Transformacao quimica dos polimeros sintéticos ao longo da degradacao (Adaptado
de Klein et al. 2017).

1.2.1. Fotodegradacéo de polimeros plasticos

A radiacdo UV é o fator principal para a degradacao foto-oxidativa que resulta em
quebra de cadeias poliméricas, producéo de radicais e reducdo de peso molecular [Yousif
& Haddad 2013]. Por isso, quando os polimeros estdo ambientalmente expostos a
radiacdo solar e a altas temperaturas, tendem a répida degradacédo [Yousif & Haddad
2013].



A radiacéo solar que alcanga a superficie da terra é caracterizada de acordo com
0s seus comprimentos de onda que variam de 295 a 2500 nm (Yousef & Haddad 2013).
A sua classificacdo € organizada como: UV-B (280-315 nm), sendo uma parte absorvida
pela camada de 0z6nio (280-295 nm); UV-A (315-400 nm) e € a menos prejudicial a
salde humana; visivel (400-760 nm); e infravermelho (760-2500 nm) [Yousef & Haddad
2013]. A UV-B é o principal tipo que inicia a fotodegradacdo [Andrady 2011].

Por motivos de saude publica, de monitoramento ambiental e ciéncia dos
materiais, o total de radiacdo UV recebida é determinado por meio do célculo do indice
ultravioleta (UVI) [McKinley & Diffey 1987], escala numérica adotada pela Organizacao
Mundial da Satde como referéncia internacional padrdo a ser utilizada por servigos

meteoroldgicos [Correa et al. 2015]. O UVI € definido como:

1

onde S,, € a radiagéo solar na superficie (mW/mz2/nm) e E,, 0 espectro de agéo.

Quando calcula-se o UVI devem ser considerados o0s seguintes fatores:
concentracdo de ozénio (absorcdo da radiacao), posicao geogréafica (a proximidade com
0 Equador aumenta o fluxo de radiacédo), altitude (presenca de ozbnio e quantidade de
energia ultravioleta recebida), hora do dia (variacdo da quantidade de energia UV),
estacdo do ano (variacdo da distribui¢do UV diaria), condi¢cdes atmosféricas (presenca de
particulas em suspensdo como nuvens e aerossais) e tipo de superficie (capacidade de
reflexdo da radiacdo UV) [Correa et al. 2015].

A agua é um tipo de superficie que possui grande capacidade de absorcdo da
radiacdo UV [Hader et al. 2015]. Por isso, nos ambientes aquaticos, a radiacdo solar é
considerada o principal fator que leva ao processo degradativo polimérico, referida
especificamente como fotodegradacdo [Andrady 2011]. Neste processo os polimeros
absorvem os comprimentos de onda de alta energia do espectro da radiagéo ultravioleta
(UV), sofrendo reacbes fotoliticas, foto-oxidativas e termo-oxidativas, entre elas a
oxidacgéo da matriz do polimero, quebrando as liga¢des quimicas e assim formando novos
grupos funcionais (Fig. 4) [Andrady 2011, Barnes et al. 2009, Moore 2008, Browne et al.
2007].



Figura 4. Fotodegradacao e suas consequéncias quimicas.

A fotodegradacdo pode ser dividida em 3 passos: iniciacdo, propagagdo e
terminacdo (Fig. 5) [Pritchard 1998]. Na iniciacdo, as ligacGes quimicas, principalmente
de carbono-hidrogénio (C-H), da cadeia polimérica principal sdo quebradas (ou pelo calor
na degradacao térmica) produzindo um radical livre [Gewert et al. 2015]. Na propagacéo,
o radical polimérico reage com o oxigénio formando um radical peroxido e/ou
hidroperdxido, a0 mesmo tempo em que ocorrem reacdes mais complexas que levam a
auto oxidacdo, cross-linking ou cisdo em cadeia [Gewert et al. 2015]. Finalmente, a
terminacdo € o momento em que dois radicais reagem originando produtos inertes
[Gewert et al. 2015]. Portanto, radicais como olefinas, aldeidos e cetonas sdo esperados,
sendo estes mais suscetiveis a degradagédo fotodegradativa por conterem ligagdes duplas
insaturadas [Gewert et al. 2015].

Iniciacdo: Polimero —> R°®

Propagagdo: R+0,; — RO,
RO,+PH — ROOH +R"
ROOH —— RO*+OH

l

Cisao- B
Termina(;éo: 2 R02 — produtos que ndo sdo do radical

Figura 5. Reacao padréo da fotodegradacao polimérica.

A fotodegradacéo diante do tempo de exposicao a radiagdo UV pode reduzir o
peso molecular, tornando o material mais fragil e suscetivel a fragmentacéo, ampliando a
area de superficie disponivel para reacfes posteriores [Gewert et al. 2015]. Isso é



intensificado principalmente quando esta associado com outro fator ambiental
degradativo [Song et al. 2017].

1.2.2. Salinidade como fator ambiental degradativo

A salinidade ¢ um exemplo de fator ambiental que podera influenciar na acéo
degradativa junto com a radiacédo solar [Klein et al. 2017]. De acordo com Cole et al.
[2011], os ambientes halinos dos oceanos podem favorecer o atraso da degradacao pois
podem reduzir a incidéncia solar na coluna d’agua. Cai et al. [2018] detectaram menor
degradacdo em amostras submetidas a exposi¢cdo em agua do mar simulada comparada
com as de agua doce. Entretanto, da Costa et al. [2018] detectaram uma susceptibilidade
maior a degradacdo nos microplasticos submetidos ao ambiente salino. Fica, portanto,
evidente que a real influéncia da salinidade no processo de fotodegradagéo torna-se um
questionamento com necessidade de elucidacfes por, também, diversos experimentos

utilizarem diferentes dosagens de radiacdo UV.

1.3. Tipos de polimeros plésticos e sua relacdo com a degradacao

Polimeros sdo longas cadeias moleculares organicas que ocorrem naturalmente no
ambiente ou podem ser sintetizadas [UNEP 2016]. Sdo formados por unidades menores
denominadas mondmeros e, em funcdo da sua arquitetura, possuem alto peso molecular
[Kershaw & Rochman 2015, UNEP 2016]. Quando sé&o formados por mondémeros
idénticos sdo nomeados como homopolimeros e, se diferentes, sdo copolimeros [Kershaw
& Rochman 2015].

Os polimeros possuem caracteristicas particulares que podem influenciar o
processo degradativo [de Paoli 2008] tais como propriedades fisicas e quimicas (e.g.
cristalinidade e densidade) [Lambert & Wagner 2018], além da presenca de aditivos na
sua composicdo [Critchell & Lambrechts 2016] que variam em tipo e quantidade
[Lambert & Wagner 2018].

De acordo com a cinética de degradacdo, os polimeros s&o classificados como
ligacdo carbono-carbono (C-C) e heteroatomos na cadeia principal [Gewert et al. 2015].
Os polimeros C-C séo, no geral, menos estaveis a degradacdo, principalmente a foto-
oxidacdo, porém sdo muito resistentes a hidrolise. Os que possuem um heterodtomo na
cadeia principal, apresentam alta estabilidade termal e suscetibilidade a clivagem
hidrolitica [Gewert et al. 2015]. Além desses grupos poliméricos, ha os copolimeros, ou



seja, polimeros formados por mais de um tipo de monémero, que dependendo da
composicao, pode gerar alta resisténcia degradativa (lldefonso, 2007).

1.3.1. Polipropileno (PP)

O polipropileno (PP) é amplamente aplicado, principalmente no setor de
manufatura de embalagens do setor alimenticio [Gewert et al. 2015] e,
consequentemente, € comumente descartado incorretamente em diversos ambientes
[Halle et al. 2017, Anderson et al. 2015, Hidalgo- Ruz et al. 2012, Moret-Ferguson et al.
2010, Rios et al. 2007].

Quanto a sua cinética de degradacéo, é pertencente ao grupo de ligacdo carbono-
carbono [Gewert et al. 2015]. Por apresentar um carbono terciario e um radical alquila
(Fig. 6), apresenta menor estabilidade diante dos fatores abioticos [Klein et al. 2017,

Gewert et al. 2015], principalmente da radiagdo UV e oxigénio (foto-oxidagédo) [Booth et

al. 2017].
i
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Figura 6. Estrutura quimica do polipropileno.

1.3.2. Poliestireno (PS)

Além de ser o pioneiro dos termoplasticos [Montenegro & Serfaty 2002], o
poliestireno € um dos plasticos mais utilizados ao redor do mundo. Comercialmente, é
vendido em 3 formas: cristal ou standard (como copos plasticos), poliestireno de alto
impacto (aplicacdes na engenharia) e poliestireno expandido (conhecido como Isopor;
aplicado em embalagens de uso Unico) [Montenegro & Safety 2002]. Por ser descartado
incorretamente, os materiais derivados desse polimero sdo comumente encontrados nos
oceanos em tamanho micro ou nano [Ribeiro 2017].

Na cinética de degradacdo, é considerado pertencente ao grupo de ligacdo
carbono-carbono (Fig. 7) [Gewert et al. 2015]. Por ser muito suscetivel ao intemperismo
ambiental [Gewert et al. 2015], principalmente a termo-oxidacdo [Booth et al. 2017],
aditivos especificos (estabilizadores UV e antioxidantes) séo incorporados para garantir

propriedades fisicas que atendam a demanda do material [Kiatkamjornwong et al. 1999].
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Figura 7. Estrutura quimica do poliestireno.
1.3.3. Etileno acetato de vinila (EVA)
O etileno acetato de vinila (EVA) € um copolimero do mondmero apolar de etileno
e mondmero polar acetato de vinila (Fig. 8) [Gregorova et al. 2017]. Apesar de depender
da massa molecular e do teor de acetato de vinila [Bhowmick & Stephens 1988], suas
propriedades podem torna-lo altamente resistente a quase todos os tipos de degradacao
[lldefonso 2007], principalmente aos resultantes da radiacdo UV [Oliveira et al. 2018]. E
amplamente utilizado nas industrias de construcdo civil [lIldefonso 2007], elétricas

[Oliveira et al. 2018] e, por ser um material extremamente elastico [Gregorova et al.

2017], é sintetizado como borracha para aplicages no setor calcadista [Ildefonso 2007].
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Figura 8. Estrutura quimica do etileno acetato de vinila.
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2. Objetivos

2.1. Objetivo geral
. Investigar a influéncia da variagdo de radiacdo ultravioleta (UV), da
salinidade e do tipo de polimero no processo fotodegradativo em

microplasticos.

2.2. Objetivos especificos
. Determinar a ocorréncia de alteracdes das propriedades fisico-quimicas
dos microplasticos em funcao do tempo de exposicao a radiacdo UV;
. Investigar a influéncia do tipo de polimero (PP, PS e EVA) no processo

fotodegradativo dos micropléasticos;

. Avaliar a interferéncia da salinidade no processo de fotodegradacao
polimérica;
. Relacionar as doses de radiagdo UV laboratoriais com as ambientais por

meio de equivaléncias do indice de radiacdo UV (UVI).
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3.1. Etapa experimental

3.1.1. Exposicdo dos microplasticos a radiacdo UV e interacdo com a salinidade

A partir de produtos plasticos comercialmente disponiveis (copos de
polipropileno- PP e poliestireno- PS e folhas de etileno acetato de vinila- EVA), corpos
de prova de 2 mm de didametro foram manufaturados em laboratério usando um cortador

(Fig. 9), sendo esses denominados no presente trabalho como microplasticos (MPs).

PP
PS A —‘ :

Cortador Microplasticos
EVA manufaturados

Figura 9. Manufatura dos microplasticos para o experimento. Com o uso do cortador, foram
geradas particulas de 2 mm de diametro.

Em um béquer de 5 L, os MPs manufaturados foram submersos a dois
tratamentos: (i) controle: agua destilada esterilizada (salinidade 0) e (ii) &gua do mar
reconstituida: agua esterilizada acrescida de sal marinho artificial (marca Veromar) até
alcancar a salinidade 35. A salinidade foi aferida com o refratdmetro Kasvi. Com o auxilio
de um agitador magnético, as amostras permaneceram em movimento dentro d’agua com
0 intuito de permanecerem submersas e expostas a radiacdo em todas as faces (Fig. 10).
O teste de exposicdo de plasticos a radiacdo UV foi realizado de acordo com a normativa
ASTM-D6954 [2018].

A exposicdo dos MPs a radiacdo UV se deu a partir de uma lampada de vapor de
mercurio policromatica (200 a 700 nm) de média pressdo (400W), a 21 cm de distancia
do béquer, acoplada a um refletor elipsoidal que permite a focalizagdo da radiacéo para
um ponto com maior dose de radiacdo. A dose de radiacéo foi aferida a partir do seu foco
méaximo de acordo com o método da actinometria quimica, descrito por Hatchard &
Parker [1956]. Os tempos de exposicao a radiacdo emitida pela ldmpada foram 2, 8 e 30

horas de exposicéo, sendo nomeadas, respectivamente, como Dose A, Dose B e Dose C.
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Os MPs que ndo foram expostos a radiacdo UV foram denominados virgens e 0s que além
da radiacdo UV expuseram-se a salinidade 35, foram nomeados como Dose D (Fig. 10).

Dose A Dose B
Agua 2 horas 8 horas
destilada
Dose C
30 horas

Y AQ"“ do [ Dose D ]

L B

mar 8 horas + salinidade 35
artificial

Exposigdo a lampada UV

Figura 10. Diagrama do processo experimental, explicitando as condigbes aplicadas em cada
tratamento.

Ap0s a realizacdo dos experimentos de exposi¢do, os MPs foram colocados em
placas de Petri devidamente etiquetadas e armazenados na estufa a 40 °C até completa

secagem, ou seja, 0 ponto de estabilizacdo da pesagem das amostras.

3.2. Caracterizacao da degradacéao polimérica
3.2.1. Analise termogravimétrica (TGA)

Para verificar o monitoramento da perda ou agregacdo da massa das amostras em
funcdo da temperatura, foi empregada a analise termogravimétrica [Machado et al. 2017].
A variacdo da massa amostral ocorreu devido as mudancas na estabilidade térmica,
consequéncia da degradacdo térmica polimérica [Majewsky et al. 2016].

O modelo do analisador termogravimétrico utilizado nessa etapa foi TGA-50-
Shimadzu (Fig. 11). As faixas de temperatura adotadas para os microplasticos (MPs) a
base de polipropileno (PP), de poliestireno (PS) e de etileno acetato de vinila (EVA),
respectivamente, foram 20 a 800 °C [Majewsky et al. 2016], 25 a 700 °C [Moraes et al.
2014] e 50 a 600 °C [Jin et al. 2010]. Quanto as rampas de aquecimento, para todos 0s
polimeros foi determinado o valor igual a 20 °C/min em atmosfera de nitrogénio. Na
analise, foram determinados 0s seguintes eventos termicos: temperatura de inicio de
perda de massa (Ti); temperatura de velocidade maxima de perda de massa (Tmax) € a
diferenga entre Ti e Tmax (4T), indicador da cinética de perda de massa. Os dados obtidos
nessa analise foram entdo plotados por meio do programa OriginLab para se verificar a

perda de massa em relacdo & temperatura.
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Figura 11. Analisador termogravimétrico TGA-50-Shimadzu.

3.2.2. Calorimetria diferencial de varredura (DSC)

Em conjunto com a andlise termogravimétrica (TGA), o DSC foi empregado para
identificar mudancas de fase que, consequentemente, refletem na variacdo de massa
amostral. Por meio desta analise foi verificado o fluxo de energia associado a transi¢des
nos materiais em funcdo da temperatura [Kreutz 2019, Machado et al. 2017]. Trata-se de
um método importante para determinar zonas de transicdes e reacGes dos polimeros,
permitindo mensurar temperatura da transicdo vitrea, temperatura de cristalizacdo,
temperatura de fusdo dos cristais e temperaturas a respeito de outras reacbes como
oxidacéo e degradacéo [Ghosh 2002].

Usando um calorimetro de varredura diferencial DSC-60- Shimadzu (Fig. 12),
cada um dos MPs a base dos polimeros PP, PS e EVA foram submetidos a faixa de

temperatura de 25 até 400 °C, com rampa de aquecimento de 10 °C/min.

Figura 12. Calorimetro diferencial de varredura DSC-60-Shimadzu.

Apo6s a obtencdo desses dados, foram calculadas as mudancas do grau de
cristalinidade (Xc), ou seja, a porcentagem de presenca de cristais no polimero (Eq. 2),
utilizando a equacdo descrita por Lee et al. [1995]. O processo de célculo foi realizado

por meio do programa OriginLab.
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— il i
Xe = AH,100% 100 (2)

sendo AHm a entalpia de fusdo do polimero e AHW100% a entalpia tedrica de fusdo
do polimero 100% cristalino. O valor adotado de AHm100% para os MPs de EVA foi 0
do polietileno 100% cristalino (AHm100% = 293 J.g%) [Valentim et al. 2014]. Para o PP,
foi considerado o AHW100% igual a 209 J.g* [Canevarolo 2002]. Por ser um polimero

100% amorfo, ndo foi possivel a aplicabilidade desta equacdo para o PS [Borelly 2002].

3.2.3. Variacéao de perda de massa

As amostras foram mantidas em estufa a 40 °C até a estabilizacdo da massa
durante a pesagem. Foram pesadas 3 particulas de cada tratamento por 3 vezes antes e
depois de serem expostas a radiagdo UV em diferentes tempos em uma balanca de
preciséo (Fig. 13). O percentual de variagdo de perda de massa (4m%) foi calculado

utilizando a equacédo a seguir, descrita por Chaudhary & Vijayakumar [2019]:

am,, = 7271 1100
: m

0 ©)
sendo m, a massa inicial do corpo de prova antes de ser fotodegradado e ms a

massa ap0s a degradacao.

, H

Figura 13. Balanca analitica de preciséo.

3.2.4. Analise estrutural a partir da visualizacdo por Microscopio Eletronico de
Varredura

Para visualizar os efeitos degradativos na superficie dos microplasticos (MPs), a
Microscopia Eletronica de Varredura (MEV) foi empregada. Esta técnica possibilita
verificar mudancas fisicas dos polimeros, como mudancas de topografia e formacao de
rachaduras [Kreutz 2019]. O modelo do equipamento utilizado para obtencdo das
imagens foi JSM-6610, JEOL, Peabody, USA (Fig. 14).
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Figura 14. Microscoépio Eletronico de Varredura modelo JEOL JSM-6610.

Previamente a obtencao das imagens dos elétrons secundarios, as amostras foram
pulverizadas com ouro. A diferenca de potencial elétrico de aceleracdo de feixe de
elétrons utilizados foi 20 kV, com magnificacdo de 1000 vezes. As superficies dos MPs
analisados foram investigadas quanto a mudangcas de textura como buracos, descamacdes,

ranhuras e rachaduras.

3.3. Aproximagdes de equivaléncia ambiental com relacdo a dose de radiacdo
ultravioleta

A partir dos dados de actnometria quimica e do espectro de emissdo da lampada,
o indice ultravioleta (UVI) foi calculado de acordo a férmula descrita por McKinlay &
Diffey [1987], encontrando-se um valor de UVI igual a 205. A fim de comparar a
degradacdo simulada em laboratério (Tab. 1) com a possivel ocorrente em diferentes
latitudes, dados de distribuicdo diéria do indice UV de diversas partes do mundo foram
adquiridos na plataforma Thopospheric Emission Monitoring Internet Service (TEMIS),

que possibilitaram gerar dados de UVI total dos locais escolhidos.

Tabela 1. Radiacéo UV total recebida em 2 (Dose A), 8 (Dose B) e 30 horas (Dose C).

Dose Tempo (S) Dose total
A 7200 147600
B 28800 5904000
C 108000 22140000

Os dias escolhidos para obtencdo do UVI diario foram 21/06/2020 e 21/12/2020
por serem os solsticios de inverno e verdo, no Hemisfério Sul e verdo e inverno, no
Hemisfério Norte, respectivamente. O solsticio de inverno € o dia mais curto do ano e

quando o Sol esta menos elevado ao meio-dia. Por outro lado, no solsticio de verdo, o dia
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tem a maior duracdo do ano, além do Sol passar perto do zénite, alcangando os maiores
valores anuais de indice UV ao meio-dia [Correa, 2015]. Para obtencdo dos valores de
distribuicdo, a partir dos dados de UVI maximos e do horario de nascer e pbr-do-sol,
foram extrapoladas curvas gaussianas utilizando o programa OriginLab 8.0. Por meio da
integracdo das curvas geradas foi possivel obter o UVI total do dia em cada uma das

localidades escolhidas (Fig. 15).
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Figura 15. Distribuicdo diaria (em segundos) do indice UV ao longo dos dias 21/06/2020 e
21/12/2020 (Fonte: Thopospheric Emission Monitoring Internet Service - TEMIS).

3.4. Andlise estatistica

Apds a obtencdo dos dados da analise de perda de massa, o teste de Shapiro-Wilk
foi utilizado a fim de detectar se a distribuicdo era normal (considerando p = 0,05). A
depender do resultado, diferentes testes foram aplicados com o objetivo de detectar a
existéncia ou ndo de diferencas significativas entre os tratamentos, sendo estes: teste
ANOVA two-way e, a posteriori, o teste Tukey ou teste T (p = 0,05). As analises foram

realizadas no programa Graph Pad Prism 8.
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Capitulo IV:

Artigo cientifico

P ara a obtencao do titulo de Mestre pelo Programa de Pés-Graduagao em
Oceanologia, € requerido que o discente realize a submissédo de pelo
menos um artigo cientifico como primeiro autor em periddico com corpo
indexado. Desse modo, os resultados da pesquisa desenvolvida durante o
periodo de mestrado e a discussao dos resultados serdo apresentados em forma
de artigo neste Capitulo. O manuscrito de autoria de Luana Freire da Silva,
Sanye Soroldoni, Felipe Kessler e Grasiela Lopes Ledes Pinho é intitulado
Influence of UV index and salinity on microplastic degradation e foi

submetido para publicacéo no periddico Marine Pollution Bulletin.
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1. Introduction

The contamination of marine and coastal environments by the generation and
improper disposal of solid waste is a severe global issue (Galgani et al., 2015). According
to the Alfred Wegener Institute (2021), 62.35% of the materials improperly discarded in
marine environments are composed of plastics. These items can accumulate on the water
surface, being transported by winds and currents over long distances.Moreover, they can
sink into the water column, reach the ocean floor, and be deposited on sediment layers
(Clark et al., 2016).

Overall, plastics are petroleum-derived synthetic polymers (Galgani et al., 2015).
Polypropylene (PP) and polystyrene (PS) are plastics extensively used, particularly by
the food packaging sector (Gewert et al., 2015). In addition, ethylene-vinyl acetate (EVA)
is extensively used in the construction and footwear industries (Ildefonso, 2007). Plastics
larger or smaller than 5 mm are classified as macro- or microplastics (MPs), respectively
(Kedzierski et al., 2018). MPs are further classified into primary or secondary types
(Barnes et al., 2009). Primary MPs are less than 5 mm in size and are industrially
produced, such as microgranules used in cosmetics and plastic production beads
("pellets™) used to manufacturr other utensils. They can enter in aquatic environment
during manufacturing, via accidental disposal, transportation, and utilisation (Quero and
Luna, 2017). Secondary MPs result from the degradation and fragmentation of
macroplastics, caused during their utilisation or by abiotic and biotic environmental

factors that reduce the structural integrity of these materials (Quero and Luna, 2017). MPs
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can persist in the aquatic environment for tens to hundreds of years, representing a
significant threat to these ecosystems (Browne et al., 2007).

The process of degradation, from the perspective of polymer chemistry, is defined
as a destructive change in the chemical structure, physical properties, or the appearance
of a polymer, which can result in the chemical breakdown of the macromolecules that
constitute a polymeric material, regardless of the breakdown mechanism of the chains
(ASTM D883, 2012). Noteworthy changes in polymers' physical and chemical properties
include alterations in the surface (cracks and grooves), molecular weight and thermal
properties, and modification of characteristics such as crystallinity (Zhou et al., 2018).
Degradation can occur through different abiotic and biotic pathways, consecutively or
simultaneously (Andrady, 2015).

Solar radiation is considered the predominant factor in polymeric degradation in
aquatic environments, specifically photodegradation (Andrady, 2011). In this process,
polymers absorb the high-energy wavelengths of the ultraviolet (UV) spectrum and
undergo photolytic, photo-oxidative, and thermo-oxidative reactions, including the
oxidation of the polymer matrix, which ruptures the chemical bonds and forms new
functional groups (Andrady, 2011, Barnes et al., 2009, Moore, 2008; Browne et al., 2007).
Furthermore, the duration of exposure to UV radiation can intensify polymer
fragmentation, especially in the presence of other environmental factors (Song et al.,
2017).

Salinity is an environmental factor that can influence the process of degradation
along with solar radiation (Klein et al., 2018). Haline ocean environments are known to
assist in delaying degradation by reducing solar incidence in the water column (Cole et
al., 2011). Cai et al. (2018) detected less degradation in samples immersed in simulated
seawater than freshwater. However, Costa et al. (2018) detected a greater susceptibility
to degradation in MPs exposed in saline environments. Therefore, it is necessary to clarify
the influence of salinity in the process of photodegradation.

In addition to environmental conditions, factors linked to polymers estructure e
composition may influence the process of degradation (de Paoli, 2008). The different
physical and chemical properties of polymers and additives that are added to plastic
materials are relevant in this regard (Critchell and Lambrechts, 2016). Furthermore,
polymers are classified as those containing carbon-carbon (C-C) bonds and heteroatoms
in the main chain, according to degradation kinetics (Gewert et al., 2015). CC-bonded

polymers, such as PP and PS, are typically more susceptible to degradation, especially
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photo-oxidation; however, these polymers are highly resistant to hydrolysis. In addition
to these polymeric groups, copolymers such as EVA, polymers formed by more than one
type of monomer, occasionally exhibit high resistance to degradation (lldefonso, 2007).
Therefore, the role of the polymeric composition of plastic products during
photodegradation requires further clarification, considering that certain commercial
materials exhibit different degradative behaviour than that exhibited by their component
polymers in previous studies (de Paoli, 2008).

Predominantly, studies seeking to investigate accelerated polymeric
photodegradation under laboratory conditions (Cai et al., 2018; Lv et al., 2015) did not
consider the dynamics of environmental solar radiation and adopt generalised measures
for UV radiation exposure of MPs via UV lamps. Furthermore, other variables, such as
humidity and air pollution, simultaneously influence the degradation rates (Neale et al.,
2021). Therefore, the present study aimed to investigate the alterations induced by
photodegradation on MPs exposed to different doses of UV radiation under two salinity

regimes.

2. Methods
2.1. Experimetal desing

Circular test specimens measuring 2 mm in diameter were prepared in laboratory
using commercially available cups (PP and PS) and sheets (EVA). MPs were exposed in
two solutions using 5-L beakers: (i) a control solution with sterilised distilled water
(salinity 0) and (ii) reconstituted seawater containing distilled water and artificial sea salt,
which was added to achieve salinity 35. During the experiment, the samples were kept
moving and submerged, into the beackers, using a a magnetic stirrer. This approach was
adopted seeking to ensure a uniform exposure to radiation. The experiments followed
the ASTM-D6954 protocol (2018).

The submerged MPs were exposed to UV radiation emitted by a medium-pressure
(400 W) polychromatic mercury vapour source (200-700 nm) coupled to an ellipsoidal
reflector that assisted in focusing the radiation to a point with a high dose of radiation.
The radiation dose emmited was measured from its maximum focus by chemical
actinometry, as described by Hatchard and Parker (1956). Three irradiation times were
used (2, 8, and 30 h), denoted as dose A, dose B, and dose C, respectively. MPs that were
not exposed to UV radiation were denoted as virgin samples, while a UV dosing for 8 h

at a salinity of 35 was denoted as D.
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2.2. Characterisation of MP degradation
2.2.1. Thermogravimetric analysis (TGA)

A TGA-50 (Shimadzu) thermogravimetric analyser was used in this step. The
temperature ranges adopted for the MPs based on PP, PS, and EVA were 20-800 °C
(Majewsky et al., 2016); 25-700 °C (Moraes et al., 2014), and 50-600 °C (Jin et al.,
2010), respectively. Heating ramps of 20 °C/min were used for all investigated samples
under a nitrogen atmosphere. The following thermal characteristics were determined in
this analysis: mass loss onset temperature (Ti), maximum mass loss velocity temperature
(Tmax), and the difference between Ti and Tmax, Which was used as an indicator of mass
loss kinetics. The OriginLab software was used to graph these data for verifying the loss

of mass in relation to temperature.

2.2.2. Differential scanning calorimetry (DSC)

The MPs based on different polymers (PP, EPS, and EVA) were exposed to
temperatures between 25 and 400 °C, with a heating ramp of 10 °C/min, performed in a
differential scanning calorimeter (DSC-60 — Shimadzu). The degree of crystallinity (Xc),
that is, the percentage of the presence of crystals in the polymer (Equation 1), was
estimated using these data. The calculation was performed using the OriginLab software

based on the following equation described by Lee et al. (1995):

Xe = 2H, 1005 100 (1)

Where AHn is the enthalpy of fusion of the polymer, and 4Hm100% is the theoretical
enthalpy of fusion of the 100% crystalline polymer. The AHnw100% of the EVA MPs was
adopted from that of 100% crystalline polyethylene (293 J-g™%) (Valentim et al., 2014)
and a value of 209 J-g *was employed for PP (Canevarolo, 2002). Once PS is considered
a 100% amorphous polymer, Equation 1 could not be applied (Borelly, 2002).

2.2.3. Variation in mass loss

The samples were placed in an oven at 40 °C until stabilisation of the mass during
weighing. Three MPs of each sample were weighed three times before and after exposure
to UV radiation at different times on a precision balance. The percentage of variation in
mass loss (Am%) was calculated using the following equation described by Chaudhary
and Vijayakumar (2019):
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Where mo and ms represent the initial mass of the specimen before photodegradation and

the mass after degradation, respectively.

2.2.4. Structural analysis via scanning electron microscopy

The JSM-6610 (JEOL, Peabody, USA) equipment was used to obtain scanning
electron microscopy (SEM) images. The samples were coated with a gold spray before
the secondary electron images were obtained. The electrical potential difference of
electron beam acceleration was set to 20 kV, and a magnification of up to 1,000 times
was used. The surfaces of the analysed MPs were investigated for changes in texture,

such as holes, peeling, grooves, and cracks.

2.3. Environmental equivalence approximations based on UV dosing

The chemical actinometry data and lamp emission spectrum were used to obtain
the ultraviolet index (UV1), according to calculations based on an equation described by
McKinlay and Diffey (1987); a UVI value of 205 was obtained. The laboratory-simulated
degradation was compared with possible degradations at different latitudes using UVI
values from daily distribution data from different parts of the world; these were acquired
from the Tropospheric Emission Monitoring Internet Service (TEMIS) platform, which
provides total UVI data from selected locations (Table 3). The days selected to obtain the
daily UVI values were 06/21/2020 and 12/21/2020. They correspond to the winter and
summer solstices in the Southern Hemisphere and summer and winter in the Northern
Hemisphere. The winter solstice is the shortest day of the year, and the Sun is at its lowest
elevation at midday. On the other hand, the summer solstice represents the day with the
longest duration, and the Sun passes close to the zenith, thereby reaching the highest
annual UVI values at midday (Correa, 2015). Gaussian curves were extrapolated using
the OriginLab 8.0 program to obtain the distribution values from the maximum UV1 data
and the sunrise and sunset times. The total UV for a particular day in each of the selected

locations was obtained via integration of the generated curves.

2.4. Statistical analysis
The Shapiro-Wilk test was used to obtain distributions of the mass percentage

data, considering p equal to 0.05. Subsequently, the two-way ANOVA test and then Tukey
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test were performed (p = 0.05) for the normal data. The t-test (p = 0.05) was used for the
non-normal data to detect the significant differences between treatments. Analyses were

performed using the GraphPad Prism 8 software.

3. Results
3.1. Thermogravimetric analysis (TGA)

The thermograms obtained from the MPs based on the different polymers are
shown in Figure 1, in relation to the different exposure times (0, 2, 8, and 30 h) under UV
radiation, with the samples being submerged in the control medium (distilled water;
salinity 0). Samples subjected to the seawater treatment were not analysed by TGA. The

data of the thermal characteristics obtained from these thermograms are listed in Table 1.
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Figure 1. Thermograms showing the percentage of mass loss of polypropylene (PP),
polystyrene (PS), and ethylene-vinyl acetate (EVA) polymers with increasing
temperatures under a nitrogen atmosphere obtained at different periods of exposure to
degradation with a heating ramp rate of 20 °C/min. The coloured lines represents
exposure time of UV radiation; the black, red, blue, and green profiles correspond to the

virgin sample (no exposure), dose A (2 h), dose B (8 h), and dose C (30 h).
In the Figure 1a, the decreasing resistance of the PP-based MP samples with

increasing temperatures was showed leading to decreasing in Ti values (Table 4). In

addition, a reduction in Tmax is 0bserved with increasing exposure to UV radiation (Table
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4). The AT values also decrease with increasing radiation dosing for PP (Table 1). In the
thermal behaviour of MPs based on PS, as shown in Figure 1.b, the thermal changes
appear to be more evident in samples with longer exposure times (Table 1). However,
these thermal behaviour was not similar to PP-MPs because the Ti values are higher,
thereby demonstrating more resistance to thermal transformation.

The thermal characteristics of MPs based on EVA are shown in Figure 1.c, where the
values of both Ti and Tmax appear to increase. Apparently, the polymer becomes more
resistant to heating with increasing exposure to UV radiation. Consequently, this
behaviour is also repeated in the values of AT throughout the increase in radiation dosing.
Comparing the thermograms (Figure 1) obtained, it was seen that EVA-based MPs exhibit
relatively low initial degradation temperatures due to their increased resistance to
degradation. PS-based MPs also exhibit high values of Ti. However, their
thermodegradation behaviour is more evident than those of PP-based MPs, especially at
dose B. Among the polymers tested, those prepared using PP exhibit the highest thermal
stability.

Table 1. Temperatures corresponding to thermal events in the thermograms of MPs based
on PP, PS, and EVA with varying treatments (virgin - no exposure, A - 2 h, B - 8 h, and
C - 30 h of exposure to UV radiation).

Sample Ti (°C)* Tmax (°C)** AT (°C)***
PP-virgin 315.2 336.2 21
PP-A 308 325.9 17.9
PP-B 251.7 268.4 16.7
PP-C 255 260.9 5.9
PS-virgin 314.2 358.7 44.5
PS-A 259.4 275.5 16.1
PS-B 302.1 307.8 5.7
PS-C 309.8 317.7 7.9
EVA-virgin 218.9 266.7 47.8
EVA-A 258 298.7 40.7
EVA-B 355 391.9 36.9
EVA-C 413.5 432.7 19.2

*Initial mass loss temperature (onset of thermal degradation);

**Maximum mass loss velocity temperature;
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*** Difference between the maximum and initial mass loss velocity temperatures.

3.2. Differential scanning calorimetry (DSC)

Figure 2 shows the thermal processes occurring in the polymers tested via UV
treatments at different dosages. The crystalline melting temperature (Tm), melting
enthalpy (4Hm), and crystallinity percentage (Xc) can be obtained using the DSC data and
are listed in Table 2. Significant thermal events could not be observed in PS-MPs, which
exhibit amorphous behaviour (Borelly, 2002); therefore, the PS data could not be used to
detect possible changes in the X..

The thermograms of the MPs based on PP (Figure 2.a) and EVA (Figure 2.b) can
be used to verify possible changes in the enthalpy of fusion curves (endothermic peaks).
Changes in the temperatures representing the enthalpy of fusion (Tm) are noticeable when
the MPs exposed to UV radiation were compared to the virgin samples (Table 2). The X
values of the UV-treated PP-MPs are noted to be higher than that of the virgin PP sample
(Table 5), especially the sample exposed to UV radiation for 2 h (PP-A). The exposure
of EVA MPs to UV radiation results in higher Tm values for all treatments compared to
that of the virgin sample (Table 2). In addition, the 2-h and 30-h UV-treated EVA samples
(EVA-A and EVA-C) exhibit a decrease in crystallinity as the radiation dose increases
(Table 2).

Comparing the effects of MPs from control treatments (distilled water) (B
samples) and reconstituted seawater (D samples), both of which involve UV exposure for
8 h, the saline environment increased the X. of PP-MPs. It is observed to decrease the X
for EVA-MPs.
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Figure 2. Differential scanning calorimetry (DSC) curves of MPs based on EVA, PP, and
PS exposed to different radiation times. The black, red, blue, and green profiles represent
MPs exposed in the control treatmets (distilled water): virgin sample (no exposure), A (2
h), B (8 h), and C (30 h). The pink profiles represent the ‘D' MP samples (8 h of exposure

to UV radiation in reconstituted seawater, salinity = 35).

Table 2. Melting enthalpy temperature (Tm), melting enthalpy (4Hm), and degree of
crystallinity (Xc) of MPs based on EVA and PP with varying UV exposure times in
distilled water (virgin, A-2 h, B -8 h, and C - 30 h) and in reconstituted seawater (D -
8 h at a salinity of 35).

Sample Tm (°C) AHnm Xc (%)
EVA-virgin 89.1 6,7 2.3
EVA-A 107.9 4.4 1.5
EVA-B 92.7 13.6 4.6
EVA-C 106.2 5.3 1.8
EVA-D 109 7.1 2.4
PP-virgin 151.3 36.8 18.1
PP-A 164.1 63 30.1
PP-B 158 45.4 22.4
PP-C 166.5 57.2 28.2
PP-D 151.8 78.4 38.2

3.3. Variation in mass loss

Figure 3 shows the percentage of mass loss in each of the treatments. The MPs
exhibit a significant decrease in mass (p = 0.0013) compared to virgin samples with UV
exposure times of 2, 8, and 30 h (doses A, B, and C, respectively). Concerning the
influence of salinity, the MPs based on PP, PS, and EVA exposed for 8 h to UV radiation
at a salinity 35 (dose D) did not present significant differences (p = 0.38788) compared
to those exposed for 8 h in the control (treatment B). However, considering the type of
polymer, a significant decrease was observed for PS and EVA compared to PP at doses
A (p = 0.075; p = 0.002), B (p = 0.0091; p = 0.006), and C (p < 0.0001; p = 0.0126),
except for the treatment in saline water (dose D) (p = 0.9862; p = 0.0745).
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Figure 3. Variation in the percentage of mass loss, with standard variations, after UV
radiation exposure at different doses. In Figure a, the treatments carried out in distilled
water are shown (virgin-0h, A-2h, B -8h, and C - 30 h), with the blue, red, and green
profiles representing the polymers based on PP, PS, and EVA, respectively. In Figure b,
the treatments in distilled water for 8 h (distilled water - dose B; no salt) and in
reconstituted seawater (D - 8 h at a salinity of 35) are compared. For each sample, three

MPs were weighed three times.

3.4. Structural analysis via scanning electron microscopy
The SEM images of the MP samples subjected only to the control treatment

showed different textural changes such as holes (Figure 4.b), flaking (Figure 4.h), grooves
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(Figure 4.J) and cracks (Figure 4.1). Samples subjected to the saline environment were
not examined via SEM.

The virgin MPs of PS and PP (Figure 4.a and 4.i, respectively) presented a
relatively homogeneous surface. The virgin EVA MPs (Figure 4.e) showed few
deformations in the evaluated areas. However, textural changes were visible in all the
MPs exposed to UV radiation compared to the virgin samples.

Cracks and grooves are primarily visible in the PP-MPs, and seem to appear after
2 h of exposure to UV radiation (Figure 4.j); these changes are more visible in samples
subjected to 30 h of radiation (Figure 4.1), indicating an increase in the chemical
weathering of this polymer over time. This tendency was also verified owing to the

presence of holes in the surfaces (Figure 4.h).

Figure 4. Images obtained by scanning electron microscopy of the surfaces of MPs
composed of PS (a, b, ¢, and d), EVA (e, f, g, and h), and PP (i, j, k, and I) with varying
durations of exposure to UV radiation. Images a, e, and i represent the virgin MPs;
images b, f, and j represent 2-h-exposed samples, c, g, and k represent 8-h-exposed
samples, and d, h, and | represent 30-h-exposed samples.

3.5. Environmental equivalence approximations concerning the UV dose

Seeking to approximate the natural environmental conditions equivalence in
relation to the weathering test employed under laboratory conditions, various global cities
were selected, and their geographic coordinates, sunrise and sunset times, and maximum

and total UVI values were considered; these data are listed in Table 3.
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Table 3. Total and maximum ultraviolet index (UVI) on 06/21/2020 and 12/21/2020 in
different cities, with their respective sunrise and sunset times (Data source: Tropospheric

Emission Monitoring Internet Service (TEMIS and Time and Date).

Day City, Latitude Longitude Sunrise Sunset Maximum Total
(yyyy/mm/dd) country (hh:mm) (hh:mm)  UVI uvi

Buenos
2020/06/21  Aires, -34.58 -58.48 08:00 17:50 2,218 33741.6

Argentina

Buenos
2020/12/21  Aires, -34.58 -58.48 05:37 20:06 12,121 270303.4

Argentina

Darwin,
2020/06/21 ) -12.43 130.89 07:06 18:30 7,731 132362.3

Australia

rwin,
2020/12/21 _ -12.43 130.89 06:18 19:10 14,666 253363.8

Australia

Punta
2020/06/21 Arenas, -53 -70.9 09:59 17:31 0.276 3288.9

Chile

Punta
2020/12/21 Arenas, -53 -70.9 05:12 22:11 8,233 195224

Chile

Panamaribo,
2020/06/21 ) 5.75 -55.2 06:28 18:56 12,025 198635.6

Suriname

Panamaribo,
2020/12/21 ) 5.75 -55.2 06:45 18:32 11,116 181294.6

Suriname

Sao Paulo,
2020/06/21 _ -23.55 -46.64 06:47 17:28 5,060 78319.7

Brazil

Séo Paulo,
2020/12/21 ) -23.55 -46.64 05:17 18:52 15,007 335866.2

Brazil

Montreal,
2020/06/21 45 .47 -73.75 05:05 20:46 8,392 226461

Canada

Montreal,
2020/12/21 45.47 -73.75 07:31 16:31 1,118 16427

Canada
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The total UV values of each selected location and the dosage of the lamp used in the
experiments (Supplementary Material, Table 1) were used to evaluate the equivalence of
environmental time-of-exposure to UV radiation in relation to the total radiation received

during exposure under laboratory conditions (Table 4).

Table 4. Equivalence of environmental time-of-exposure to UV radiation at the

respective laboratory-tested UV dosages: A-2 h, B - 8 h, and C - 30 h of exposure.

Day ) Time (d)
City, country  Total UVI
(yyyy/mm/dd) dose A dose B dose C
Buenos Aires,
2020/06/21 ) 33741.6 44 175 656
Argentina
Buenos Aires,
2020/12/21 ) 270303.4 5 22 82
Argentina
2020/06/21 Darwin, Australia 132362.3 11 47 167
2020/12/21 Darwin, Australia 253363.8 6 23 87
Punta Arenas,
2020/06/21 ) 3288.9 449 1795 6732
Chile
Punta Arenas,
2020/12/21 ) 195224 7 30 113
Chile
Panamaribo,
2020/06/21 ) 198635.6 7 30 111
Suriname
Panamaribo,
2020/12/21 ) 181294.6 8 33 122
Suriname
2020/06/21 Séao Paulo, Brazil 78319.7 19 75 283
2020/12/21 Sao Paulo, Brazil 335866.2 4 16 66
2020/06/21 Montreal, Canada 226461 7 26 97
2020/12/21 Montreal, Canada 16427 90 359 1348
4. Discussion

Based on the different radiation dosages applied to the MPs, the TGA profiles of
the samples exhibit specific changes in thermal behaviour for each type of the tested

polymers. The low thermal resistance of PP-based MPs upon exposure to UV radiation is
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possibly due to their propensity to photo-oxidation, making them unstable under the
influence of environmental factors (Feldman, 2002). The degradative reaction of PPs
involves main-chain breaking reactions that form smaller chains, which, in turn, have
internal radicals that form volatile products and polymer residues when the 3 split occurs
subsequently (Castell, 2008).

EVA-based MPs exhibited an increase in their Ti and Tmax Values. indicating a
tolerance to heating process during the TGA analysis. Therefore, materials composed by
this copolymer (such as EVA sheets) are less prone to photodegradation due to their long-
term resistance to UV radiation (Feldman, 2002). However, the TGA profile of EVA-
based MPs reveals two stages of mass loss indicating degradation processes, as reported
previously. The first step starts with the degradation of the amorphous region of the
polymer, which forms acetic acid from vinyl acetate (Oliveira, 2018). The second step
corresponds to the complete splitting of the residual main chain, specifically the olefinic
part of the EVA (CC and CH bonds of polyethylene) (Oliveira, 2018; Zattera et al., 2005).

In addition to thermogravimetric behaviour, the crystallinity of PP-based MPs was
affected, which exhibits an increasing with UV exposure times compared to that of the
virgin PP sample. Similar pattern were also seen by Lv et al. (2015) using isostatic
polypropylene (iPP) blends after 180 days of environmental exposure to UV radiation.
The increased crystallinity of PP-based MPs is presumably caused by two reasons: the
first involves the straightforward degradation of the amorphous phase of the polymers
(Guo & Wang, 2019; Montagna et al., 2013), which increases the crystalline fraction.The
second involves chemi-crystallization caused by random chain scission (Guo & Wang,
2019). Chemi-crystallization can increase the polymeric crystallinity (Guo & Wang,
2019; Rouillon et al., 2016; Fayolle et al., 2008), which can be detected by the thickening
of the lamellae; this behaviour is expected in semi-crystalline polymers such as PP
(Fayolle et al., 2008).

The melting temperature of the virgin PP-based MPs (PP-virgin) and of samples
exposed to 30 h of UV radiation (PP-C) were similar to those obtained by Pires (2019),
who exposed PP to degradation tests under laboratory conditions in freshwater for 0 and
90 d, obtaining temperatures of 164.62 °C and 164.67 °C, respectively. The 90-d
environmental equivalence was approximately found for Buenos Aires city (Argentina)
and Darwin island (Australia) at the summer solstice (Table 3), indicating that similar

results could also have been found via field tests at these locations.
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Endothermic peaks appear at all UV doses in the EVA-MPs, which is probably a
consequence of the crystal fusion process that originates from the incorporation of
radicals from vinyl acetate (Oliveira, 2018). The reduced crystallinity of EVA-MPs with
UV exposure is possibly also related to the occurrence of crosslinking (Fayolle et al.,
2008), which decreases the size of lamellar crystals (Khonakdar et al., 2003). In addition,
the density of EVA decreases because it is composed by monomers, which facilitates
oxygen reactions (Guo & Wang, 2019; Ammala et al., 2011), thereby promoting
degradation and, consequently, decreasing its crystallinity (Guo & Wang, 2019; Orden et
al., 2015).

Concerning the influence of salinity in the degradative process, the Tr, values of
EVA-based MPs increases (EVA-D in Table 2) at higher radiation doses. However, its
crystallinity decreases, which is an opposite behaviour if considered PP-based MPs.
These findings were probably a consequence of the presence of inorganic ions in the
exposure medium, which may acts as oxidising catalysts, depending on the type of
material (Costa et al., 2018). In addition, the saline solutions areconsidered highly
conductive, enabling the transfer of electrons in chemical groups (Costa et al., 2018).

The chemical changes experienced by the MPs led to emergence of different
surface features. For example, the virgin PS and EVA-MPs and the PS- and EVA-MPs
exposed to UV radiation for 30 h (PS-C and EVA-C) (Figure 4.a, 4.e, 4. d 4.h,
respectively) undergo surface flaking. In addition, holes were present on the surface of
PS-MPs exposed to UV radiation for 2 h (PS-A; Figure 4.b). Such features may be a
consequence of polymeric oxidation (Montagna et al., 2013; Cooper, 2012) caused by
UV radiation, In addition, the water dissolution (chemical weathering) of these samples
during the experiments may also be responsible (Corcoran et al., 2009). The surface
changes were also reflected in the plot of the variation of mass shown in Figure 3 and
suggested weakening, forming a thinner area or layers (Cooper, 2012). A larger degree
of weathering results in a greater number of flakes being detached from the polymer,
which increases their environmental propagation (Kulshreshta, 1992). Cracks and
grooves can also lead to flaking (Cooper, 2012).

The topographic features observed in the analyzed samples were in accordance
with previous results on plastics exposed only to solar radiation and/or floating on the
surface of aquatic environments (Cai et al., 2018; Zbyszewski et al., 2014; Cooper, 2012;
Zbyszewski & Corcoran, 2011; Cooper & Corcoran, 2010; Corcoran et al., 2009).

Therefore, the degradation processes initiated by UV radiation can be considered the most
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representative degradation mechanism, especially for plastics exposed to air or deposited
on sandy surfaces such as beaches, is noteworthy (Andrady, 2011).

The variations in total UVI, as listed in Tables 3 and 4, suggested latitude and
seasons infuence on degradation processes. Thus, this factors must also be considered in
interpreting the effect of the dose of UV radiation. Using a continuous radiation source
during accelerated ageing tests in laboratories cannot be directly related to the dwell time
in the ocean using a simple average of UV radiation. Comparing the experiments
performed at doses from locations at different latitudes (Table 4) reveals that the amount
of radiation can vary up to ten times the exposure time in different locations.

Equatorial regions presenting high values of temperature, relative air humidity,
rainfall, and UVI present conditions that are highly conducive to the acceleration of
polymer degradation (Andrady et al., 2003). Paramaribo (Suriname) exemplifies this
because it does not show a high variation in its total UV1 values at both solstices, reflected
in its constant equivalence time corresponding to two of the tested doses. In addition, the
latitudes of locations such as So Paulo (Brazil), with respect to the summer solstice, can
also be focused on to verify these degrading effects once it stands out in terms of its
shorter equivalence time compared to that of other selected cities. Similarly, the latitude
in marine environments can reflect different degradation conditions for each type of
polymer that constitute MPs, once the radiation dose can be completely different.

The consequences of changes caused by degradation have been thoroughly
examined by laboratory studies with controlled durations and UV radiation doses; these
have demonstrated the ability of this process to intensify the toxicity of MPs (Bejgarn et
al., 2015; Rummel et al., 2019; Wang et al., 2020). This intensification may be related to
changes in the polymer surface due to the insertion of functional groups during
photodegradation. The presence of functional groups increases the surface hydrophilicity,
facilitating the release of additives present in plastic materials that lose affinity with the
polymer chain (Wang et al., 2020; Liu et al., 2019). Photodegradation can affect the
interaction between MPs and other contaminants present in the aquatic environment for
similar reasons, likewise increasing polarity, hydrophilicity, and charges on the MP
surface (Liu et al., 2019). Additionally, the fact that photodegradation facilitates the
biofouling process is noteworthy; this increases the interaction and even ingestion of these

particles by aquatic organisms (Harrison et al., 2011) and potentiates their toxicity.

5. Conclusion
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Environmental factors such as the time of exposure to UV radiation and salinity
were shown to influence the photodegradation of MPs. EVA-based MPs were more
resistant to thermal changes than PP-based MPs. The crystallinity of PP-MPs increased
with longer exposures to UV radiation. EVA-based MPs exhibited various new features,
including surface degradation and a more significant mass loss compared to that of PP
and PS. The exposure to UV radiation in seawater led to increase of crystallinity of PP-
MPs. Along with the tested environmental factors (dosing of UV radiation and salinity),
the geographic location can also affect the mechanisms and the rate of degradation of

MPs, which indicates the necessity of further investigations into MP degradation.
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5. Sintese de discussao e conclusao

A exposicéo a radiacédo ultravioleta (UV), em diferentes tempos, causou mudangas
nos comportamentos térmicos em todas as amostras dos polimeros testados nesse estudo.
O polipropileno (PP) foi o que mais sofreu diminuicdo de sua estabilidade térmica diante
da degradacdo provavelmente devido a sua propensdo a foto-oxidacdo, tornando-o
instavel perante as condi¢des ambientais [Feldman 2002]. Por outro lado, o etileno acetato
de vinila (EVA) se manteve estavel ao longo do processo de aguecimento, repercutindo
nos seus valores de temperatura de inico de perda de massa (Ti) e temperatura de
velocidade maxima de perda de massa (Tmax). De fato, materiais que apresentam esse
copolimero em sua composi¢cdo quimica resistem mais ao UV a longo prazo [Feldman
2002].

Quanto a cristalinidade, os MPs a base de PP obtiveram aumento dos valores dessa
propriedade de acordo com o tempo de exposicdo a UV. Duas hip6teses foram levantadas
para explicar esse comportamento: a degradacdo € predominante na fase amorfa,
aumentando a fracdo cristalina [Guo & Wang 2019; Montagna et al. 2013]; ou devido a
quimio-cristalizagdo (chemi-crystallization), causada pela cisdo de cadeias aleatorias
(random chain scission) [Guo & Wang 2019].

Em todos os tempos de exposicao a radiacdo UV, os MPs a base de EVA tiveram
diminuicdo da cristalinidade. Isso pode ser consequéncia do processo de fusdo dos
cristais, originados da incorporacgéo dos radicais derivados do acetato de vinila [Oliveira
2018], por ocorréncia do cross-linking [Fayolle et al. 2008] ou pela diminui¢do da
densidade e consequente facilitacdo de entrada do oxigénio, por causa da composi¢do
monomérica do EVA [Guo & Wang 2019, Ammala et al. 2011].

A influéncia da salinidade causou comportamentos diferentes na organizacdo dos
cristais nos MPs a base de PP e de EVA. No caso do PP, a cristalinidade foi aumentada
ao mesmo tempo em que no EVA diminuiu. A presenca de ions inorgénicos ou a elevada
conducdo de elétrons no meio salino [Costa et al. 2018] podem ser os causadores dessas
mudancgas.

Diferentes mudancas superficiais surgiram ao longo dos tempos de exposicéo,
possivelmente sendo reflexo das alteragdes quimicas. Por exemplo, o poliestireno (PS) e
0 EVA expostos por 30 h (PS-C e EVA-C) sofreram descamacéo da superficie e buracos
surgiram nos MPs a base de PS expostos por 2 h a radiacdo UV (PS-A). Essas mudancas

estdo de acordo com o encontrado na literatura em plasticos expostos ambientalmente
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somente a radiacédo solar e/ou flutuando na superficie dos ambientes aquaticos [Cai et al.
2018, Zbyszewski et al. 2014, Cooper 2012, Zbyszewski & Corcoran 2011, Cooper &
Corcoran 2010, Corcoran et al. 2009].

As mudancas superficiais sdo consequéncia da oxidacao polimérica [Montagna et
al. 2013, Cooper 2012] causada pela radiacdo UV, além da dissolucéo (intemperismo
quimico) aquosa durante os experimentos [Corcoran et al. 2009]. A descamacdo
superficial corresponde a formacédo de uma area ou camada mais fina, a qual é resultante
da fragilizacéo, rachaduras e ranhuras [Cooper 2012]. Esta aumenta de acordo com o
intemperismo, liberando escamas poliméricas para o ambiente [Kulshreshta 1992].

A descamacdo é uma das fei¢cdes que mais favorecem a perda de massa. Portanto,
se essa mudanca superficial aumenta com o intemperismo, logo, aumenta a perda de
massa. Isso foi perceptivel em todos os polimeros testados nesse estudo, principalmente
no PS. Isso pode ser efeito da perda das propriedades mecanicas, cisdo em cadeia e
reagOes cross-linking [Nagai et al. 1999].

Ao executar testes de envelhecimento acelerado, a fonte de radiacao continua ndo
deve ser diretamente relacionada com tempo de permanéncia no oceano por uma média
simples de radiagdo UV. Também é necessario considerar o efeito da latitude e das
estacOes do ano no experimento pois, a depender da localidade, a quantidade de radiacao
pode gerar variagdes de 10 vezes no tempo de exposicao.

De acordo com Khan e colaboradores [2017], os MPs que estiverem em regides
tropicais ou equatoriais irdo se degradar mais rapidamente. Esse tipo de condicao estaria
de acordo com a cidade de Panamaribo (Suriname), conforme destacado nos dados de
UVI na tabela 4 (do artigo). Estes ndo mostram alta varia¢do nos seus valores de UVI
total em ambos os solsticios, refletindo no seu tempo de equivaléncia constante em duas
das doses testadas no presente trabalho (Dose A e Dose B, Tabela 1). Portanto, em um
ambiente marinho, a latitude refletira condi¢des diferentes de degradagéo para cada tipo
polimero pelo qual os MPs sdo compostos, uma vez que a dose de radiacdo pode ser
totalmente diferente.

O processo degradativo, principalmente em ambientes marinhos, pode ter grande
capacidade de intensificar a toxicidade dos MPs [Bejgarn et al. 2015, Rummel et al. 2019,
Wang et al. 2020]. Provavelmente, isso € consequéncia das mudancas superficiais dos
polimeros que favorecem a inser¢do de grupos funcionais no processo de fotodegradacéo,
aumentando a hidrofilicidade e, posteriormente, liberando os aditivos que estejam

presentes nos plasticos [Wang et al. 2020, Liu et al. 2019]. Assim como a polaridade, a
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hidrofilicidade e as cargas na superficie do MP sdo aumentadas ao longo da
fotodegradagdo. Dessa forma, a interagéo entre os MPs e outros contaminantes presentes
no ambiente aquatico é afetada [Liu et al. 2019]. Além disso, a fotodegradacéo facilita o
processo de bioincrustacdo, favorecendo a interacdo e até mesmo ingestdo dessas
particulas por organismos aquaticos [Harrison et al. 2011], potencializando sua
toxicidade.

O potencial toxicologico que os plasticos podem apresentar é preocupante pois a
disponibilidade de entrada de residuos plasticos ao oceano podera aumentar em uma
ordem de grandeza entre 2015 e 2025 [Jambeck et al. 2015]. Por isso, estudos a respeito
do processo de degradacdo de plasticos, fragmentacdo, crescimento de biofilme e
processos de sedimentacdo sdo cruciais para o conhecimento dos ultimos fatos e efeitos
dos plasticos, no quesito de distribuicdo, persisténcia, ingestdo, transferéncia tréfica,

efeitos adversos e toxicidade [Jahnke et al. 2017].
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