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Resumo

As nanoparticulas atmosféricas podem causar diversos efeitos a saude ja que durante a
inalacdo podem penetrar mais profundamente no sistema respiratorio humano, atingindo
inclusive os alvéolos e a corrente sanguinea, e, desta forma, aumentar os efeitos toxicologicos
prejudiciais. Estas particulas podem ser emitidas diretamente para a atmosfera (particulas
primarias) ou ser formadas por conversdo gas-particula (particulas secundarias). Durante a
ultima década, estudos tém sido realizados para uma melhor compreensdo sobre as
concentragdes de nanoparticulas, avaliando sua emissdo, formagdo, dispersdo, exposi¢cdo € os
efeitos a satde. No entanto, poucos estudos foram realizados no Brasil e desta forma ainda ha
pouca informa¢do em relacdo a esta tematica. A Regido Metropolitana de Porto Alegre -
RMPA (Brasil) possui forte trafego veicular, cerca de 1,8 milhdes de veiculos e, apesar das
fontes méveis impactarem fortemente a qualidade do ar nesta regido e ser a principal fonte de
nanoparticulas, ndo ha estudos que avaliem em profundidade os niveis deste importante
poluente ambiental. Desta forma, no presente estudo foram avaliadas as concentracdes de
nanoparticulas em diferentes pontos da RMPA. Além disso, foram avaliadas as concentragdes
ambientais de particulas <1 um (MP;) e metais associados, bem como foram identificadas e
quantificadas as contribuigdes de fontes utilizando o modelo receptor Positive Matrix
Factorization (PMF). Em adi¢do, foi realizada uma andlise das assinaturas espectrais no
infravermelho de nitro-hidrocarbonetos policiclicos aromaticos (nitro-HPAs) associados ao
MP;. Este grupo de compostos organicos possui uma ampla distribuicdo no ambiente e, por
possuirem propriedades mutagénicas e carcinogé€nicas, seus riscos ambientais foram
calculados. Desta forma, considerando os resultados obtidos, verificou-se uma forte
contribuicdo antropogénica dos poluentes avaliados na RMPA. Esta degradagdo da qualidade
do ar estd em geral associada ao trafego veicular, especialmente no que se refere aos niveis de
nanoparticulas e nitro-HPAs associados ao MP;. Além disso, as emissdes industriais, a
queima de carvao, biomassa e oleo combustivel, bem como a queima de combustiveis

veiculares apresentaram forte influéncia nos niveis de metais observados em MP;.

Palavras-chave: Qualidade do Ar, Nanoparticulas, Material Particulado Atmosférico,

Espectrometria de Infravermelho, nitro-Hidrocarbonetos Policiclicos Aromaticos, Metais.



Abstract

Atmospheric nanoparticles can cause health effects, as during inhalation penetrate more
deeply into the human respiratory system, including the alveoli and reaching the bloodstream,
and thereby increase the damaging toxicological effects. These particles can be emitted
directly to the atmosphere (primary particles) or be formed by gas-to-particle conversion
(secondary particle). Over the last decade, studies have been conducted for a better
understanding of the nanoparticles, assessing the emission, formation, dispersion, exposure
and health effects. However, few studies have been conducted in Brazil and thus there is little
information regarding this subject. The Metropolitan Area of Porto Alegre - MAPA (Brazil)
has a strong vehicular traffic, about 1.8 million vehicles and, despite mobile sources strongly
impact the air quality in this region and be the main source of nanoparticles, there are no
studies that evaluate in depth the levels of this important environmental pollutant. Thus,
considering this knowledge gap, the present study evaluated the nanoparticle concentrations
in different sites of the MAPA. In addition, environmental concentrations of particles <l um
(MP)) and associated metals were evaluated and the sources were identified and quantified
using the receptor model Positive Matrix Factorization (PMF). In addition, an analysis of the
infrared spectral signatures of nitro polycyclic aromatic hydrocarbons (nitro-PAHs) associated
with PM; was performed. This group of organic compounds has a wide distribution in the
environment, and because they have mutagenic and carcinogenic properties, their
environmental risks were calculated. Thus, considering the obtained results, a strong
anthropogenic contribution of the evaluated pollutants in the MAPA was observed. This
degradation of the air quality in general is associated with vehicular traffic, especially
regarding the levels of nanoparticles and nitro-PAHs associated with PM;. In addition,
industrial emissions, coal, biomass and fuel oil combustion, as well as vehicle fuels

combustion had a strong influence on the metal levels observed in PM,.

Keywords: Air Quality, Nanoparticles, Atmospheric Particulate Matter, Infrared

Spectrometry, nitro-Polycyclic Aromatic Hydrocarbons, Metals.
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1. ASPECTOS INTRODUTORIOS

A polui¢@o atmosférica € um dos problemas ambientais de maior preocupagio
e, devido a crescente urbanizagdo, provavelmente vai se tornar cada vez mais
importante no futuro (Dall’Osto et al., 2012). A qualidade do ar, tipicamente expressa
em termos de poluentes que causam efeitos adversos a saide humana e ao meio
ambiente, inclui poluentes gasosos (ozdnio, 6xidos de nitrogénio, mondxido de
carbono, entre outros) e material particulado atmosférico. Este material particulado ¢
um dos poluentes-chave em ambientes urbanos, e varios estudos tem focado nas

fragdes com menores tamanhos de particulas, especialmente as nanoparticulas.

As nanoparticulas atmosféricas, especialmente aquelas <300 nm, podem ter
origem natural ou serem resultantes de atividades antropogénicas, principalmente
originadas por emissdes veiculares (Kumar ef al., 2010). As particulas emitidas por
motores diesel possuem tamanho de 20-130 nm (Kittelson, 1998; Morawska et al.,
1998a; Harris e Maricq, 2001; Ristovski ef al., 2006) e por motores a gasolina
tamanho de 20-60 nm (Harris e Maricq, 2001; Ristovski et al., 2006). Desta forma,
em areas urbanas, o continuo crescimento de fontes moveis, especialmente veiculos
movidos a gasolina e diesel, tem acarretado preocupagido devido seu grande impacto
na qualidade do ar (Colvile et al, 2001; Shi et al., 2001; Wahlin et al., 2001;
Johansson et al., 2007; Keogh ef al., 2009; Teixeira et al., 2011).

Além disso, estas nanoparticulas podem ser muito prejudiciais para o
organismo humano, pois durante a inalagdo possuem a capacidade de penetrarem
mais profundamente no sistema respiratério humano e, desta forma, aumentam os
seus efeitos toxicoldgicos prejudiciais. Por apresentarem uma maior area superficial
por unidade de volume do que as particulas maiores observa-se um aumento na
capacidade de compostos organicos se adsorverem, alguns dos quais sdo
potencialmente cancerigenos (USEPA, 2002; Donaldson et al., 2005; Kumar et al.,

2010). Varios estudos tem apontado a associagdo destas particulas com o aumento de



doencas respiratorias e cardiovasculares, tanto agudas como cronicas, bem como de
mortalidade (Katsouyanni et al., 2001; Peters et al., 2001; Hoek et al., 2002;
Pekkanen et al., 2002; Pope et al., 2002).

Portanto, o efeito a saide humana é um dos motivos pelo qual varios autores
tém reportado a importancia de controlar as nanoparticulas atmosféricas, ja que a
estas particulas tém sido atribuidos diversos efeitos adversos (Murr e Garza, 2009).
Além deste efeito, a visibilidade urbana (Horvath, 1994) e a influéncia climética
(IPCC, 2007; Strawa et al., 2010), bem como a sua influéncia sobre a quimica da
atmosfera, através da sua composi¢do e reatividade quimica (Kulmala et al., 2004),

sdo alteracdes provocadas pelas nanoparticulas.

A atual legislacdo sobre a qualidade do ar concentra-se apenas sobre a massa
total de MP;y e MP, 5 (a massa das particulas com um diadmetro aerodinamico inferior
a 10 ou 2,5 um, respectivamente), e relativamente pouca aten¢do tem sido dada a
outros parametros, tais como a composi¢ao quimica ou a concentracdo em nimero de
nanoparticulas (Pey et al., 2008). Para resolver este problema, foi criado o UNECE-
GRPE Particulate Measurement Program (PMP), focado em criar uma
regulamentagdo das emissdes de nanoparticulas dos veiculos, propiciando uma ampla
redugdo das emissdes de particulas provenientes de fontes mdveis (Mohr e Lehmann,
2003; Morawska et al., 2008). Com base na recomendacdo do PMP, a Comissdo
Europeia adicionou um limite de nimero de particulas nos seus padrdes de emissdes
Euro 5/6 para veiculos comerciais ligeiros. No entanto, somente as particulas solidas
sdo contadas, com o material volatil sendo removido da amostra. Entretanto, quando
consideradas normas que especifiquem padrdoes para qualidade do ar, as
nanoparticulas atmosféricas ainda nio s@o reguladas para qualquer megaldpole em

desenvolvimento ou desenvolvida (Kumar et al., 2011; Young ef al., 2012).

As nanoparticulas atmosféricas, especialmente as oriundas de emissdes
veiculares, podem ser divididas em duas grandes categorias, dependendo da sua
formacdo. Elas podem ser formadas no motor ou no tubo de escape (particulas
primarias) ou ser formadas na atmosfera, através do processo de conversdo gas-

particula (particulas secundarias).



As particulas primérias, emitidas diretamente a partir do motor do veiculo, sdo
principalmente aglomerados de material carbonoso de fase sélida variando em
tamanho de 30 a 500 nm. Podem conter cinzas metalicas e hidrocarbonetos
adsorvidos ou condensados e compostos de enxofre, e, em geral, sdo derivadas de

aditivos de oleo de lubrificagdo e de desgaste do motor (Morawska et al., 2008).

As particulas secundarias se formam a medida que os gases quentes de escape
sdo expelidos a partir do tubo de escape de um veiculo, arrefecem e condensam para
formar um grande niimero de particulas muito pequenas no ar. Elas sdo volateis e
consistem principalmente de hidrocarbonetos e de dacido sulfurico hidratado.
Geralmente com tamanho abaixo de 30 nm, compondo o modo nucleagdo, sdo
observadas proximas de rodovias com intenso trafego veicular, especialmente com
grande fragdo de veiculos pesados a diesel (Charron e Harrison, 2003; Sturm ef al.,
2003; Gramotnev e Ristovski, 2004; Zhu et al., 2004; Rosenbohmet et al., 2005;
Westerdahl e al., 2005; Ntziachristos et al., 2007).

1.1.  Concentragdes em numero de particulas

As concentracdes de nanoparticulas sdo muito afetadas pelas condig¢des
ambientais e dependem fortemente das intensidades de emissdo, proximidade das
fontes e condi¢cdes meteorologicas. Em geral, as maiores concentracdes em numero
ocorrem em areas com alto trafego veicular e regides urbanas, onde também se
observa o maior efeito sobre a saude humana (Buseck e Adachi, 2008). Nas areas
rurais, as fontes naturais dominam, embora fontes antropogénicas também possam ser

significativas (Seinfeld e Pandis 2006).

No estudo de Morawska et al. (2008) sdo apresentados os niveis de
concentracdo de particulas para oito diferentes categorias, de acordo com o local de
medigdo. A Figura 1 apresenta uma comparagdo das concentragdes médias para estes
diferentes ambientes. As maiores concentragdes sdo observadas em tuneis e rodovias,
enquanto as menores concentragdes sdo apontadas para areas rurais ¢ regides de

background limpo.
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Figura 1. Concentra¢des médias do nimero de particulas para diferentes ambientes.

(FONTE: Adaptado de Morawska et al. (2008))

Kumar et al. (2014) analisaram dados da concentracdo total de nanoparticulas
medidas em 40 diferentes locais em ambientes de beira de estrada em varias cidades
no mundo. Na Tabela 1 € possivel observar as concentracdes em alguns dos locais
apontados. Neste estudo destacam que as concentragdes médias para cidades
europeias sdo inferiores as cidades asiaticas, com médias de 3.15 + 1.60 x 10°
particulas/cm® ¢ 11.7 + 10.4 x 10* particulas/cm’, respectivamente. Além disso, o
estudo aponta, em termos absolutos, grandes diferencas na comparagdo de dados
médios da concentracdo de nanoparticulas nos diferentes locais avaliados, embora
estas variagdes sejam menores para as cidades europeias em comparagdo com cidades

asiaticas ou americanas.

Essa grande variabilidade nas concentra¢des de nanoparticulas apontadas por
Kumar et al. (2014), além das caracteristicas dos diferentes locais avaliados, pode ser
decorrente de outros fatores. Diferengas no intervalo de tamanho de particulas
considerado em cada estudo (Kumar et al., 2009a), distancia do local de medigao da

estrada de e configuragdes topograficas (Fujitani et al., 2012; Zhu et al., 2002),



influéncias sazonais (Buonanno et al., 2013; Fujitani et al., 2012; Pirjola et al., 2006;
Sabaliauskas et al., 2012). A variabilidade observada também pode ser atribuida a
fatores como o volume de trafego, tipo de combustivel, morfologia urbana, clima,
condi¢des de dispersdo especificas para local de amostragem e incerteza nos dados
medidos (por exemplo, a coleta e manipulacdo dos dados) e erros mecanicos (por
exemplo, erros de calibracdo do instrumento), que sdo dificeis de generalizar (Kumar
et al., 2014). Por isso, ¢ dificil realizar uma comparagdo abrangente das propriedades
modais das particulas de aerossol, porque ha um niimero limitado de estudos dedicado
a sua estrutura modal, diferentes técnicas instrumentais sdo empregadas, interpretacao

e analise de dados, etc. (Hussein et al., 2005).

Tabela 1. Concentragdes médias de nanoparticulas atmosféricas reportadas em outros

estudos
. , Concentracio Intervalo de

Cidade (Pais) (#em’) Tamanho (nm) Fonte
Cingapura 1.59E+04 6-220 Betha et al. (2013)
Brisbane (Australia) 1.74E+04 15-700 Mejia et al. (2008)
Berlim (Alemanha) 2.80E+04 10-500 Birmili et al. (2009)
Raleigh (EUA) 3.00E+04 20-1000 Hagler et al. (2009)
Cambridge (Reino Unido) 3.02E+04 10-2500 Kumar et al. (2008)
Toronto (Canada) 3.39E+04 20-1000 Beckerman et al. (2008)
Alameda (Santiago; Chile) 3.63E+04 10-702 Gramsch et al. (2009)
Santiago (Chile) 3.63E+04 10-700 Gramsch et al. (2009)
Dresda (Alemanha) 3.67E+04 3-800 Birmili et al. (2013)
Roma (Italia) 4.68E+04 10+ Paatero et al. (2005)
Barcelona (Espanha) 5.93E+04 10+ Paatero et al. (2005)
Corpus Christi (EUA) 6.60E+04 6-220 Wang et al. (2008)
Nova lorque (EUA) 6.68E+04 8-294 Bae et al. (2010)
Londres (Reino Unido) 7.84E+04 10+ Putaud et al. (2010)
Kowoloon (Hong Kong) 8.97E+04 5-3000 Tsang et al. (2008)
Xangai (China) 1.20E+05 10-448 Li et al. (2007)
Hsinchu (Taiwan) 1.35E+05 5-200 Chen et al. (2010)
Delhi (India) 2.90E+05 10-1000 Apte et al. (2011)

* Adaptado de Kumar e al. (2014)

1.2. Distribuicio em tamanho das nanoparticulas

No que se refere ao intervalo de tamanho das nanoparticulas, elas

normalmente sdo discutidas em termos de modos (ou seja, nucleagcdo, Aitken e



acumulag¢do). Cada modo possui fontes, faixa de tamanho, mecanismos de formacao,
composi¢do quimica e vias de deposicao distintos (Hinds, 1999). Na Figura 2, a curva
solida reflete a concentracdo em numero de particulas, correspondendo a soma das
particulas nos diferentes modos. Além disso, ¢ possivel observar o esquema de

distribuicdo para a area superficial, a massa e o volume das particulas de aerossol.
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Figura 2. Esquema da distribui¢@o de tamanho de particulas de aerossol para varios
parametros (Numero, N; massa, M; volume, V; area superficial, S) numa amostra
atmosférica idealizada, em conjunto com as ilustra¢des de seus mecanismos de

formagdo. (FONTE: Adaptado de Buseck e Adachi (2008))

1.2.1. Modo nucleacio

As particulas do modo nucleagdo s@o aquelas <30 nm e que ndo estdo
presentes nas emissdes primarias de escape, mas que sdo formadas através de
nucleacdo (conversdo gas-particula) na atmosfera apds arrefecimento rapido e
dilui¢do das emissdes quando a proporcdo de saturagdo de compostos gasosos de
baixa volatilidade (isto €, acido sulfurico) atinge um maximo (Charron e Harrison,

2003; Kittelson ef al., 2006a). A maioria destas particulas compreendem sulfatos,



nitratos e compostos organicos (Seinfeld e Pandis, 2006). Estas particulas sdo
tipicamente goticulas de liquido compostas principalmente por componentes
facilmente volateis derivados de combustivel ndo queimado e dleo lubrificante (isto &,
a fragdo solvente organica) (Lingard et al., 2006; Sakurai et al., 2003; Wehner et al.,
2004).

Como pode ser observado na Figura 2, o maior numero de particulas estd neste
intervalo de tamanho. Estas particulas sdo importantes para a formacdo e o
crescimento de particulas maiores (Buseck e Adachi, 2008). A sua razdo superficie
volume ¢ elevada, mas a sua area superficial total e volume sdo pequenas em relagao

aos outros grupos de tamanho.

As particulas do modo nucleagdo sdo encontradas em elevadas concentragdes
em numero perto de fontes. As colisdes umas com as outras e com particulas maiores,
pertencentes aos outros modos, fazem com que o seu tempo de vida atmosférico seja
relativamente curto. A deposicdo seca, liquefacdo, ou crescimento através de

condensacdo sdo os outros mecanismos de remog¢do dominantes (Hinds, 1999).

1.2.2. Modo Aitken

O modo Aitken ¢ uma fra¢do de sobreposic¢do (tipicamente definida como o
intervalo 30-100 nm) dos modos nuclea¢do e acumulagdo (Seinfeld e Pandis, 2006).
As particulas deste modo surgem a partir do crescimento ou coagulag@o das particulas
do modo nucleagdo, bem como pela produgdo em grande nimero de fontes de
combustdo primaria, tais como os veiculos (Kulmala et al., 2004). Estas particulas sdo
essencialmente compostas por um nucleo de fuligem/cinzas com uma camada externa

de material volatizavel (Lingard et al., 2006).

1.2.3. Modo acumulacio

As particulas do modo acumulagdo (aquelas entre 100 e 1000 nm) sdo
aglomerados carbonosos (fuligem e/ou cinzas) (Kumar et al., 2010). Elas provém
principalmente da combustdo de combustivel e 6leo lubrificante de veiculos movidos

com motor a diesel ou movidos a gasolina com injecdo direta (Graskow et al., 1998;
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Wehner et al., 2009), bem como pela coagulagdo das particulas do modo nucleacdo
(Hinds, 1999). A maioria destas particulas ¢ formada na camara de combustdo (ou
pouco depois) com matéria organica condensada associada (Kittelson et al., 2006b).
Estas particulas ndo sdo removidas de forma eficiente por difusdo ou deposi¢do, ja
que se coagulam muito lentamente, mas rainout ou washout sdao mecanismos de
remogao eficazes (Hinds, 1999). Assim, eles tendem a ter relativamente longos
tempos de vida atmosféricos (tipicamente de dias ou semanas) e, portanto, podem
viajar por distancias muito longas na atmosfera (Anastasio e Martin, 2001). Mais
importante, as particulas neste modo sdo de tamanhos comparaveis com os
comprimentos de onda da luz visivel e, portanto, responsaveis por grande parte do
problema de comprometimento da visibilidade provocado pelo homem em muitas

areas urbanas (Seinfeld e Pandis, 2006).

1.3. Influéncia dos parametros meteorolégicos

Outros fatores importantes que devem ser considerados em estudos que
envolvem a avaliacdo de nanoparticulas atmosféricas sdo as varidveis meteoroldgicas
e a sazonalidade, que afetam a distribuicdo de tamanho e concentragdo destas
particulas. Por um lado, estes fatores ambientais afetam a estabilidade da camada
limite, e, por outro, os ventos fortes podem produzir concentracdes mais baixas
(Kumar et al., 2008a,b) ou mais altas por processos de ressuspensdo para particulas
maiores que 100 nm (Charron e Harrison, 2003). Certos autores reportam (He e
Dhaniyala, 2012) que a concentragdo do numero de particulas e a taxa de tamanho das
particulas decaem com a velocidade e a dire¢do do vento. Por exemplo, quando as
direcdes de vento sdo paralelas a uma rodovia, as particulas ultrafinas da autoestrada
sd30 menos dispersas do que quando os ventos sdo perpendiculares a autoestrada
(Reponen et al., 2003). Sob condi¢des de baixa velocidade do vento, a turbuléncia
produzida pelo trafego é o processo dominante na dilui¢do de particulas emitidas no
nivel da rua (Vachon et al., 2002; Di Sabatino et al., 2003; Solazzo et al., 2007) ¢ as
concentracdes de nanoparticulas atmosféricas em cada faixa de tamanho nos regimes
de baixa velocidade do vento sdo independentes da velocidade do vento (Kumar et al.,

2008). Ja em condigdes de velocidade do vento superiores, a turbuléncia produzida
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pelo vento € o processo dominante na dilui¢do de particulas emitidas no nivel da rua

(Britter e Hanna, 2003; Kastner-Klein et al., 2004).

Temperatura e umidade relativa comumente exibem uma anti-correlagdo, com
o aumento da temperatura durante o dia acompanhada por uma diminuicdo da
umidade relativa. Em geral, ambos os parametros desempenham um papel importante
na concentracdo em numero de nanoparticulas (Ruuskanen et al., 2001; Charron e
Harrison, 2003; Jamriska et al., 2008, Morawska et al., 2008). Charron e Harrison
(2003) mostraram que as particulas no modo nucleagdo em um ambiente de beira de
estrada atingiram um pico durante a madrugada mostrando uma associag¢do inversa
com a temperatura do ar. Isso ocorre porque uma diminui¢do na temperatura do ar
ambiente aumenta a relagdo de supersaturagdo (Hinds, 1999), resultando assim em um
aumento das particulas de modo nucleagdo. Do mesmo modo, temperaturas menores

aumentam a condensacao sobre particulas ja formadas, causando o seu crescimento.

Isso ocorre porque nessas condi¢cdes o alto teor de umidade relativa do ar
contribui para a formagdo de novas particulas (modo nucleag¢do) e também particulas
de crescimento (modo nucleacgdo e particulas primarias). Em ambos os casos, isto leva
a alteragdes na distribuicdo de tamanho de particula. Um aumento da taxa de
formacdo de particulas do modo nucleacdo para maiores umidades relativas foi
relatado, por exemplo, por Abdul-Khalek e Kittelson (1999), Mathis et al. (2004) e
Kim ef al. (2002). Em geral, maior teor de 4gua na atmosfera favorece a nucleacio
binaria homogénea de acido sulfurico e dgua (Easter e Peters, 1994), enquanto a
nuclea¢do ternaria, envolvendo amonia (Korhonen et al., 1999), de forma semelhante
a nucleacdo de compostos organicos, ¢ independente da umidade relativa (Morawska

et al., 2008).

O numero ¢ a distribui¢do de tamanho destas particulas na atmosfera também
podem alterar-se rapidamente devido a influéncia de processos de transformagio, tais
como a coagulacdo e a condensacdo, e da turbuléncia que resulta em mistura e
dilui¢do (Kumar et al., 2011). Isto pode ser visto nos gases de escape dos automoveis,
por exemplo, onde a concentracdo elevada das particulas recém formadas na
combustdo resulta na coagulagdo imediata de muitas dessas particulas. Portanto, o

tamanho das nanoparticulas depende da multiplicidade de fontes, dos processos e dos
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materiais que conduzem a sua formagdo. No entanto, o conhecimento complexo

destes processos ainda apresenta lacunas e necessita de muitos estudos.

1.4. Espectroscopia no infravermelho

Devido a sua maior area superficial, como acima destacado, as nanoparticulas
atmosféricas podem adsorver diversos poluentes, que pelo seu tamanho podem ser
inalados através do trato respiratério do ser humano e afetar negativamente a saude.
Alguns destes poluentes incluem Nitro-Hidrocarbonetos Policiclicos Aromaticos
(nHPAs). Estes compostos sdo reconhecidos como carcinogénicos e estdo associados
principalmente com o material particulado e as suas maiores concentracdes
apresentam-se na fragao respiravel (Di Filippo et al., 2010; Sienra et al., 2005). Estes
compostos s3o membros de uma classe de contaminantes ambientais encontrados em
material particulado atmosférico, podendo a atividade mutagénica e carcinogénica
destes compostos serem significativas € uma ameaga a satide humana. Portanto, existe
um interesse crescente na determinacdo da estrutura e reatividade destes compostos

carcinogénicos/genotdxicos.

Estes compostos organicos em geral s3o determinados através de
cromatografia gasosa (Dallarosa ef al., 2005a,2005b; Teixeira et al., 2012), porém
esta técnica apresenta diversas desvantagens. Além de exigir uma quantidade
relativamente grande de massa de aerossol, os procedimentos de extracdo quimica e
derivatiza¢do para detectar os compostos sdo complexos, além de ndo ser possivel
detectar moléculas muito grandes (Yu et al., 1998). No entanto, uma técnica
alternativa para determinar estes contaminantes ¢ a espectroscopia. Entre as vantagens
do emprego da espectroscopia estdo a sua capacidade de detectar os compostos em
pequenas quantidades, sem preparacdo da amostra e uso de reagentes quimicos
(técnica ndo destrutiva); a instrumentagdo pode estar no local de amostragem, o que
elimina as perdas ou transformagdes durante o transporte, congelamento e
armazenamento; realizar medigdes praticamente em tempo real (Allen et al., 1994;

Marshall et al., 1994; Coury e Dillner, 2008; Navarta et al., 2008).

A espectroscopia de infravermelho, também chamada de espectroscopia

vibracional, mede diferentes tipos de vibragdes entre atomos de acordo com as suas
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ligacdes atomicas. Quando a ligagdo absorve energia, ela sofre alteragdes e, ao
retornar ao estado original, libera essa energia, que entdo ¢ detectada pelo
espectrometro. Os espectros vibracionais fornecem uma caracterizagdo completa do
estado eletronico fundamental, do modo vibracional, bem como permitem observar a

interacdo molecular, mudancas na estrutura e reatividade molecular.

Existem dois tipos de vibragdes moleculares: estiramentos e deformacdes
angulares. Os estiramentos podem ser simétricos ou assimétricos € sdo caracterizados
pelas deformagdes que ocorrem ao longo do eixo de ligacdo que resultam em um
continuo alogamento e encurtamento da distancia interatdmica da ligacdo (Figura 3).
As vibragdes de deformacdo angular correspondem ao movimento de um grupo de
atomos em relag@o ao resto da molécula, sem que as posicdes relativas dos atomos do
grupo se alterem. Essas deformagdes recebem a denominagdo de deformacdo angular
simétrica e assimétrica no plano e deformacdo angular simétrica e assimétrica fora do

plano (Figura 4).
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Figura 3. Estiramento Simétrico (a), Estiramento Assimétrico (b)
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Figura 4. Deformagao angular simétrica no plano (a); Deformacdo angular

assimétrica no plano (b)
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Estudos realizados por Coury e Dillner (2008) desenvolveram uma técnica de
espectroscopia de infravermelho para a identificagdo e a quantificagdo de grupos
funcionais organicos em amostras de particulas atmosféricas, ou seja, grupos
funcionais aromaticos e grupos funcionais C-H. No entanto, poucos estudos tem sido
realizados na identifica¢do de grupos funcionais de n-HPAs por infravermelho, dentre

os quais se citam Carrasco-Flores et al. (2005) e Onchoke e Parks (2011).

Assim, apesar de ser muito recente, a metodologia desenvolvida para a
identificac¢do de grupos funcionais de n-HPAs por infravermelho permite visualizar as
bandas correspondentes aos grupos funcionais de interesse nos espectros gerados, e
estes podem entdo ser comparados com dados da literatura. Outra técnica analitica
ndo destrutiva que pode ser utilizada para caracterizar a natureza vibracional das
amostras € a espectroscopia Raman. Esta técnica utiliza um laser para provocar na
amostra o chamado “efeito Raman”, de modo que fatores como a estrutura
cristalografica, a simetria e a composicdo quimica da amostra definam os niveis de

energia vibracional que sdo caracteristicos do arranjo atdmico na estrutura.

Além da espectroscopia de infravermelho fornecer informagdes sobre as
estruturas moleculares de particulas de aerossdis, existe a possibilidade de distinguir
os isdmeros dos compostos organicos de modo que o risco potencial destes diferentes
isomeros possa ser avaliado. A posi¢do de grupos, por exemplo, ligagdes nitro ligados
ao sistema de anel aromatico em n-HPAs pode influenciar fortemente na atividade
mutagénica. As diferencas significativas nas propriedades mutagénicas entre os varios
isomeros de nitro Benzo(a)Pireno (BaP) (os isodmeros 1 e 3 sdo mais toxicos do que
o isomero 6), por exemplo, estdo relacionadas com a sua estrutura e correlacionadas
entre espectros vibracionais e atividades biologicas, podendo, consequentemente,

prever a toxicidade de nitro-HPAs.
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1.5. Metais pesados em Material Particulado <1 pm (MP,)

O material particulado atmosférico ¢ uma mistura complexa de carbono
elementar e organico, amonio, nitratos, sulfatos, elementos-traco e 4gua. Com origem
natural ou antropogénica, estes elementos podem ser emitidos diretamente para a
atmosfera ou ser formados na atmosfera a partir de gases precursores (Aldabe et al.,
2011). Desta forma, o estudo da concentracdo de particulas, seus tamanhos e
composi¢do quimica ¢ essencial para elucidar as fontes de aerossol e os processos
associados com a sua formagdo (Wang et al., 2003; Cheng et al., 2005; Yin e

Harrison, 2008; Putaud et al., 2010).

Juntamente com a amostragem de particulas e a caracterizagdo quimica,
modelos matemadticos tém se mostrado extremamente Uteis para interpretar e
compreender a distribui¢do geografica, evolucdo temporal e a origem dos poluentes.
Destes, o Positive Matrix Factorization (PMF) (Paatero, 1997) ¢ um método
avangado para avaliar as contribuicdes de fontes de particulas e tem sido aplicado
com sucesso em muitos lugares ao redor do mundo (Chueinta et al., 2000; Kim ef al.,

2003).

r

Tendo em conta que o trafego veicular ¢ a principal fonte de material
particulado urbano e metais atmosféricos (Amato et al, 2010), ¢ de extrema
importancia que sejam realizados estudos que englobem este contexto. As emissdes
veiculares, além daquelas oriundas do tubo de escape, também incluem aquelas
oriundas da ressuspensdo do material depositado nas rodovias, induzidas pelo veiculo,
e em parte emissdes diretas de desgaste do veiculo (freios, pneus, discos etc.). Estas
emissoes ndo oriundas do escape sdo muitas vezes da mesma ordem ou até mesmo
maiores do que as emissdes de escape, especialmente quando os indices
pluviométricos sdo baixos e o wash-off da estrada ¢ reduzido (Amato et al., 2009;

Kousoulidou et al., 2008; Kristensson et al., 2004; Abu-Allaban et al., 2003).

Assim, a compreensdo da composi¢cdo quimica e fontes das particulas com
menor tamanho ¢ vital. No entanto, poucos estudos foram realizados envolvendo a
caracterizacdo quimica de MP; (Cozic et al., 2008; Vecchi et al., 2008; Richard et al.,
2011; Bourcier et al., 2012). Dos estudos mencionados, a identificagdo de fontes

somente foi realizada por Vecchi et al. (2008) e Richard ef al. (2011). Estes estudos
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sdo importantes para ajudar a identificar as principais fontes de poluicdo que afetam o

material particulado ambiente e a concentracdes no nimero de particulas.

Em ambientes impactados pelo trafego veicular, geralmente os niveis de Zn,
Ba, Cu e Sb sdo relativamente altos, quando comparado com regides industrializadas
(Querol et al., 2007). Estes elementos sdo observados devido a influéncia da
decomposicdo do pneu nas rodovias (Zn-Ba) e pela abrasdo do freio (Cu-Sb). Altas
concentragdes de Ti, Sr e Zr também sdo registradas em areas urbanas como efeito da
ressuspensdo do material depositado na estrada (Querol ef al., 2007). Além destes,
quantidades variaveis de Pb, Fe, Cu, Zn, Ni e Cd podem ser observadas devido as

emissoes de escape de gasolina e diesel dos veiculos (Allen ez al., 2001).

1.6. Objetivo geral

Estudar a concentracdo e a distribui¢do de nanoparticulas atmosféricas em
areas de influéncias de trafego veicular, determinar as concentragdes de metais
pesados em MP; e caracterizar os grupos funcionais organicos em MP; aplicando

técnicas de espectroscopia.

1.6.1. Objetivos especificos

- Avaliar a concentragdo em numero ¢ a distribuicdo de tamanho de

nanoparticulas atmosféricas na area de estudo.

- Estudar os mecanismos de formagdo, transforma¢do e remocdo de

nanoparticulas na atmosfera na area de estudo.
- Quantificar as varidveis meteorologicas da area de estudo.
- Quantificar os poluentes NOx (NO + NO,), Os.

- Identificar e quantificar os grupos funcionais em amostras de particulas
atmosféricas através das técnicas de espectroscopia do infravermelho, e microscopia

eletronica por varredura e de transmitancia.

- Determinar as concentragdes de metais pesados em amostras de MP;.
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- Identificar as fontes de metais utilizando o modelo receptor Positive Matrix

Factorization (PMF).

- Correlacionar as concentragdes de tamanho de particulas com dados

meteoroldgicos e com outros poluentes atmosféricos acima citados.

1.7. Area de Estudo

A 4rea de estudo para a coleta de material particulado foi a Regido
Metropolitana de Porto Alegre - RMPA - situada na regido centro—leste do Estado do
Rio Grande do Sul (Figura 5). Esta delimitada pelos paralelos 28°S e 31°S e os
meridianos 50°W e 54°W. A regido ¢ formada por 31 municipios, compreende
atualmente 9,652.54 km?> e, segundo estimativas da Fundagdo Estadual de
Planejamento Metropolitano e Regional do Rio Grande do Sul - METROPLAN —
representa 3.76 % da area total do Estado, com uma populagdo de 4 milhdes de

habitantes, ou seja, 37.21 % da populacao total do Rio Grande do Sul.

A regido constitui o eixo mais urbanizado do Estado e ¢ caracterizada por
diferentes tipologias industriais. Entretanto a maior contribuicdo € originaria da frota
de veiculos, representando cerca de 20% do total de 3.1 milhdes de veiculos (Teixeira
et al., 2008). Os locais de amostragem, Sapucaia do Sul e Canoas, apresentam forte
influéncia veicular, embora Sapucaia do Sul tenha uma influéncia veicular maior:
frota leve e pesada, congestionamentos e velocidades lentas. Este local também tem
influéncia industrial baixa (refinaria de petrdleo, siderurgicas que nio utilizam coque)
a montante dos ventos dominantes. Ja o local de amostragem Canoas esta sob forte
influéncia de veiculos, congestionamentos didrios, base aérea de Canoas, e industrias
(refinaria de petréleo) a montante dos ventos dominantes que tém uma influéncia
média neste local de amostragem. Além destes locais, também serdo estudadas as
distribui¢cdes de nanoparticulas nas vias com os maiores fluxos de trafego na cidade

de Porto Alegre.
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Figura S. Localizagdo dos pontos de amostragem em Sapucaia do Sul e Canoas na

Regido Metropolitana de Porto Alegre, RS

Neste estudo, também sdo consideradas as concentragdes de nanoparticulas
atmosféricas na cidade de Porto Alegre. Foram selecionados 6 locais de amostragem
na area urbana, de modo a abranger diferentes caracteristicas: fluxo de trafego,
composicdo da frota e arquitetura do local considerado. Os seis locais de amostragem

(Figura 6) sdo descritos a seguir:

- S1 esta localizado dentro do Parque Botanico Jardim, cercado por floresta e

nenhuma influéncia veicular, e pode ser considerado como background urbano;

- S2 e S3 correspondem a beira de estradas, localizadas nas avenidas Ipiranga
¢ Bento Gongalves, com fluxo médio de veiculos de 81 e 45 veiculos/min,

respectivamente, € com 9 e 15% de veiculos movidos a diesel, respectivamente .

- S4 e S5 representam cruzamentos, correspondendo as intersegdes da Av.

Farrapos com Av. Sertorio e Av. Assis Brasil com Av. Sertério (Figura 6). O fluxo
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médio de veiculos nestes locais é 75 ¢ 99 veiculos/min, com 16% ¢ 14% de veiculos

movidos a diesel, respectivamente.

- S6 corresponde a um street canyon e estd localizado na parte central da
cidade de Porto Alegre, na Av. Borges de Medeiros (Figura 6). Este local possui um
fluxo de veiculos médio de 32 veiculos/min, com 23% de veiculos a diesel, que
correspondem principalmente para os Onibus que chegam de diferentes partes da
cidade para o centro da cidade. Apesar de S6 mostrar um fluxo de veiculos menor do

que os outros locais avaliados, ha grande circulagdo de pessoas.
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Figura 6. Locais de amostragem de nanoparticulas atmosféricas na area urbana de

Porto Alegre

1.8. MATERIAIS E METODOS
1.8.1. Amostrador de MP;

As particulas <1.0 um foram coletadas utilizando o amostrador automatico
sequencial de particulas modelo PM162M construido pela Environnement S.A. que
coleta amostras de material particulado por deposi¢do em filtros. O amostrador de
particulas inclui um jogo de dois recipientes (holders) que funcionam como suporte

para os filtros. O equipamento utiliza 0 método EN 12341 (LECES, n°® RC/L 9826) e
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trabalha por impacto com vazdo volumétrica de 1,0 m’/h. Possui sensores de
temperatura e pressao atmosférica localizados no ponto de amostragem, que regulam
a temperatura da linha. Este tubo de amostragem regulado foi desenhado para evitar
artefatos no filtro, tais como a condensag@o ou a perda de compostos semi-volateis.
As amostras de particulas atmosféricas foram coletadas em filtros de
politetrafluoretileno (PTFE) de 47 mm de didmetro durante um periodo continuo de

72 horas.

1.8.2. Concentracio em numero e distribuicio de nanoparticulas

O equipamento portatil para a medigdo de nanoparticulas foi o NanoScan
SMPS Nanoparticle Sizer modelo 3910 (TSI Inc. Manufacturer), adquirido por
projeto FINEP-FAPERGS. Através deste equipamento serdo realizadas medi¢des com
uma frequéncia de 60 s, empregando uma vazao de amostragem de 0.75 L/min e uma
vazao no contador de condensacdo de particulas (CPC) de 0,25 L/min. Este
equipamento utiliza alcool isopropilico como liquido de condensag@o e considera as

particulas entre 10 e 420 nm distribuidas em 13 canais.

Figura 7. Imagem do NanoScan modelo 3910 fabricado pela TSI

1.8.3. Espectroscopia de infravermelho

Os espectros de transmitancia foram obtidos em um aparelho BOMEM MB-
series FTIR Hartmann & Braun Michelson (DRIFTS) equipado com um detector
DTGS, pertencente ao Instituto de Fisica da Universidade Federal do Rio Grande do

Sul. Os espectros de transmitancia foram medidos com uma resoluc¢do de 4 cm™ e 50
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varreduras foram tomadas para obter uma relagdo sinal/ruido apropriada. A faixa
espectral medida foi de 400 até 4000 cm™. Foram obtidos espectros de transmitancia
para os padrdes dos compostos organicos avaliados, dos filtros de PTFE e do material
particulado MP,. Os espectros foram calculados usando um filtro branco, sem
amostra, como background. Os padrdes solidos foram preparados em pastilhas de KBr

solidas para obter espectros de transmitancia por DRIFTS.

1.8.4. Analise de metais pesados em MP;

As andlises de metais pesados foram realizadas nos filtros de PTFE com
amostras de MP; segundo o procedimento descrito a seguir. Metade de cada filtro foi
digerido com uma mistura 4cido de HF: HNO;: HCIO,4 (2,5: 1,25: 1,25 mL), mantida
a 90 °C em um reator de Teflon durante 6 h, conduzido até a secura. Em seguida, este
material foi novamente dissolvido com 1,25 mL de HNOs e o extrato € levado a um
volume de 25 mL com 4agua. Espectrometria de emissdo atdmica com plasma
acoplado indutivamente (ICP-OES) foi aplicada para a medicdo dos elementos
principais (Al, Ca, K, Mg, Fe, S e Na). A concentracdo de cerca de 30 metais (como,
Ba, Bi, Cd, Ce, Co, Cr, Cs, Cu, Ga, Hf, La, Li, Mn, Mo, Nb, Ni, P, Pb, Rb, Sb , Sc,
Se, Sn, Sr, Th, Ti, Tl, U, V, W, Y, Zn e Zr) foi determinada por meio de
espectrometria de massa com plasma acoplado indutivamente (ICP-MS). Outro quarto
de cada filtro foi lixiviado com &gua para determinar as concentragdes de ions
soliveis por cromatografia de ions (sulfato, nitrato e cloreto) e eletrodo ion seletivo

(amonio).

1.8.5. Oxidos de nitrogénio (NO, NO; e NOx) e 0zonio (O3)

Os parametros NOx (NO e NO,) e O3 foram medidos pelos equipamentos
adquiridos pelo projeto FINEP/FAPERGS/CNPq e pertencentes a Fepam.

Ozobnio foi medido com o analisador fotométrico de 0zénio LCD/UV modelo
03 42M de absor¢do de raios UV, trabalhando com o comprimento de onda de 245

nm. A concentragdo de O; é determinada pela diferenga entre a absor¢do de radiacdo
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UV da amostra de ar e da amostra sem O3 apds filtragem no conversor catalitico. Uma

média das medidas instantaneas ¢ realizada pelo aparelho.

Oxidos de nitrogénio (NO, NO, e NOx) foram medidos utilizando o
analisador de quimioluminescéncia modelo AC32M (método EN 14211 e ISO 7996).
O AC32M ¢ um analisador por quimiluminescéncia que opera sob o principio que o
NO emitira luz (quimiluminescéncia) na presenca de moléculas de Oz altamente
oxidantes. O NO serd oxidado pela presenca de O; formando moléculas de NO;
excitado, o qual emitird radiagdo luminosa nos comprimentos de onda de 600-1200
nm do espectro. A leitura da radiacdo € realizada em um fotomultiplicador. Para a
medi¢ao de NO», ele deve ser transformado a NO no forno de molibdénio. A medi¢ao
¢ realizada, entdo, em trés etapas: ciclo de referéncia, ciclo de NO e ciclo de NOx. O
calculo da quantidade de NO, ¢ realizado pela diferenca entre as concentragdes de NO

e NOx.

1.8.6. Dados meteoroldgicos

Os dados meteoroldgicos como temperatura do ar, radiacdo solar, umidade
relativa, velocidade e dire¢cdo do vento foram obtidos em estagdes meteoroldgicas

situadas na area de estudo.
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ABSTRACT

This study measured ambient particle number concentrations (PNC) and the particle number distributions (PND)
in the urban area of Porto Alegre, Rio Grande do Sul, Brazil. The samples were analyzed using a NanoScan model
3910 from TSI (diameters between 10 and 420 nm) and were taken from sites with high density of vehicular
traffic, including two roadsides, two traffic intersections, one street canyon and one urban background.
Association of meteorological variables (temperature, relative humidity, solar radiation, wind direction, and
wind speed) on nanoparticle concentrations was examined. The results indicated PNC averages between
4.85x10* cm™ and 1.80x10° cm™ for locations affected by vehicular traffic, wherein highest concentrations were
observed at sites corresponding to traffic intersections. In addition, all sites studied showed a trimodal average
PND, with the modes centered at ~14 nm, ~30 nm, and ~105 nm. PND was dominated by nucleation (44.9%)
and Aitken (42.0%) modes being representative at the studied sites of the pollution originating from urban
traffic, except at the urban background. Meteorological parameters and synoptic meteorological conditions
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1. Introduction

Urban air pollution is one of the environmental problems
having a major concern, and with growing urbanization, it is likely
to become more important in the future (Reyes et al., 2000; Xu et
al., 2007; Dall’Osto et al., 2012). The air quality in urban centers,
which is expressed in terms of pollutants that cause adverse
human health effects, contains atmospheric nanoparticles as a
major pollutant. However, even if these particles have high
potential of being toxic and ability to be deposited in the alveolar
region upon inhalation, they are among those pollutants that are
not currently regulated by air quality standards for any megacity in
any developing or developed country (Kittelson et al., 2006a;
Kittelson et al., 2006b; Morawska et al., 2008; Kumar et al., 2011;
Young et al.,, 2012). In an urban environment, motor vehicle
emissions usually comprise the most significant source of
nanoparticles (Hitchins et al.,, 2000; Zhu et al., 2002), and the
continued growth in the number of gasoline— and diesel-powered
vehicles has caused significant concern because of their impact on
air quality (Johansson et al., 2007; Keogh et al., 2009; Teixeira et
al., 2011).

Nanoparticles are typically measured and expressed in terms
of number concentrations of particles per unit volume of air
(Morawska et al., 2008), and these particles can originate directly
by combustion (primary particles) or gas—to—particle conversion
(secondary particles). The details about this topic can be found in
the studies of Morawska et al. (2008) and Kumar et al. (2010).
These authors also reported that the sizes of particles depend on

the multiplicity of sources and processes that lead to their
formation, and therefore, on the material from which the particles
were formed.

Furthermore, the number concentration and size distribution
of these particles in the atmosphere can rapidly change because of
the influence of transformation processes such as coagulation and
condensation, as well as turbulence, which results in mixing and
dilution (Kumar et al., 2011). In addition to these processes,
meteorological and environmental factors, such as wind speed,
temperature, relative humidity, mixing height, local-scale roadside
structures, interactions of multiple streets, and topography could
also play an important role in modulating the spatial and temporal
variability of particle number size distributions (Hussein et al.,
2005; Paatero et al., 2005; Bowker et al., 2007; Ogulei et al., 2007;
Jamriska et al., 2008; Sabaliauskas et al., 2012; Young et al., 2012).

In natural or low anthropogenic—influenced environments,
particles are also formed in the environment by natural processes;
therefore, they are always present at some background levels
(Morawska et al., 2008). In such cases, these particles are formed
in the atmosphere by the condensation of semi-volatile organic
aerosols (O’Dowd et al., 2002), photo—chemically induced
nucleation, and/or nucleation by gas—to—particle conversion
(Holmes, 2007; Kumar et al., 2009). Therefore, while considering
particle concentrations in urban environments, it is important to
compare them with background levels for assessing the magnitude
of anthropogenic impact.

© Author(s) 2015. This work is distributed under the Creative Commons Attribution 3.0 License.
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Given the significant increase in air emissions from mobile
sources, associated with an increased number of gasoline vehicles,
especially diesel vehicles, as well as the use of lower vehicle
technology in urban centers, this study collaborates in the
management of air quality supporting the diagnosis of the study
area and the Metropolitan Area of Porto Alegre. Therefore, this
study aimed to measure ambient particle number concentration
(PNC) and the particle number distributions (PND) in the urban
area of Porto Alegre, Rio Grande do Sul, Brazil. Different locations
in the city, such as urban background, roadsides, traffic
intersections, and street canyon were considered in order to
evaluate different traffic conditions. Measurements were carried
out at the sites during a cold and a warm period.

2. Materials and Methods
2.1. Study area

Porto Alegre, the capital of the State of Rio Grande do Sul
(coordinates 30°S and 51°W), Southern Brazil (Figure 1), has an
area of 497 km? and a population of 1.41 million inhabitants (IBGE,
2014). The city has 0.80 million vehicles, of which 71.2% are
powered by gasoline, 17.3% are powered by diesel, and 11.5% are
motorcycles (IBGE, 2014). At present, gasoline—fueled vehicles
operate on a mixture of gasoline and 20% ethanol, with a sulfur
content of 50 ppm (PETROBRAS, 2014). The diesel, currently used,
contains 500 ppm of sulfur with addition of 5% biodiesel (Mattiuzi
etal., 2012).

The sampling sites selected in this study were chosen to cover
different traffic conditions: traffic flow, fleet composition, and
architecture of the considered site. The six sampling locations
(Figure 1) are described below:

e S1 is located within the Jardim Botanico Park, which has no
vehicular influence and may be considered as an urban
background. This park has an area of 39 ha and vegetation
comprising native species, especially those endangered.

e S2 and S3 represent roadsides that are located in the Ipiranga
and Bento Goncalves avenues, respectively; they have an
average vehicle flow of 81 and 45 vehicles mint (Table 1),
respectively, and 9% and 15% of heavy—duty vehicles (HDVs),
respectively.

e S4 and S5 represent traffic intersections (Tls), corresponding to
the intersections of Av. Farrapos with Av. Sertorio and Av. Assis
Brasil with Av. Sertorio, respectively (Figure 1). The average
vehicle flow at these locations is 75 to 99 vehicles min-1, with
16% and 14% of HDVs (Table 1), respectively.

e S6 represents a street canyon and is located in the central part
of the city of Porto Alegre, Av. Borges de Medeiros (Figure 1).
This site has an average vehicle flow of 32 vehicles min~t, with
23% of HDVs (Table 1), which mainly represent buses that
arrive from different parts of the city to the downtown area.
Despite the fact that S6 showed lower vehicular flow than the
other sites evaluated, there was still a large circulation of
people.

2.2. Equipment and sampling

Atmospheric nanoparticles were measured using a NanoScan
Scanning Mobility Particle Sizer model 3910 (TSI Inc.), every 60 s
with a 0.75 L min~ inlet flow and a 0.25 L min~ CPC flow. This
equipment uses isopropyl alcohol as condensation liquid, and
considers particles between 10 and 420 nm distributed across 13
channels. Meteorological variables such as air temperature (°C),
relative humidity (%), wind direction (°), wind speed (m s), and
solar radiation (k) m=2) were continuously measured through a
weather station.

Sampling was conducted during hot (December 2013 to
February 2014) and cold days (July to September 2014, except for
S2 and S3 sites, for which data only for the warm period could be
collected due to technical problems with the sampling equipment).
Measurements were made at a height of 1 m above the ground
level along the highways.

Throughout the measurement period, traffic strength was also
considered, which was defined as the number of vehicles passing
per minute; the vehicles were continuously monitored by a video
recorder. After each sampling session, the videotapes were played,
and traffic density was manually determined, with a frequency of
every 3 min. Diesel-powered heavy—duty vehicles (HDVs), light—
duty vehicles (LDVs) that burn gasoline, and motorcycles were
counted separately to estimate the traffic density by vehicle type.

Background

Legend
A Sampling Site
Porto Alegre

Figure 1. Study area with the nanoparticle sampling sites in Porto Alegre, Southern Brazil.
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Table 1. Mean data for traffic strength and for traffic density by type of
vehicle. All results are expressed as vehicles min™

Vehicles LDV HDV Motorcycles

Mean 81 70 7 4

S2
% 86 9 5
Mean 45 33 7 6

S3
% 72 15 13
Mean 75 57 12 6

sS4
% 76 16 8
Mean 99 75 14 9

S5
% 77 14 9
Mean 32 23 7 2

S6
% 71 23 6

2.3. Statistics

For each sampling site, hourly averages for the number
concentration and size distribution of atmospheric nanoparticles
were calculated. Spearman’s correlations were performed
between these hourly particle number concentrations (PNC) and
meteorological parameters measured to identify factors that
predominantly led to the formation of nanoparticles. Statistical
analysis was performed using the software SPSS Statistics 22.

To evaluate the modal distribution of the particle sizes, the
parameterization of the particle size number distribution (PND)
using a multi-lognormal function was applied, as described by
Hussein et al. (2005). PND is assumed to consist of several
lognormal modes according to the equation:

dN
d(log(Dp))

_ (log(Dy) — log(Dpg,))?
2log?(ag4,) (1)

B (Dp) |measured g

n
D Torio

= exp
— \/27rlog(crgi)
n

= ZNiAi(Dp'pr.in.i)'
i=1

where B is the measured PND of a certain particle diameter D,
(nm). The three parameters that characterize an individual mode i
are as follows: the mode number concentration N; (cm=3); mode
geometric variance o2 (dimensionless); mode geometric mean
diameter Dpg,i (nm); and the number of individual modes n.

3. Results and Discussion
3.1. Particle Number Concentration (PNC)

Table 2 shows the average PNC for the different studied sites.
The PNC average ranged between 8.75x103 cm~3 (sampling during
cold days), observed for S1, and 1.80x10° cm~3 for S4 and 1.50x
10° cm™3 for S5, for cold and hot days, respectively. These sites had
higher concentrations because S4 and S5 had a high traffic flow,
from 75 to 99 vehicles min~! (Table 1), besides having ~15% HDVs.
This observation was in agreement with other studies showing that
diesel-powered vehicles generate a higher amount of nano-
particles (Biswas et al., 2007; Birmili et al., 2009; Can et al., 2011).
Furthermore, these sites correspond to Tls, and as reported by
Goel and Kumar (2014), these sites have increased PNC caused by
complex flow conditions accompanied by frequent changes in
driving conditions of vehicles, such as deceleration, idling,
acceleration, and cruise (Papson et al.,, 2012). Particle number
emissions released during all these conditions also varied by the
constantly changing fuel consumption and engine load (Chen and
Yu, 2007; Lei et al., 2010). The higher PNC at S4 and S5 sites was

also consistent with earlier studies that showed higher number
concentrations at sites impacted by heavy traffic, whereas lower
concentrations were distributed more or less homogeneously at
background sites (Harrison and Jones, 2005; Bae et al., 2010;
Hudda et al., 2010; Young et al., 2012).

Table 2. Mean particle number concentrations (PNC) and the mean concen-
trations for the nucleation, Aitken and accumulation modes. All results are
expressed as particle cm™

PNC Nucleation Aitken Accumulation
51 Hot days 3.10x10* 1.30x10* 1.54x10* 2.56x10°
Cold days 8.75x10° 3.79x10° 3.47x10° 1.49x10°
S2 Hot days  4.85x10* 2.67x10* 1.65x10* 5.23x10°
S3 Hot days 7.76x10* 3.61x10* 3.26x10* 8.89x10°
s Hotdays  1.21x10° 4.64x10* 5.46x10* 1.94x10*
Cold days 1.80x10° 7.56x10* 7.65x10* 2.76x10*
s Hotdays  1.50x10° 6.86x10* 6.35x10* 1.79x10*
Cold days 1.35x10° 6.55x10* 5.08x10* 1.85x10*
s6 Hot days 1.18x10° 5.16x10* 5.38x10* 1.23x10*
Colddays  8.38x10* 3.64x10* 3.40x10* 1.33x10*

The influence of fuel on the formation of nanoparticles was
verified by comparing S2 and S4 sites. The site S2 (roadside) is
located at the Av. Ipiranga and the site S4 (traffic intersection) at
the Av. Farrapos with Av. Sertorio. Although these sites had a
similar flow rate, 81 and 75 vehicles min-! (Table 1), respectively,
they had different numbers of HDVs, 9% and 16% (Table 1),
respectively. As can be seen in Table 2, the average PNC in S4 site
is 3.1 times greater than that in S2 site. This is because S4 site had
more diesel-powered vehicles, which, as noted above, emitted
more nanoparticles. Furthermore, in Brazil, the sulfur content in
the fuel is rather high, which is 500 ppm and 50 ppm in diesel and
gasoline, respectively (Mattiuzi et al., 2012; PETROBRAS, 2014). As
pointed out by Jones et al. (2012), decrease in the sulfur content of
diesel from 50 to 10 ppm can result in up to ~30% decrease in PNC.

Table 3 shows the comparison of PNC values obtained herein
with those observed in other parts of the world. However, this
comparison should be made with caution; characteristics of the
different sites evaluated, factors such as size range of particles
considered in each study, distance of the measurement location
away from the road, topographic settings, and seasonal influences
should be considered (Kumar et al., 2014). PNCs in this study
(between 4.85x10* cm~3 and 1.50x105 cm~3 for sites affected by
vehicular traffic) exhibited concentration levels similar to those in
developing countries such as China and Taiwan and in some cities
in the United States, Barcelona, and London (Table 3). The high
PNCs observed in this study, especially when compared with those
observed in much of Europe, are primarily caused by the high
sulfur content in the Brazilian fuel and by the age of the fleet in
use.

3.2. Particle Number Distribution (PND)

It is traditional to describe the particle size distribution by
means of the sum of several lognormal distributions (Hussein et al.,
2004; Van Dingenen et al., 2005). Each mode can be defined by
three parameters: median diameter, geometrical standard
deviation and particle concentration. Figure 2 show fitted multi-
modal particle size distribution indicating these parameters. The
results reveal that PND is characterized by three modes: mode-1
(nucleation), mode-2 (Aitken), and mode—3 (accumulation). The
geometric mean diameters of mode—1 ranged from 13.8 to 14.8
nm for hot events and between 13.8 and 14.1 nm for cold events.
Mode-2 geometric mean diameters ranged between 28.0-34.2 nm
and 28.7-30.6 nm for hot and cold events, respectively. In addition
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the geometric mean diameters of mode—3 showed small variation
of 93.1 to 114.0 nm for both the events.

Table 3. Mean PNC from this study compared with nanoparticle concentra-
tions reported in other studies

Size
Range
(nm)

PNC (cm™)

City (Country) Source

S1-Porto Alegre (Brazil) 1.99x10* 10-420 This study
S2—-Porto Alegre (Brazil) 4.85x10* 10-420 This study
S3—-Porto Alegre (Brazil) 7.76x10* 10-420 This study
S4—Porto Alegre (Brazil) 1.50x10° 10-420 This study
S5-Porto Alegre (Brazil) 1.42x10° 10-420 This study
S6—Porto Alegre (Brazil) 1.01x10° 10-420 This study
Barcelona (Spain) 5.93x10* 10+ Paatero et al. (2005)
London (UK) 7.84x10* 10+ Putaud et al. (2010)
Corpus Christi (USA) 6.60x10* 6-220 Wang et al. (2008)
New York (USA) 6.68x10* 8-294 Bae et al. (2010)
Kowoloon (Hong Kong) 8.97x10* 5-3 000 Tsang et al. (2008)
Shanghai (China) 1.20x10° 10-448 Li et al. (2007)
Hsinchu (Tiawan) 1.35x10° 5-200 Chen et al. (2010)
Delhi (India) 2.90x10° 10-1 000 Apte et al. (2011)

Note: Adapted from Kumar et al. (2014)

As shown in Figure 2, it appears that there was no great
difference in the mean particle size distribution between the
studied sites. Changes in the size distribution may occur with
increased distance from the source; however, in this study, these
changes can be ignored as all sampling locations were near the
vehicular sources. Furthermore, size dsitributions were dominated
by nucleation (44.9%) and Aitken (42.0%) modes, being represen-
tative, specially for sites S4 and S5, for particles typical for urban
traffic (Jones and Harrison, 2006; Kumar et al., 2008; Roth et al.,
2008).

Some studies found that nucleation mode particles can be
directly emitted from the vehicle exhaust in the particle phase
composed of elemental carbon, a fraction of sulfuric acid (H,SO4)
and organic compounds (unburned oil, etc.) (Burtscher, 2005;
Arnold et al., 2006; Rose et al., 2006; Rodriguez and Cuevas, 2007;
Fernandez—Camacho et al., 2010), or can be produced during the
dilution and cooling of the exhaust emissions in ambient air from
cars (Charron and Harrison, 2003; Yao et al., 2005; Casati et al.,
2007). This explains, in part, that 44.9% of nucleation mode
particles observed were probably originating from direct sources
(Wang et al., 2014) for most studied sites. In addition to the direct
sources, nucleation mode particles were also formed in the
atmosphere through gas—to—particle conversion. In the present
study, this type of reaction (secondary particles) occurred in the
urban background site (S1), where particle formation occurred

through photochemical and chemical reactions. These photo-
chemical reactions might start at about 11:00 h inducing the
particle formation, during hot events under high solar radiation.
According to Kumar et al. (2013), secondary particle formation
through photochemically induced nucleation and condensation of
semi-volatile vapors is an important source of nanoparticles,
especially in less polluted environments.

In direct emissions, Aitken mode particles, which represent an
overlapping fraction of the nucleation and accumulation mode
particles, can also be formed (Seinfeld and Pandis, 2006; Kumar et
al., 2010), resulting 42% of the particles in this study. Particles thus
arise from the growth and coagulation of the nucleation mode
particles, as well as are produced by primary occurring in vehicles
(Kulmala et al., 2004). In fact, as these two modes are almost
overlapping, it is difficult to differentiate accurately nucleation and
Aitken modes particles, besides this most sites studied were next
to the direct sources.

Accumulation mode particles corresponded to 13.1% of the
nanoparticles concentration and, in this study, can refer to the
“soot mode”, carbonaceous agglomerates (soot and/or ash), for
the urban sites, as well as from the coagulation of nucleation mode
particles (Kumar et al., 2011).

3.3. Influence of meteorological parameters

Table 4 shows the mean, minimum and maximum values of
temperature, relative humidity, wind speed, wind direction and
radiation during the sampling days. These variables are explained
during the discussion of the correlations. Table 5 presents
Spearman’s correlation coefficients between PNC and meteoro-
logical parameters. Except for S1, S3, and S4 sites, PNC exhibited
marginal or no dependency on all meteorological parameters. The
low correlation coefficients can be explained as results of the local
sources (e.g., emission of primary nanoparticles) that dominated
over local wind speed and temperature, thus masking their effect
on nanoparticles (Young and Keller, 2004). Furthermore, meteo-
rological phenomena of synoptic scale, such as the input of polar
air mass and cold fronts may have contributed to the poor
correlations observed.

These phenomena were observed in S1 site, for example,
where PNC was lower during the sampling days of low tempe-
rature. Since, in the cold days, entrance of a polar air mass over the
study region occurred. Such air masses are formed at high
latitudes, near the Antarctic Polar Circle, and migrate to lower—
latitude regions, like the study area. When they are formed in the
polar regions, they acquire the characteristics of that region, low
temperature and humidity, high pressure, low cloud cover and low
concentrations of particulate matter. Thus, the smaller PNC
concentrations observed during this period in site S1 were
probably not due to local processes, but rather resulted by
atmospheric conditions prevalent in that period.

Table 4. Mean, minimum and maximum value of temperature, relative humidity, wind speed, wind direction and radiation during the sampling days

Temp. (°C)
Mean Min Max Mean Min Max
S1 Hot days 28.9 183 36.1 55 47 71
Cold days 13.2 11.0 15.2 59 52 73
S2 Hot days 27.8 21.1  38.1 50 41 58
S3 Hot days 29.1 25.7 343 56 47 67
sS4 Hot days 31.7 26.3  36.2 48 35 68
Cold days 10.9 6.3 18.6 73 50 95
S5 Hot days 30.4 26.8 349 51 44 58
Cold days 18.8 156 21.7 67 58 77
S6 Hot days 27.6 20.7 33.0 58 46 75
Cold days 16.7 10.7 217 67 46 88

W.S. (ms™?)

Mean Min Max Mean Min Max Mean Min Max
1.9 0.7 3.1 192 76 341 2837 378 3916
2.0 0.7 35 221 122 286 2204 681 2925
1.9 0.9 35 161 23 343 2912 1464 3775
1.8 0.8 3.3 92 3 282 2749 1020 3966
2.4 0.6 3.8 220 9 359 2751 1102 3773
1.8 0.0 4.6 194 96 295 603 0 1959
2.3 1.2 3.5 177 61 316 3080 1051 3916
1.5 1.1 2.2 158 80 259 2056 912 2659
1.1 0.6 2.6 118 11 346 2480 829 3833
13 0.4 2.8 95 36 145 1617 65 2842
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Figure 2. Fitted multimodel particle size distributions. Average model, lognormal model components, and average
observed concentrations. S1: urban background, S2 and S3: roadside, S4 and S5: traffic intersections, S6: street
canyon.

Table 5. Spearman correlation coefficients for the PNC with the meteoro-
logical parameters (Temperature—Temp., Relative Humidity—R.H., Wind
Speed-W.S., Wind Direction-W.D. and Radiation—-Rad.)

Temp. R.H. W.S. W.D. Rad.
S1 653° -222 —247 -273 450°
S2 -068 -238 =212 -432 432
S3 -300 532° —491 —554 2 —596°
sS4 -743° 828° -692° -545° -766°
S5 071 -138 -262 —-206 -129
S6 —-246 054 172 -323 -027

9 Correlation is significant at the 0.05 level
b Correlation is significant at the 0.01 level

The correlation between PNC and wind speed is shown in
Table 5. Among the studied sites, S4 was the only one that
exhibited a significant correlation with PNC. In this study, the
observed wind speeds were low, <2.4 m st (Table 4), and under

these conditions, traffic—produced turbulence was the dominant
process causing the dilution of particles emitted at the street level
(Vachon et al., 2002; Di Sabatino et al., 2003; Solazzo et al., 2007),
and PNC was independent of wind speed (Kumar et al., 2008).
However, under higher wind speed conditions, wind—produced
turbulence was the dominant process causing the dilution of
particles emitted at the street level (Britter and Hanna, 2003;
Kastner—Klein et al., 2004). This can be seen in Figure 3, where the
dilution of nanoparticle concentrations by wind occurred during
the periods with higher wind speeds. This was in agreement with
the atmospheric dispersion theory in which downwind concen-
trations are inversely related to wind speed (Zhu et al., 2006).
Another factor that might be a contributing one to the lack of
correlation between PNC and wind speed is the influence of the
buildings (architecture) at the sampling sites, which limit wind
action, thus minimize its effect on PNC. This effect is even more
prominent on the site S6, street canyon, where tall buildings limit
the action of wind, resulting even in no influence of wind speed on
PNC.
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(m s72) in blue. S1: urban background, S2 and S3: roadside, S4 and S5: traffic intersections, S6: street canyon.

Typically, temperature and relative humidity exhibit inverse
correlation, i.e., increased temperature during the day is
accompanied by a decreased relative humidity. In general, both
parameters play an important role in PNC (Ruuskanen et al., 2001;
Charron and Harrison, 2003; Jamriska et al., 2008; Morawska et al.,
2008). Table 5 shows a significant correlation between tempera-
ture and PNC for S1 and S4 sites. The negative correlation observed
at S4 site was in agreement with several studies that reported a
lower PNC at higher temperatures (Paatero et al., 2005; Jeong et
al., 2006; Sabaliauskas et al., 2012). This may be attributed to the
fact that a decrease in ambient air temperature favors the
formation of new particles when the exhaust mixes with cool
ambient air, when the low and semi volatile compounds are
released during the rush hour (Jeong et al., 2006). Similarly, a low
temperature, which corresponds to higher levels of relative
humidity increase condensation on already formed particles
making them grow.

However, for site S1, we observed a positive correlation
(0.653) between the temperature and the PNC. This atypical
behavior occurred probably due to meteorological conditions of

synoptic scale observed during the sampling days with lower
temperatures. During these days the sampling site was under the
influence of a polar air mass and smaller PNC were observed when
compared to the concentrations during the sampling days with
higher temperatures, where such meteorological phenomenon
was not observed. This can be confirmed considering the data only
for the hot sample period, when the influence of temperature on
the PNC was negative, resulting from the same factors reported
above. The site S2 showed no significant correlation between
temperature and PNC (—0.068). This probably occurred because in
this case the action of wind direction was predominant in relation
to the effect of temperature. This occurred when wind direction
was northwest (315-343°), i.e., the sampling site was upstream the
highway under investigation. For S5 site, a similar behavior as
happened with S1 site was observed, when the meteorological
factors of synoptic scale were prevalent in the sampling days of the
cold period. In this period, a cold front passed affecting directly the
local atmospheric conditions.

The relative humidity positively correlated with PNC (Table 5)
for S3 and S4 sites, favoring binary nucleation (water and sulfuric
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acid) (Easter and Peters, 1994). At other sites evaluated in this
study, no significant correlations were observed between PNC and
relative humidity. The negative correlation between PNC and
relative humidity for S5 site is due the influence of the architecture
and buildings in this region. For site S1, the negative correlation is a
result of meteorological factors of synoptic scale, already
mentioned as factors influencing during the cold sampling days, as
discussed above.

4. Conclusions

This study is a precursor one in the evaluation of atmospheric
nanoparticles in Porto Alegre, southern Brazil. Six sampling sites
(one urban background, two roadsides, two traffic intersections,
and one street canyon) were evaluated, and PNC was observed in
the following descending order: traffic intersection > street canyon
> roadside > urban background. The PNC levels were similar to
some developing countries where the major source of problem is
vehicular. The high PNCs observed in this study, especially when
compared with those observed in most countries in Europe, were
primarily caused by the high sulfur content in the Brazilian fuel and
by the age of the fleet in circulation. The results revealed that PND
is characterized by three modes: mode-1 (nucleation), mode-2
(Aitken), and mode-3 (accumulation). Size distributions were
dominated by nucleation (44.9%) and Aitken (42.0%) modes being
representative for local sources near the vehicle exhaust. In this
study nucleation and Aitken mode particles were especially
originated from primary sources at all study sites, except the urban
background. At this site, nucleation mode particles were formed
from secondary sources through photochemical and chemical
reactions during the warmer days. The relative contributions of
cold and hot days for some studied sites were not very clear due to
the lack of measurements. The study showed that besides the local
meteorological parameters, there was a great influence of
meteorological conditions of synoptic scale on PNC and PND.
Future studies will include daily and seasonal variations to better
understand the mechanisms of nanoparticle formation. Further-
more, some pollutants such as NOx and CO will also be evaluated
as they are indicators of emissions from combustion sources.
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nitropyrene, 2-nitrofluorene, and 6-nitrochrysene) in emissivity and transmittance spectra of samples of partic-
ulate matter <1 pm (PM; o) using infrared spectrometry. Carcinogenic and mutagenic risks of the studied NPAHs
associated with PM; o samples were also determined for two sampling sites: Canoas and Sapucaia do Sul. The re-
sults showed that NPAH standard spectra can effectively identify NPAHs in PM; o samples. The transmittance and
emissivity sample spectra showed broader bands and lower relative intensity than the standard NPAH spectra.
The carcinogenic risk and the total mutagenic risk were calculated using the toxic equivalent factors and muta-
genic potency factors, respectively. Canoas showed the highest total carcinogenic risk, while Sapucaia do Sul
had the highest mutagenic risk. The seasonal analysis suggested that in the study area the ambient air is more
toxic during the cold periods. These findings might of significant importance for the decision and policy making
authorities.
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1. Introduction

Particulate matter, especially in urban areas, is a mixture of primary
particulate emissions from industries, transportation, power genera-
tion, natural sources, and secondary material formed by gas-to-particle
conversion mechanisms (Seinfeld and Pandis, 2006). Atmospheric
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particles are complex mixtures of various chemical compounds, which
serve as a catalyst for many chemical reactions (Feilberg and Nielsen,
2000; Turpin et al., 2000). These compounds include hazardous ele-
ments, black carbon, polycyclic aromatic hydrocarbons (PAHs), and
nitro-polycyclic aromatic hydrocarbons (NPAHs), the latter being con-
sidered to be carcinogenic and/or mutagenic (Tang et al., 2005; Silva
et al., 2009; Ribeiro et al., 2010; Oliveira et al., 2012a, 2012b;
Cerqueira et al., 2011, 2012; Quispe et al., 2012; Arenas-Lago et al.,
2013). Moreover, NPAHs (nitro-PAHs) can be 100,000 times more mu-
tagenic and 10 times more carcinogenic as compared with the
unsubstituted parent PAHs (Onchoke et al., 2006), even if they are pres-
ent at much lower concentrations than their parent compounds (Ritter
et al,, 2002; IARC, 2013). Consequently, there is great interest in deter-
mining their structure and reactivity.

NPAHSs can be released in the atmosphere directly from incomplete
combustion emissions or produced by chemical reactions between
PAHs and nitrogen oxides (Bamford et al., 2003). Reactions between
PAHs at the gas phase are initiated by hydroxyl radicals (OH) during
the day and by nitrate radical (NOs) in the night (Arey, 1998). PAHs as-
sociated with the particulate phase react with N,Os or HNO5 and pro-
duce NPAHs (Nielsen, 1984; Kamens et al., 1990). Thus, the different
isomers of NPAHs formed in the atmosphere by direct emissions can
be distinguished from those formed from chemical reactions, on the
basis of different formation mechanisms. These compounds are widely
distributed in the environment and are mainly associated with airborne
particles (Arey, 1998; Atkinson and Ashcmann, 1994; Teixeira et al.,
2011), especially fine particles (Yang et al., 2005; Pham et al., 2013).
Fine particles, particularly those <1 um (PM; ), are of special concern
because they can remain suspended in the air for weeks and penetrate
into the deeper part of the respiratory system (Kumata et al., 2006;
Slezakova et al.,, 2007), thus posing a greater risk to human health. Air-
borne particles have been receiving increasing attention over the years
because of their environment, climate and health effects, and heteroge-
neous atmospheric processes associated with the complex environmen-
tal behaviors of atmospheric particles (Zhao and Chen, 2010).

The Fourier transform infrared spectroscopy (FTIR) technique has
been used to analyze PM; o samples. This technique is based on the in-
teraction of electromagnetic radiation in the thermal infrared region
(Hammes, 2005). Also known as vibrational spectroscopy, it measures
different types of vibrations between the atoms according to their atom-
ic bonds. Due to the complexity of environmental samples and the need
for identification of different isomers, various chromatographic tech-
niques have been widely used to identify NPAHs (Jinhui and Lee,
2001; Crimmins and Baker, 2006; Teixeira et al., 2011). However, the
FTIR technique, although rarely used compared with chromatographic
techniques, has many advantages, such as being is more economic,
quicker, and lossless. Also, infrared spectroscopy can detect small
amounts of compounds without requiring their extraction or derivatiza-
tion; and the instrumentation can be taken directly to the sampling site,
which eliminates environmental losses or transformations during freez-
ing, transportation, and storage (Yu et al., 1998; Reff et al., 2005; Coury
and Dillner, 2008). A specific functional chemical group in a molecule
shows its spectral characteristics in certain region of the spectrum
(Griffiths and Haseth, 2007). Other bands indicate significant move-
ment of only a few atoms, although their frequency varies from one
molecule to another, containing the particular functional group. In this
way, different molecules containing similar functional groups can be
distinguished. These are thus often known as fingerprint bands
(Griffiths and Haseth, 2007).

There are very few studies, for instance, those of Carrasco-Flores et
al. (2004, 2007) and Onchoke and Parks (2011), on the identification
of functional groups of NPAHs using the FTIR technique. However, our
laboratory used emissivity spectra besides transmittance spectra,
which is a rather new approach for the identification of functional
groups of NPAHs in PMy . In addition, no study, to the best of our
knowledge, has evaluated NPAHSs in particulate matter, especially for

PM; o. However, the FTIR technique allows the distinction of the bands
associated with the functional groups of interest in the spectra generat-
ed by using data from the literature.

The aim of this study was to analyze spectral features of 1-
nitropyrene, 2-nitrofluorene, and 6-nitrochrysene solid standards in
transmittance and emissivity FTIR spectra in order to identify NPAHs
in PM; o samples collected from the study area. We also conducted an
assessment of carcinogenic and mutagenic risks of the studied NPAHs
in the PM; g samples.

2. Study area

The study area is the metropolitan area of Porto Alegre (MAPA), lo-
cated in the central-eastern region of the state of Rio Grande do Sul, Bra-
zil (Fig. 1). This area has its limits within 29°54’ to 29°20’ Sand 51°17' to
50°15" W. According to the Brazilian Institute of Geography and Statis-
tics (IBGE, 2010), this region comprises an area of 9653 km?,
representing 3.76% of the total area of the state, and has a population
of 4.12 millions of inhabitants, i.e., 37.7% of the total population of Rio
Grande do Sul. This metropolitan area is the most urbanized one in
Rio Grande do Sul, and characterized by different types of industries, in-
cluding some stationary sources of pollution. In addition to the different
types of industries found in MAPA, it is estimated that the most signifi-
cant contributions are made by mobile sources due to the large number
of vehicles in circulation in the region that accounts 37% of the total of
5.37 million cars representing the Sate fleet (DETRAN/RS, 2013). In
2009, the distribution of the fleet by fuel type in MAPA was 69% gaso-
line, 16% gasoline (motorcycles), 11% diesel, and 4% alcohol (Teixeira
etal, 2011). In January 2013, the region had about 1.96 million vehicles
(DETRAN/RS). Sampling sites for PM; o were Canoas and Sapucaia do Sul
(Fig. 1). These sites were chosen due to various reasons. Canoas is under
a strong vehicular influence, daily traffic congestions, location of Canoas
Air Force Base, and industries (an oil refinery); its geographical location
is upstream of the prevailing winds that have a medium influence on
this sampling site. Sapucaia do Sul site has a greater vehicular influence:
light and heavy fleet, traffic congestions, and slow speeds. This site also
has low industrial influence (oil refinery, steel mills that do not use
coke, and Canoas Air Force Base) upstream of prevailing winds.

3. Material and methods
3.1. Sampling and NPAH standards

PM, o sampling was performed in an automatic sequential particle
sampler model PM162M from Environment S.A. PM; o samples were
collected using Zefluor™ membrane PTFE (polytetrafluoroethylene) fil-
ters of 47 mm diameter, specifically designed for organic sampling
(Peltonen and Kuljukka, 1995). Sampling was carried out at a constant
flow rate of 1 m?/h for 72 and 12 h for the determination of emissivity
(FTIR) and transmittance spectra, respectively. These sampling times
were found to be most appropriate for a good resolution of bands corre-
sponding to organic species (Agudelo-Castafieda et al., 2015). Several
studies have shown that PTFE filters are more suitable for FTIR tests
and have lower absorption bands (overlapping peaks) in infrared anal-
ysis than nucleopore or quartz filters (Ghauch et al., 2006).

In this study, the following NPAH standards were used: 6-
nitrochrysene, 2-nitrofluorene, and 1-nitropyrene. These NPAH stan-
dards were purchased from Aldrich Chemical Company with 99% purity.

3.2. Instruments

Emissivity spectra of PM; o samples and NPAH standards were ob-
tained with a hand-portable thermal infrared spectrometer model
102F manufactured by Designs & Prototypes. The analyses were per-
formed at the Centro Estadual de Pesquisa em Sensoriamento Remoto
e Meteorologia (CEPSRM) (State Research Center for Remote Sensing
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Fig. 1. Location of the sampling sites (Canoas and Sapucaia do Sul).

and Meteorology) of the Federal University of Rio Grande do Sul
(UFRGS). The data were obtained from an average of 100 scans, i.e.,
100 co-added interferograms. The measurements were performed at a
distance of less than 50 cm to minimize atmospheric attenuation
(Korb et al., 1996) using a fore optic of diameter 2.54 cm to ensure
that the field of view was smaller than the sample with a diameter of
47 mm. In addition, all emissivity measurements were performed
under conditions of clear sky without clouds and low to moderate rela-
tive humidity (<60%). Calibration and operation procedures of the FTIR
spectrometer were the same as described by Agudelo-Castafieda et al.
(2015). After optimizing the measurements using certified solid stan-
dards, measurements for PM; o samples were taken. The spectra were
analyzed in the range of 1660-700 cm™ !, with a spectral resolution of
4 cm™ ! and a spectral accuracy of +1 cm™ .

Transmittance spectra were obtained by a BOMEM MB-series FTIR-
Hartmann & Braun Michelson spectrometer equipped with DTGS detec-
tor at the Institute of Physics of the Federal University of Rio Grande do
Sul. Fifty scans of transmittance spectra with a resolution of 4 cm™!
were performed in the range of 400-4000 cm ™' to obtain an appropri-
ate signal-to-noise ratio. Transmittance spectra were collected from
each sample of PM; ¢ and are presented in arbitrary units (a.u.) using
a background spectrum of blank filter.

3.3. Preparation and analysis of the NPAH solid standards and PM; ¢
samples

3.3.1. Transmittance spectra
The NPAH solid standards (6-nitrochrysene, 2-nitrofluorene, and 1-
nitropyrene) were prepared in solid KBr pellets to obtain transmittance

spectra. PM; o samples were analyzed directly without any preparation.
The molecular vibrations of transmittance spectra were identified on
the basis of earlier studies (Semmler et al., 1991; Carrasco-Flores et al.,
2005; Onchoke et al., 2006; Onchoke and Parks, 2011).

3.3.2. Emissivity spectra

NPAH solid standards were used as received and were placed in
50 mm diameter dishes, and then the spectra were acquired. The sam-
ples were analyzed directly without any preparation. The molecular vi-
brations corresponding to the peaks in the spectra were identified based
on the earlier studies (Semmler et al., 1991; Carrasco-Flores et al., 2005;
Onchoke et al., 2006; Onchoke and Parks, 2011).

3.4. Toxicity calculation

Carcinogenic risk was estimated using toxic equivalent factors
(TEFs). The “toxic equivalent” scheme weighs the toxicity of the less
toxic compounds as fractions of the toxicity of the most toxic PAH,
benzo[a]pyrene (BaP). BaP is believed to be the most toxic PAH and
has been well characterized toxicologically. However, less information
is available about other organic compounds, and their toxicity is
expressed in terms of equivalent toxicity of BaP (Jung et al., 2010). TEF
data comparing the inhalation unit risk factor of a compound relative
to the inhalation unit risk factor of BaP were obtained by OEHHA
(OEHHA, 2005) and other works (Di Filippo et al., 2010). Eq. (1) was
used to calculate the carcinogenic risk:

Carcinogenic risk = [Zi[NPAH}iTE FNpAHi] x URgap, 1)
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where [NPAH]; is the individual atmospheric concentrations of NPAHs
(expressed in ng/m>) and TEFypau; is the individual TEFs of each
NPAH. URgpajp is the inhalation cancer unit risk factor of BaP
(=1.1 x 107% (ng/m3)~ ') calculated from cancer potency factors
(CPFs) using the following relationship:

CPF; x 20m?
UR; = 70kg x CV ’ 2)
where CPF; is the inhalation cancer potency factor of the compound i
(=3.9 (mg(kg day)~ ')~ for BaP), 20 m® is the reference human inspi-
ration rate per day, 70 kg is the reference human body weight, and CV is
the conversion factor from mg to ng (=1 x 10°) (OEHHA, 2005).

Mutagenic risk was calculated using Eq. (1), replacing the TEF data
by the mutagenic potency factors (MEFs) established by Durant et al.
(1996).

4. Results and discussion
4.1. Solid standard transmittance and emissivity spectra

Transmittance and emissivity spectra of the solid standards 1-
nitropyrene, 2-nitrofluorene, and 6-nitrochrysene (99% purity) were
analyzed and the functional groups of each of these NPAHs were identi-
fied. The same wavelengths were considered for the molecular vibra-
tions found in the transmittance spectra as well as in the emissivity
spectra. The identification of the vibrations of the molecules was
based on previous studies, which investigated them with theoretical
methods and matrix isolation methods (Carrasco-Flores et al., 2004,
2007; Onchoke and Parks, 2011).

Fig. 2 shows the transmittance spectra for 1-nitropyrene, 2-
nitrofluorene, and 6-nitrochrysene for the region 4000-450 cm™'. In-
frared spectra of NPAH displayed transmittance features of high intensi-
ty in three regions of the mid-infrared range. Symmetric and
asymmetric stretching vibrations of the nitro group appeared between
1330 and 1350 cm™ ! and between 1520 and 1590 cm™', respectively.
Low-intensity absorptions, near 1300 cm™!, are caused by C-N
stretching vibrations and C-H out-of-plane bending. Broad and weak
absorptions between 3100 and 3000 cm™ !, due to C-H stretching vibra-
tions, are present in the spectra of all compounds.

Fig. 3 represents the emissivity spectra of all studied NPAH stan-
dards. For emissivity, the 1660-3330 cm™ ! range was not analyzed
due to a low signal-to-noise ratio of the equipment in this range, and
also in this range, the transmittance is low due to the presence of ab-
sorption bands of methane, CO,, and water vapor (Korb et al., 1996;
Agudelo-Castafieda et al., 2015). Table 1 shows the vibrational assign-
ment of the representative peaks observed in the experimental trans-
mittance and emissivity spectra of 1-nitropyrene, 2-nitrofluorene, and
6-nitrochrysene. The absorption bands corresponding to CO, and atmo-
spheric water vapor in the range of 700 cm ™' and 1646 cm™ ! have been
excluded from Table 1 (Jellison and Miller, 2004; Agudelo-Castafieda et
al., 2015). Thus, the region of greatest utility in Fourier transform infra-
red spectra of nitro-PAHs is from 1590 to 500 cm™ . The band due to C-
H stretch around 3100 cm ™ is usually broad and of very low intensity
in comparison with other bands in the spectrum. A small number of
bands are found near 500 cm™', but these are also of low intensity
and therefore have less analytical importance. The low-intensity ab-
sorption caused by C-H stretch is just discernible near 3080 cm™".

4.1.1. 1-Nitropyrene

1-Nitropyrene is formed from direct emissions and can be used
as a tracer of diesel engine emission in the atmosphere, as reported
by Hien et al. (2007). This compound can form spontaneously
through atmospheric reaction of nitrogen oxide with pyrene in the
presence of a trace amount of nitric acid and photochemical oxidation
of 1-aminopyrene under ultraviolet irradiation (Chan, 1996).
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Fig. 2. Transmittance spectra of 1-nitroyrene (a), 2-nitrofluorene (b) and 6-nitrochrysene
(c) solid standards recorded on KBr pellets.

Figs. 2(a) and 3(a) show the transmittance and emissivity spectra of
1-nitropyrene, and Table 1 presents the vibrational assignment of the
representative peaks observed. As can be seen, the strongest features
are due to the symmetric and antisymmetric stretching of the NO,
group that appeared at 1330 and 1510 cm™ !, respectively. Another
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Fig. 3. Emissivity spectra of 1-nitropyrene (a), 2-nitrofluorene (b) and 6-nitrochrysene (c)
solid standards recorded in 47-mm dishes.

strong band appears at 1309 cm ™! and is related to the C-N stretching
of the nitro group. We also observed fundamental stretching modes re-
lated to C=C of the conjugated systems (between 1593 cm~' and
1650 cm™!) and ring stretching and C-H in-plane deformation
(1238 cm™ 1), i.e., characteristic vibrational modes of the chromophore
(Carrasco-Flores et al., 2004). Bands of lower intensity are observed re-
lated to ring stretching modes, mainly in-plane C-C stretches within the
aromatic ring, whereas C-H bending corresponds to in-plane C-C-H

angle deformation around the aromatic ring. The in-phase wagging is
introduced to indicate a collective vibration where all the out-of-plane
C-H wags are in the same direction (Carrasco-Flores et al., 2004).

4.1.2. 2-Nitrofluorene

Nitrofluorenes are present in diesel exhaust and can be formed by
photochemical reactions and as a result of nitration of fluorene too
(Beije and Moller, 1988). 2-Nitrofluorene is a compound with low sym-
metry and therefore has vibration bands that are active in the infrared
region. Transmittance and emissivity spectra of this compound are
shown in Figs. 2(b) and 3(b). The designation of the identified features
in the experimental transmittance spectra is presented in Table 1. The
most intense infrared bands were assigned to the NO, symmetric

Table 1

Designation of features identified in the experimental transmittance (400-4000 cm ™)
and emissivity spectra (700-1660 cm™!) of the solid standards of 1-nitropyrene, 2-
nitrofluorene, and 6-nitrochrysene. Unit: cm™ .

1-Nitropyrene 2-Nitrofluorene 6-Nitrochrysene Vibrational assignment

Trans. Emis. Trans. Emis. Trans. Emis.

495 559 Ring deformation
605 Ring twisting
615 Ring deformation
634 Ring breathing
703 Ring deformation
730 722 730 CHwag
740 CH out-of-plane def. + CH,
twisting
756 754 CH wag
761 CH wag
773 779 770 770  CH out-of-plane def. + CH,
twisting
CH wag
798 804 Ring deformation
823 813 816 819 813  Ring deformation 4+ CH wag
833 CH wag + CH out-of-plane def.
846 853 842 CH wag + CH out-of-plane def.
853 856 853  Ring deformation
865 CH wag

790 793

881 883 Ring deformation + CH wag
889 896 894  CH out-of-plane def. +
CH, wag
908 916 912 916 CH out-of-plane def. +
CH, wag
933 CH out-of-plane def. +
CH, wag
950 948 954  CH out-of-plane def. +
CH wag
964 957 962 CH wag
1074 CH wag
1100 1114 CCH in-plane def.
1153 1157 1153 1157  CCH in-plane def.
1168 1174 1177 1177  CCH in-plane def.
1189 1184 CCH in-plane def. + CH, wag
1197 1197  CCH in-plane def.
1220 1212 1217 CCH in-plane def.
1238 CCH in-plane def. 4 Ring str.
1251 CCH in-plane def.
1309 CN str. + CCH in-plane def.
1330 1338 1334 1338 1352 1349  NO, symm. str + CN str.
1369 1375  CCstr. + CH in-plane def.
1396 1395 1395  CCstr. + CH in-plane def.
1418 1417 CC str. + CH in-plane def.
1455 1448 1455 1455  CCstr. + CH in-plane def.
1473 1471 1473 1473  CCstr. + CH in-plane def.
1487 1487 1487  CCstr. + CH in-plane def.
1510 1507 1519 1507 1510 1507  NO, antisymm. str.
1539 1542 1531 1542  CC stretching
1554 1559 1556 1559  CC stretching
1593 1591 1593 1596 NO, antisymm. str. 4+ CC str.
1625 1622 1622  CCstretching
1636 1636 CC stretching
1651 1645 1651  CC stretching
3045 CH stretching
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stretching mode at 1334 cm™ ' and to the antisymmetric mode at 1519
and 1591 cm™ . The CN stretching band was observed at 1334 cm ™.
Bands appearing in the region 1400-1650 cm™ ! were assigned to CC
stretching modes; the most intense bands below 1000 cm™! were at-
tributed to out-of-plane CH modes. Planar CH bending modes, i.e., C-H
in-plane deformation, are clearly observed between 1000 and
1300 cm™ 1.

Emissivity

4.1.3. 6-Nitrochrysene

6-Nitrochrysene is emitted directly by diesel vehicles (Albinet et al.,
2007). Figs. 2(c) and 3(c) show the infrared transmittance and emissiv-
ity spectra of 6-nitrochrysene. A band at 1352 cm™~! assigned to the
symmetric stretching and a band at 1510 cm™ ! corresponding to the
asymmetric stretching of the NO, group can also be seen; both bands
displayed a strong relative intensity. The asymmetry and broadness of
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Fig. 5. Emissivity spectra of PM; sample in Canoas (a), May 2-5, 2012, and in Sapucaia do Sul (b), Jan 22-25, 2012.



LL. Schneider et al. / Science of the Total Environment 541 (2016) 1151-1160 1157

Table 2
Average NPAH concentrations in PM; for winter and summer in Canoas and Sapucaia do
Sul sites reported by Garcia et al. (2014). Concentrations expressed in ng/m°.

NHPAs Canoas Sapucaia do Sul
Winter Summer Winter Summer
1-Nitronaphthalene 0.1864 0.0063 0.1141 0.0094
1-Nitropyrene 0.0170 0.0098 0.0345 0.0201
2-Nitrofluorene 0.0138 0.0078 0.0197 0.0212
3-Nitrofluoranthene 0.0288 0.0170 0.0512 0.0426
6-Nitrochrysene 0.0429 0.0105 0.0342 0.0128

Table 4
Total carcinogenic risk calculated from three NPAHs considering the TEFs.

NHPAs Canoas Sapucaia do Sul
Winter Summer Winter Summer
1-Nitronaphthalene - - - -
1-Nitropyrene 1.90E —09 1.09E —09 3.84E—09 2.23E—-09
2-Nitrofluorene 1.54E—10 8.70E—11 2.20E—10 237E—10
3-Nitrofluoranthene - - - -
6-Nitrochrysene 4.78E—07 1.17E—-07 3.81E—07 1.43E—-07
Total 4.80E—07 1.18E—07 3.85E—07 1.46E —07

the first band suggests the existence of another mode probably involv-
ing the nitro group: the CN stretching vibration (Carrasco-Flores et al.,
2005). The aromatic CC stretching modes are observed between 1370
and 1650 cm™!, whereas the bands observed between 1530 and
1600 cm ™! are also attributable to inter-ring CC stretching modes
(Carrasco-Flores et al., 2005). The fact that some bands are not observed
in the spectrum of 6-Nchr could be associated with an anchorage effect
induced by an interaction between the oxygen atoms of the nitro group
and the adjacent H atoms.

Out-of-plane CH modes are observed between 1000 and 700 cm™ .
Ring deformations are present in the region of the lower frequency. At
least three medium bands at 896, 790, and 703 cm™ ' are observable
only in the spectrum of 6-Nchr; this is probably due to a molecular sym-
metry descent imposed by the NO, group.

4.2. Atmospheric particulate matter samples (PM; o)

In this study, NPAHs were characterized especially by bands of the
NO, functional group, their fingerprint bands. Figs. 4 and 5 show the
transmittance and emissivity spectra of the samples of PM; o, respec-
tively, for the Canoas and Sapucaia do Sul sites. It is noteworthy that
both the transmittance and emissivity spectra of the samples (Figs. 4
and 5) are showing broader bands and lower relative intensity upon
comparison with the spectra of NPAH standards (Figs. 2 and 3). This is
due to the fact that the intensity and width of the bands depend on com-
position and density of these compounds (Kubicki, 2001). Furthermore,
broadening of the bands (in comparison with the solid standards) in the
PM; o sample spectra can be attributed as a result of the interaction be-
tween organic compounds and the filter surface (Dabestani and Ivanov,
1999; Agudelo-Castafieda et al., 2015), and attributed to the fact that
the particulate matter was collected in a heterogeneous medium (e.g.,
adsorbed onto a filter). In addition, the forms, intensities, and number
of features depend on the relative masses and bonding forces
(Hamilton, 2010).

Moreover, the low concentrations of NPAHs in the study area should
be considered as a factor that caused broader bands in the sample spec-
tra, as reported by Garcia et al. (2014). They reported average concen-
trations of hydrocarbons, for Sapucaia do Sul, in the following order:
1-nitropyrene (0.0276 ng/m?) > 6-nitrochrysene (0.0240 ng/m?) > 2-
nitrofluorene (0.0205 ng/m?). For Canoas, the observed order was 6-
nitrochrysene (0.0284 ng/m?>) > 1-nitropyrene (0.0138 ng/m?) > 2-
nitrofluorene (0.0111 ng/m?). Therefore, as can be seen by comparing
the transmittance and emissivity spectra of the samples (Figs. 4 and 5)

Table 3
NPAH toxic equivalent factors (TEFs) and mutagenic potency factors (MEFs) relative to
BaP.

Compounds TEFs? MEFs”
1-Nitronaphthalene - -
1-Nitropyrene 0.1 0.025
2-Nitrofluorene 0.01 -
3-Nitrofluoranthene - 0.0026

6-Nitrochrysene 10 -

@ Data from OEHHA (2005).
" Data from Durant et al. (1996).

with the spectra of the solid standards (Figs. 2 and 3), the standards
showed clearer and stronger bands than those of PM; o samples. How-
ever, for many vibrational modes, the frequency is characteristic of the
specific functional group in which the motion is centered and is mini-
mally affected by the nature of other atoms in the molecule (Griffiths
and Haseth, 2007). Therefore, in general, transmittance and emissivity
show significant spectral response, and provide useful outcomes upon
comparison. So, it is possible to identify the vibrational interactions of
the main functional groups present in the standards of 1-nitropyrene,
2-nitrofluorene, and 6-nitrochrysene.

Fig. 4(a) and (c) show the transmittance spectra of PM; o samples at
Sapucaia do Sul on May 11, 2013 (Fig. 4(a)) and at Canoas on May 27,
2013 (Fig. 4(b)) and on May 4, 2013 (Fig. 4(c)). Canoas transmittance
spectrum sampled on May 27, 2013 (Fig. 4(b)) showed less strong
peaks than other spectra (Fig. 4(a) and (c)). This can be explained by
particulate matter concentration; and as well the NPAH compounds
present in this sample were lower in quantity than those in the other
samples.

The spectra in Fig. 4(a)-(c) show different peaks in 600-900 cm™
spectral range, corresponding to the vibrations of the aromatic rings,
which can also be seen in the spectra of NPAH standards. Some peaks
are also centered in the 1000-1500 cm™ ' spectral range, corresponding
to the C=C stretching of aromatics, in addition to the C-H in-plane an-
gular deformation. Nevertheless, in the transmittance spectra, the peaks
in the 1250-1300 cm™ ! range are strongly affected by the presence of
the carbon-fluorine (C-F) bond. In this region, a high intensity peak
was observed due to the influence of the filter (PTFE), and therefore it
is difficult to unambiguously identify bands of the compounds at this
frequency. Low-intensity peaks corresponding to C-H vibrations of the
aromatic groups are observed in the region between 3000 and
3100 cm™ !. The bands in this spectral range are observable only for
the samples presented in Fig. 4(a) and (c), and completely absent in
the sample of Canoas site in Fig. 4(b). Consequently, the bands observed
in the PM; o samples show low intensity in this spectral region and, as
reported earlier, this can be attributed to low organic compound level
(few nanograms per cubic meter), especially of NPAHs (Garcia et al.,
2014).

The transmittance spectrum of PM; o (Sapucaia do Sul on May 11,
2013) (Fig. 4(a)) in the 600-900 cm ™! spectral range showed a peak
at 634 cm~! that was identified in the spectrum of 1-nitropyrene
(Table 1). However, at this frequency (634 cm™!) molecular vibrations
from sulfite ions (S0% ™) present in the particulate matter can also be
observed (Tsai and Kuo, 2006). The peaks observed at 715, 783, and

1

Table 5
Total mutagenic risk calculated from three NPAHs considering the MEFs.

NHPAs Canoas Sapucaia do Sul
Winter Summer Winter Summer

1-Nitronaphthalene - - - -
1-Nitropyrene 4.75E—10 2.73E—10 9.61E—10 5.59E—10
2-Nitrofluorene - - - -
3-Nitrofluoranthene 836E—11 492E—11 1.48E—10 1.23E—10
6-Nitrochrysene - - - -

Total 5.58E—10 3.23E—10 1.11E—09 6.82E—10
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Fig. 6. Molecules (a) 1-nitropyrene, (b) 2-nitrofluorene, and (c) 6-nitrochrysene.

856 cm ™! correspond to 5, 3, and 2 C-H neighboring units (connected)
in the aromatic rings, respectively (Semmler et al, 1991;
Agudelo-Castafieda et al., 2015). In 1000-1500 cm ™! spectral range,
the transmittance spectrum shows peaks at 1049, 1157, 1255, and
1467 cm™'. Some of these bands are identified in the 1-nitropyrene,
2-nitrofluorene, and 6-nitrochrysene spectra (Table 1) due to C-H
out-of-plane angular deformations or C-H wagging. At 1049 cm ™!
and 783 cm~! frequencies, overlapping may occur due to SiOz # ion,
which also contributes to frequencies in this region, typical of silicate
ions (Tsai and Kuo, 2006). A peak is also identified at 3041 cm™"' due
to aromatic C-H stretch observed in the spectra of 1-nitropyrene.

The transmittance spectrum of PM; o in Fig. 4(b) (Canoas on May 27,
2013) shows peaks at 688 cm™!, 736 cm™ !, and 854 cm ™! due to C-H

out-of-plane angular deformations of 5, 4, and 2 CH neighboring units,
respectively. Nonetheless, at 688 cm™ !, molecular vibrations arising
from sulfite ions (SO3~) may occur (Tsai and Kuo, 2006). Bands are
also identified at 1153 and 1239 cm™ ! due to C-H in-plane angular de-
formations, and at 1454 cm™ ! due to C-C stretch and C-H in-plane an-
gular deformations, respectively. The bands observed at 1338 and
1522 cm™ ! are due to the NO, group, related to the symmetric
stretching for 1-nitropyrene and 2-nitrofluorene and to the antisym-
metric stretching for 2-nitrofluorene, respectively. As explained above,
no bands in 3000-3100 cm ™! spectral range could be seen. Vibrations
from carbonyl and aliphatic groups can be inferred by the presence of
bands at 1731 and 2929 cm™ !, respectively (Agudelo-Castafieda et al.,
2015).

The transmittance spectrum of PM o in Fig. 4(c) (Canoas on May 4,
2013) shows peaks at 694, 752, and 819 cm~ . As shown in Table 1,
these peaks are related to the ring deformation and CH wagging of the
6-nitrochrysene. Also, at 694 cm™ !, molecular vibrations from sulfite
ions (SO3™) may occur (Tsai and Kuo, 2006). The peak presented at
1504 cm ™' is due to NO, antisymmetric stretching. We could not ob-
serve the symmetric stretch of the NO, group due to the presence of
the C-F bond in the 1250-1300 cm™ ! region. A peak in the 3000-
3100 cm™! spectral range, at 3088 cm™!, corresponding to C-H
stretching, can also be observed.

Fig. 5(a) and (b) show the emissivity spectra of PM; o samples in
Canoas and Sapucaia do Sul, respectively. In the emissivity spectra
(Fig. 5), peaks may be observed in the range of 730-1000 cm™!
resulting from ring deformation, C-H wagging, and C-H out-of-plane
angular deformation. Peaks in the range of 1390-1560 cm ™! resulting
from C-C stretch vibrations and related to C-H in-plane angular defor-
mation were observed between 1100 and 1490 cm™ !. The emissivity
spectra of PM; g samples (Fig. 5) displayed different peaks appearing
in the 1620-1650 cm™ ! spectral range. An array of compounds absorb
radiation in this region, including -OH present in water, alcohols, and
carboxylic acids, and the carbonyl stretch (C=0) such as amides that
are more conjugated than aldehydes, ketones, and acids (Reff et al.,
2005). It is worth to mention that the vibrational mode v, of liquid
water appears at 1640 cm™ L. Thus, these bands overlap and hinder
the identification of organic compounds. Moreover, the emissivity spec-
tra exhibit a peak at ~1100 cm™ !, which corresponds to the carbon-
fluorine bond (C-F); consequently, bands at this frequency may overlap
and, therefore, cannot be identified unambiguously (Ghauch et al.,
2006; Agudelo-Castafieda et al., 2015).

For the identification of NPAHSs, it is important to observe the spec-
tral features related to the nitro group. The bands at 1338 and
1349 cm ™~ ! are assigned to the symmetric stretching and the band at
1507 cm™ ! corresponds to the antisymmetric stretching of the NO,
group. Thus, although it is not possible to quantitatively determine the
NPAH contents of this sample through the emissivity spectra, it is possi-
ble to infer the presence of the three NPAHs evaluated in this study:
both samples showed symmetrical stretching of the nitro group at
1338 cm™ ! for 1-nitropyrene and 2-nitrofluorene and at 1349 cm ™!
for 6-nitrochrysene, and due to the antisymmetric stretching bands at
1507 cm™ ! for the three compounds.

4.3. Toxicity

For risk calculation we used the NPAHs concentrations in PM; o re-
ported by Garcia et al. (2014). They determined concentrations of five
NPAHs by gas chromatography with an electron capture detector.
Table 2 shows the average NPAH concentrations in PM; o for winter
and summer in Canoas and Sapucaia do Sul sites (Garcia et al., 2014).

Table 3 presents TEFs and MEFs relative to BaP. TEFs were not avail-
able for 1-nitronaphthalene and 3-nitrofluoranthene, and there were no
MEFs for 1-nitronaphthalene, 2-nitrofluorene, and 6-nitrochrysene.
Therefore, the total carcinogenic and mutagenic risks were calculated
considering only the NPAHSs, for those equivalent factors were available,
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by using Eq. (1). Tables 4 and 5 show the total carcinogenic risk and the
total mutagenic risk calculated considering the TEFs and MEFs,
respectively.

According to IARC classification, 6-nitrochrysene and 1-nitropyrene
are classified as belonging to Group 2A (probably carcinogenic to
humans), 2-nitrofluorene to Group 2B (possibly carcinogenic to
humans), and 3-nitrofluoranthene and 1-nitronaphthalene to Group 3
(not classifiable as carcinogenic to humans). As reported by Onchoke
(2008) and Onchoke et al. (2009), one of the main reasons for these dif-
ferences in the carcinogenic classification is the position of the nitro
group in the molecule. For example, in the case of mono nitrated fluo-
ranthene isomers, there are significant differences in their mutagenic
properties (2-, 3-, and 8-isomers are more toxic than 1- and 7-isomers)
(Onchoke and Parks, 2011). As indicated in these studies, these muta-
genic effects of NPAHs were related to the nitro group orientation rela-
tive to the aromatic moiety. Based on the observed mutagenic potencies
and X-ray diffraction structures of NPAHs (e.g., 6-nitrobenzo[a]|pyrene
and 7-nitrobenz[a,h]anthracene [Fu et al., 1998; Warner et al., 2003]),
it has been proposed that nitro-PAHs with planar CCNO dihedral angles
relative to the aromatic moiety tend to exhibit greater mutagenic poten-
cies compared with nonplanar NPAHs. Thus, correlations between vi-
brational spectra and biological activities can have predictive powers
for toxicity of nitro-PAHs. In this study, we have shown some examples
of molecules, e.g., 1-nitropyrene, 2-nitrofluorene, and 6-nitrochrysene
(Fig. 6).

The risks associated with NPAH have already been reported (Albinet
etal,, 2008; Di Filippo et al., 2010). The carcinogenic and mutagenic risks
are higher during the cold periods, as expected, as the winter presented
higher compound concentrations (Di Filippo et al., 2010; Garcia et al.,
2014). The results indicated that the carcinogenic risk is higher than
the mutagenic risk. The carcinogenic risk associated with the studied
NPAHSs can reach close to 99% of the total risk due to the presence of
6-nitrochrysene, especially due to their TEF = 10, higher than that indi-
cated by other studied NPAHSs.

The 85% levels of the mutagenic risks are associated with 1-
nitropyrene. Probably, because 1-nitropyrene MEF is about 10 times
higher than that associated with 3-nitrofluoranthene (included in the
calculation of the mutagenic risk). Another consideration that must be
taken into account is that the calculation of carcinogenic and mutagenic
risks involved different NPAHs, as the equivalent factors were unavail-
able for all the compounds.

In this study, the carcinogenic risk from NPAHs in airborne particles
varied between 1.18 x 10~ 7 and 4.80 x 10~ 7 (Table 4) and showed
similar levels to those observed in the studies of Albinet et al. (2008)
and Huang et al. (2014). The mutagenic risk varied between
3.23 x 107 %and 1.11 x 10~ 2 (Table 5). We are not aware about any
other study that evaluated the mutagenic risk, and therefore we are
not able to make comparisons with other locations around the world.

The greatest carcinogenic risk levels were found in Canoas, while in
contrast, the highest mutagenic risk levels were observed in Sapucaia do
Sul. As can be seen in Table 2, Sapucaia do Sul showed higher concentra-
tions of 1-nitropyrene than Canoas. This compound originates from in-
complete combustion, especially from diesel engine exhaust, and is
formed by electrophilic nitration (Arey, 1998; Garcia et al., 2014).
Thus, as the mutagenic risk is mainly associated with the concentration
of 1-nitropyrene, as shown in Table 2, higher levels of this compound in
winter can be verified in Sapucaia do Sul. On the other hand, Canoas
showed higher carcinogenic risk due to higher levels of 6-nitrochrysene
observed at this location, especially in winter. This compound is directly
emitted by diesel engines (Feilberg et al., 2001; Albinet et al., 2007;
Garcia et al,, 2014), and in this site, there is a great influence of heavy
vehicles.

These results indicate that the total lifetime cancer and mutagenic
risks induced by NPAHs in the study area should not be neglected and
may represent some concern, especially by direct emissions generated
by the incomplete combustion processes and/or by means of chemical

reactions between PAHs (Albinet et al., 2008; Fan et al., 1995;
Walgraeve et al., 2010; Wang et al., 2010). These compounds are fa-
vored by stagnant meteorological conditions during the cold season.
This impact could be even more negative for the most sensitive popula-
tion: elderly people and children.

5. Conclusions

The measurements of both emissivity and transmittance spectra
using infrared spectroscopy allowed us to identify organic functional
groups in atmospheric particulate matter of size <1.0 um (PM1 o). In ad-
dition, transmittance and emissivity spectra of the solid standards (1-
nitropyrene, 2-nitrofluorene, and 6-nitrochrysene) contributed in the
identification of NPAHs in PM .

Although organic compounds in atmospheric particulate matter are
poorly studied, this study ratifies that NPAHs may be differentiated by
their infrared spectral fingerprints using the two methods described in
this work: transmittance and emissivity spectra.

The results of toxicity risk relative to NPAHs in PM o indicated that
the carcinogenic risk is higher than the mutagenic risk. The carcinogenic
and mutagenic risks were higher during the cold periods, explained by
higher NPAHs concentrations in this period.

The carcinogenic and mutagenic risks for the studied NPAHs were
found to be about 99% and 85% for 6-nitrochrysene and 1-nitropyrene,
respectively.

The results also point to the possibility of negative impacts on the
health of people exposed in the study area, urban region with a greater
vehicular influence: light and heavy fleet.

The role of NPAHs in atmospheric particle toxicity needs further in-
vestigations; in particular, the relation between vibrational spectra and
biological activities that can have predictive powers for toxicity of nitro-
PAHSs. In addition, the position of the nitro groups in the molecule can
have significant differences in their carcinogenic and mutagenic
properties.
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Abstract

We evaluated the ambient concentrations of particulate matter <1 um (PM;) and
metals, as well as we identified and quantified the source contributions using the Positive
Matrix Factorization (PMF) receptor modeling in the Metropolitan Area of Porto Alegre, Rio
Grande do Sul, Brazil. PM; samples were collected on PTFE filters from December 2012 to
December 2014. Major and trace elements and soluble ion concentrations were determined.
Results evidenced significantly higher levels in winter than in summer; also that most of PM,
and the analyzed PM species and elements originated from anthropogenic sources, especially
road traffic, combustion processes and industrial activities, grouped in 7 major contributing
sources or mixed sources contributions. A back trajectory analysis showed that the long range
transport of pollutants is not relevant concerning contribution to PM; and metal
concentrations, and that most probably regional-local sources account for most of these
ambient air loads.
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1. Introduction

Atmospheric particulate matter (PM) originates from a variety of emission sources,
including the natural and anthropogenic ones. Moreover, PM may be emitted directly into the
atmosphere (primary PM) or formed in the atmosphere from gaseous precursors (secondary
PM) (Pey et al., 2009). Among emission sources, heavy industries are considered to be a
major anthropogenic trace metal sources (Zheng et al., 2010; Zhou et al., 2014), although
traffic emissions could also be considered an important source of PM and metals in urban
atmospheres (Lough et al., 2005; Birmili et al., 2006; Johansson et al., 2009). Particles
emitted from combustion process can be formed through transfer of inherent mineral matter
into PM with minor phase changes (mostly coarse particles, in the range of 1 to 10 pm (PM;.
10), with the exception of the diesel soot, with a mode around 0.04-0.06 pm, and through
nucleation and condensation of gaseous precursors, and agglomeration of nanoparticles (in
this case yielding ultrafine and fine particles) (Ninomiya et al., 2004 ; Yoo et al., 2005;
Saarnio et al., 2014). However, modern city waste incineration plants have extremely low

nanoparticle emissions (Buonanno et al., 2009; Ragazzi et al., 2013).

Atmospheric PM is one of the most important atmospheric pollutants and undergoes a
high variability concerning levels and composition (Nazir et al., 2011). Different components
of PM may have diverse health impacts, and although increased PM-mass concentration is
associated to increased mortality and morbidity, it is still unclear which specific components

should be abated to diminish the health effects from ambient acrosols (WHO, 2013).

The chemical composition of PM is particularly important for environmental
assessment of specific source contributions to ambient air PM (Almeida et al., 2006). There is
a wide range of known sources contributing to the increase of metal levels, such as Na, Ca, K,
Al, Fe, As, Se, Ti and heavy metals, in the finer PM fractions (Sanderson et al., 2014).
Concentrations of metals with lower boiling point (As, Cd, Zn) were found to decrease with
particle size, whereas those with higher boiling points (Co, Cr, Fe, Sb, Sc, Sm, Th, Eu, Yb)
increase with particle size. The more volatile elements emitted in gaseous form at high
temperatures nucleate or condense during cooling (Helble, 2000; Sanderson et al., 2014),

whereas less volatile elements remained in the solid phase (Buonanno et al., 2011).

Particles with different aerodynamic diameters have different impacts on human health

because fine particles may penetrate more deeply into the respiratory system. The fine
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particles contain higher concentrations of toxic metals, such as Pb, Cd, and Ni (Kauppinen
and Pakkanen, 1990; Lin et al., 2005; Yoo et al., 2005; Tao et al., 2012; Cheng et al., 2014).
Studies identifying trace elements tracing the contribution of specific emission sources to
particulate matter (based on receptor source profiles) based on air quality data are relatively
scarce, due to the fact that (1) it is difficult to establish a direct link between markers and
specific emission sources for some elements; and (ii) tracers are generally not unique and
source profiles may change with time (Querol et al., 2007 as an example). Some of these
studies focus on road traffic emissions, while others present tracers of industrial sources,
mostly from combustion processes, smelters and other high temperature processes.
Nevertheless, few data are available on specific tracer elements for specific industrial

processes.

Receptor modeling is one of the most commonly used tools to identify and quantify
the contribution of individual emission sources to ambient levels of atmospheric particulate
matter. It offers a way to achieve this by measuring the concentration of pollutants at a
sampling site (Hopke, 1991). One type of receptor model is the multivariate model, which
was recently improved significantly due to a new approach called positive matrix
factorization (PMF) developed by Paatero and others (Paatero and Tapper, 1994; Paatero,
1997) using a least squares approach. PMF is an advanced source apportionment method to
assess particle source contributions successfully, applied in many different places around the

world (Aldabe et al., 2011).

As a consequence of the growing interest of the scientific community in submicron
particulate matter and of the lack on PM, data (Caggiano et al., 2010), especially in Latin
America, we started a temporal extended study on this fraction to obtain statistically
significant data from the Metropolitan Area of Porto Alegre, Rio Grande do Sul, Brazil. The
work included the following aspects: (1) a chemical characterization of PM; samples, (2)
source apportionment analysis for source contributions, and (3) a cross-correlation analysis of
major and trace elements and calculation of the enrichment factors to support source
attributions. Therefore, the results of this research represent an important contribution to the
knowledge of submicron particles measured at ground level and evaluate these particles

impact on environment and human health in the study area. The data obtained may be useful
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for programs to reduce air pollution and could motivate future studies on metal distribution,

source contribution and enrichment factor on the clean atmospheric background.

2. Material and methods
2.1. Study area

The Metropolitan Area of Porto Alegre (MAPA), located in southern Brazil, is the
most urbanized area of the state of Rio Grande do Sul. This region is characterized by
different types of industries, including some stationary sources such as the Alberto Pasqualini
Refinery (REFAP), steel mills which do not use coke, III Petrochemical Industrial Complex,
coal-fired power plants, and a cement grinding mill (Figure 1). Besides, it is estimated that
there is a significant contribution of mobile sources due to the large number of vehicles in
circulation in the region (Teixeira et al., 2008, 2010; Agudelo-Castafieda et al., 2014).
Currently, gasoline-fueled vehicles use a mixture of gasoline and 20% of ethanol and the
diesel used contains 500 ppm of sulfur and 5% of biodiesel is added (Mattiuzi et al., 2012;
PETROBRAS, 2012). Even if the diesel fleet in the region is less than 7%, the environmental
impact caused by this source in the air is elevated and that they are responsible for most

particulate matter and NOx emissions (Teixeira et al., 2012).

The sampling sites locations (Sapucaia do Sul and Canoas), located to the north of
Porto Alegre, are shown in Figure 1. Sapucaia do Sul sampling site has a greater industrial
(oil refinery and steel mills) and vehicular influence than Canoas, it is located near a highway
where there is heavy vehicle traffic of light and heavy fleet with daily traffic congestion.
Whereas, Canoas site is located beside the same highway, although in the opposite side,
downstream of the prevailing winds. Canoas is also under a strong road traffic influence, with

daily traffic congestion, and the Canoas air base and industries (oil refinery).
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Figure 1. Location of the sampling sites (Canoas and Sapucaia do Sul).

2.2. Sampling and analysis

Sampling of atmospheric PM; followed the criteria established by the USEPA (1994),
using a sequential automatic particle sampler model PM162M of the Environnement S.A..
PM, sampler used the EN 12341 method (LECES, n° RC/L 9826) and included a set of two
holders that act as support for the filters. Samples were collected on PTFE filters of 47 mm
diameter for a continuous period of 72 h with a flow rate of 1.0 m’/h. Were selected 38
samples of PM; for Sapucaia do Sul and 40 samples for Canoas from December 2012 to
December 2014, in order to consider different seasonal conditions.

PM mass concentrations were determined by standard gravimetric procedures.
Thereafter, 2 of each filter was acid digested (HF:HNO;:HCIO,4) for the determination of
major (Al, Ca, Fe, K, Na, Mg, S, Ti, P) and trace elements (Li, Ti, V, Cr, Mn, Co, Ni, Cu, Zn,
As, Se, Rb, Sr, Cd, Sn, Sb, Ba, rare earths, Pb, Bi, Th, U) by Inductively Coupled Plasma
Atomic Emission and Mass Spectrometry (ICP-AES and ICP-MS). Another "4 of each filter

was water leached to determine soluble ion concentrations by ion chromatography (SO4>,
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NO;™ and CI") and ion selective electrode (NH4'). More analytical details may be found in
Querol et al. (2001).

A microscopy analysis of PM; samples was performed to check the chemical
composition by applying Field Emission Scanning Electron Microscopy (FE-SEM). A manual
analysis was performed with this scanning electron microscopy in order to evaluate the
morphology and composition of individual particles. The particles were analyzed individually
with energy-dispersive spectrometer mounted on a SEM (JEOL-7100 F) with an accelerating
voltage of 20 keV.

2.3. Data analysis

2.3.1. Enrichment Factors

Enrichment Factors (EF) were calculated to identify the contribution of anthropogenic
sources on the levels of a specific element in PM1.0 airborne particles. This information is
very useful to identify the anthropogenic origin of the different elements, not only at the urban
scale but also at a regional extent. In previous studies performed in atmospheric PM, several
elements have been suggested as reference element of the natural crust (for example Al, Ti,
and Fe) (Moreno et al., 2013). In this study, Ti was chosen as the reference element. To obtain
such factors it is necessary to compare the concentration of the element in a sample to its

concentration in the Upper Continental Crust (UCC), calculated with Equation 1:
EF (%) = (X /T pp/ (X /T cruee (1

where, (Xi/Ti)crst 18 the average ratio of the element of interests (X) and crustal
representative element (Ti) (Mason, 1966), and (Xi/Ti)pm is the same ratio in particulate
matter.

The degree of enrichment of trace metals with respect to the Earth’s crust can be
ranked in various levels: an EF close to 1 will suggest a natural origin for a certain element,
whereas higher values will indicate an anthropogenic source to be more likely. However,
despite a low EF be an indicative of its ‘‘crustal’’ origin, this cannot exclude the involvement
of anthropogenic processes, like resuspension of rock-forming mineral dust by agriculture,
construction works or traffic for example. Several authors indicate that a significant non-
crustal source is assumed to be predominant when EF > 10, natural sources when EF < 1, and

mixed sources when 1 < EF <10 (Wu et al., 2009; Witt et al., 2010; Niu et al., 2015).
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2.3.2. Source apportionment

A Positive Matrix Factorization (PMF) model was applied to the chemical dataset (78
samples) obtained through the chemical analysis, in order to investigate the temporal
variability of the main PM; sources. PMF is a multivariate factor analysis tool that
decomposes the data matrix into two matrices: factor contributions and factor profiles
(Paatero and Tapper, 1994; Paatero, 1997) with a residual matrix (Vestenius et al., 2011). The
fundamental principle of source/receptor relationships in receptor models is that mass
conservation can be assumed and a mass balance analysis can be used to identify and
apportion sources of airborne particulate matter in the atmosphere (Hopke, 2003):

Xij = Ezqgmﬁ-k + g;; i=12,..,m j=1.2,...,n )

where x; is the /™ species concentration measured in the i sample, g is the
contribution of the &™ source to the i sample, Jir 1s the concentration of the /™ species in the
K™ source and o;; 1s the residual associated with the ;™ species concentration measured in the
i"™ sample. The task of PMF is to minimize the sum of the squares of the residuals weighted

with the estimated uncertainties. The uncertainties were estimated according to the following

equations:
g; = ¢+ 0.05 * x; ifx, = DL, (3)
o, =2 DIL, if x, <DL,

where x; is the concentration of the i species, ¢ is the analytical error calculated for
the i species and DL; are the detection limits calculated for each species calculated following
the three-sigma criterion. Chemical species were selected based on the signal to noise ratio,
the percentage of values above the detection limit and on the database size requirements.
Based on these criterions, only 25 species were selected as strong species.

In this study we used the US-EPA PMF model version 5.0. This receptor model is
described in more detail in other published studies (Amato et al., 2010; Minguillén et al.,
2012; Teixeira et al., 2013; Agudelo-Castafieda and Teixeira, 2014).

2.3.3. Back trajectory analysis
In order to interpret the variation of PM; levels over time and the possible contribution

of long range transport, the origin of air masses reaching the study area was investigated by
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means of meteorological back trajectories. The Hysplit model (Draxler and Rolph, 2003;
Stein et al., 2015) was used to calculate daily back-trajectories ending at 12:00 UTC for 5
days at 100 m and 1000 m above ground level. These heights were selected because they are
within the boundary layer where the greater part of the interactions affecting the aerosols
occurs and because represent mid to high layers of the boundary layer, respectively. Height
different air mass scenarios were considered for this study according to the cardinal and
collateral points of the initial position of each trajectory. To determine the pollutant sources,
all the air mass back trajectories were clustered into eight types that were manually identified
by visual analysis. The proportions of air masses associated with each track and the
corresponding concentrations of PM; and chemical elements associated to each receptor

model factor were calculated.

3. Results and discussion
3.1. PM, levels and elemental concentrations

Table 1 shows the PM; average concentration levels obtained in the two sampling
sites. The average concentrations were 12.8 8.1 and 15.2 £10.3 pg/m’ for Canoas and
Sapucaia do Sul sites, respectively. Higher PM; o average concentration level in Sapucaia do
Sul than in Canoas was observed. As stated above, this site has a stronger vehicular influence
by dense traffic of passenger cars, but also of light and heavy-duty vehicles, frequent traffic
congestion, and slow vehicle speed. This site receives also the industrial influence (oil
refinery and steel mills that do not use coke) upstream from the prevailing winds, as reported
in other studies (Teixeira et al., 2012, 2013; Agudelo-Castafieda and Teixeira, 2014).
Compared with other works, PM1.0 average concentrations presented similar values to the
other cities, except for Wuhan (China) (Cheng et al., 2014), where the concentrations were
close to 10 times higher than those observed in the present study. These higher PM1.0
average concentrations, principally in China, are because this is a strongly polluted area
impacted by intense particles sources emission such as traffic and coal-fired power

combustion.
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Table 1. Comparison of mean PM; levels and composition of this study with those from different areas reported around the world.

. Frankfur
Brisbane Brno/ tam Tito
Canoa s ._a Broechem/ / Tehran/Ira Czech /Australi  Salento/ltal Main/ Scalofital Milan/italy ! Helsinki/Finlan Wuhan/Chin Barcelona/Spai
s? apucaia Belgium®  Australia n¢ R zech af y?® i Y d* a' n™
c epublic Gerrﬂan y
Non . . .
Even Summe Winte Winte Summe Wu  Tiang
pg/m*  Mean Mean even
tday t day r r r r Da  Hong
PM; 12.7 15.2 36.7 14.8 11.0 7.0-32.0 11.6 13.0 2.3-10.6 15.0 8.00 41.0 16.4 11.0 117 123 19.0
Al 0.13 0.15 0.002 0.03-0.07 0.07 0.11 0.02 0.01 0.02
Ca 0.12 0.14 0.03 0.03 1.00 0.02 0.02 0.02 0.14 0.30
Fe 0.09 0.13 0.02 0.13-0.17 01'0371_ 0.06 0.10 0.09 0.04 0.06
K 0.21 0.33 0.32 0.17 0.01 0.14 0.10 0.26 0.08 0.02 139 1.34
Mg 0.01 0.02 0.005 0.00 0.01 0.05 0.05
Na 0.11 0.15 ND 0.03 0.10 0.03 1.30 0.33
S0% 1.10 1.41 580 1.70 1.01 1.27 2.30 1.29 2.90
NOs 1.36 1.16 11.3  3.10 0.08 2.46 0.23 0.06 216 213 1.70
cr 0.79 0.58 0.02 0.03 0.29 0.04 0.01 20.7 216
NH," 0.72 0.57 420 1.20 0.40 1.14 0.75 0.58 1.72 176 1.10
ng/m®
Ti 4 5 2 12-15 ND-3.7 5 6 7 4 1 10 12 2
\Y 0.6 0.8 7 3 0.6 ND-3 0.6-1 3 1 5 4 6
Cr 2 3 1 ND 3 2-3 ND-4 4 4 38 2 1 1
Mn 5 8 6 4 4 20-23 0.6-32 1 3 3 9 4 2 4
Ni 0.7 0.7 5 3 0.9 4-5 0.8-4 3 2 6 4 2 4 3
Cu 19 10 8 7 3 14-20 ND-25 2 11 4 4 3 2 12
Zn 33 59 63 30 6 84-161 3-146 6 66 32 7 48
As 0.5 1 4 2 4 0.6 2 1 0.4 0.6
Rb 0.8 1 0.1 0.2
Sr 0.3 0.4 1 ND 10 1 0.1 0.9
Cd 0.3 0.4 55 0.3 0.1 4 0.1 0.3
Sn 3 4 12-20 2
Sb 4 7 0.5 0.4 0.9
Ba 1 4 10-15 4 1 9
Pb 9 11 31 17 10 55-71 4 5 12 35 15 2 17
Rer?w urban i:crizi?rigl urban urban urban urban industrial urban urban industrial urban urban urban urban

a - This Study; b - Buczynska et al. (2014); ¢ - Crilley et al. (2014); d - Hassanvand et al. (2015); e - Mikuska et al. (2011); f - Mohiuddin et al. (2014); g - Perrone et al. (2013); h - Wiseman and
Zereini (2014); i — Caggiano et al. (2010); j — Vecchi et al. (2004); k - Pakkanen et al. (2003); 1 — Cheng et al. (2014); m - Perez et al. (2008) ND - non detected
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Average elemental concentrations in PM; measured at Canoas and Sapucaia do Sul
compared with other researches are reported in Table 1. Major components of PM; were SO4>
and NOs’, followed by NH4" and CI’, and some crustal elements. Moreover, crustal elements
and majors ions did not show much variation when compared with other studies, with the
exception of Ca, for which high levels were obtained in our study, together with Tito Scalo
(Italy) and Tiang Hong (China). Tito Scalo (Italy) was the site of highest level of Ca (1.0
ng/m’) due, probably, to higher fine mineral dust particles emissions (Caggiano et al., 2010).

SO42' and NOs;™ concentrations in Canoas and Sapucaia do Sul sites were found to be
lower than Broechem-Antwerp (Belgium), Tito Scalo (Italy), Barcelona (Spain) and
especially Wuhan (China) (~22.0 ug/m3) (see references in Table 1). This last site shows
significant differences in relation to other sites, influenced by high pollution sources as coal
combustions (SO,) and vehicles (NO3). Some studies related the NO3/SO4” ratio to different
anthropogenic sources (Cheng et al., 2014). The NO3/SO,” ratios of Canoas and Sapucaia do
Sul were 1.2 and 0.8, respectively. For Canoas, the ratio suggested higher vehicular influence
(>1.0) and stationary sources (<1.0) as dominant sources in Sapucaia do Sul for NO; and
SO4*. Though, the influence of vehicle exhaust in Sapucaia do Sul site should not be
neglected due to the rapid increase in the number of motor vehicles, confirmed by other
studies (Teixeira et al., 2008; Agudelo-Castafieda and Teixeira, 2014).

Trace elements concentrations were compared with other researches done in cities
around the world. PM, show enriched levels of Cu, Zn, Mn and Pb for Canoas and Sapucaia
do Sul, although different in comparison with other cities. Concentrations of Zn differs from
mostly all the cities, although levels were higher than Brisbane (Australia), Tito Scalo (Italy),
Helsinki (Finland) and similar to Barcelona (Spain) and Broechem (Belgium) (see references
for these sites in Table 1). Cu mean concentration for Canoas (19 ng/m’) was different to
mostly all countries, with higher values than the others studies except for Iran (Tehran) and
Australia (New South Wales and Whyalla). For Sapucaia do Sul, Cu mean concentration (10
ng/m3) was similar to Frankfurt (Germany) and Barcelona (Spain), and higher than the other
studies, except for the studies done in Iran (Tehran) and Australia (New South Wales and
Whyalla), countries with higher values than the results obtained in this research. Pb levels
also were low compared to other countries, except for Iran (see references in Table 1). Ti and
Sn showed similar or higher levels, except for Iran. Sb presented higher concentrations than

all the compared countries, as can be observed in Table 1.



Table 2. Spearman's correlation (p) matrix for major and trace components in PM;.

Correlations in red correspond to summer and in black to winter.
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Al Ca Fe K Mg Na S0 NOy cr NH,* Ti \4 Cr Mn Ni Cu Zn As Rb Sr Cd Sn Sb Ba Pb PM;
Al 1.00  -0.15 033 0.23 0.72%% 0.42*%  38%* -0.20  0.08 -0.06 033 0.12 021 0.25 0.13 030  0.17  0.45%* 0.21 0.56*%* 0.22 0.47**% 0.21 0.49%* 0.21 0.18
Ca 0.38* 1.00 -0.02 0.17 0.01 0.43* 0.36* -0.03 -0.11 -0.14 -0.51** 0.72** 376* -0.21 0.33 -0.34  0.00 029  -0.01 0.05 0.13 -0.22 -0.32  0.35* -0.17 0.07
Fe -0.01  -0.01 1.00 037* 0.23 0.19 024 -035* -025 -0.01 020 0.15 0.46** 0.65%* 0.31 034  046** 034 037* 0.33 0.09 0.28 0.50%* 0.44** (.31 0.22
K -0.05  -0.16  0.64** 1.00 027  044** 0.66%* -0.02 -0.14 0.3] 0.19 0.19  0.19 026 045%F 0.42*% 042% 0.61** 0.92%¥* 0.53*%* 0.64** 0.11 0.56%* 0.50%* 0.56** 0.54%*
Mg 0.83** 0.53** 0.07 -0.09 1.00  045%* 042* -021 0.14 -0.11 039* 019 025 0.11 0.16  0.04 0.12  048** 0.21 0.70** 0.19 0.28 -0.03  0.58** 0.03 0.11
Na 0.42*% 0.38* 0.41* 0.53*%* 045** 1.00 0.72*%* 0.03 -0.08 -0.02 -0.20  0.38* 041* 0.06 046** 024 024  042* 039*% 044* 047** 0.15 0.10 043* 034 0.14
SO 007  -0.12  0.61** 035% -0.11 0.18 1.00  0.15 -0.10  0.46** -0.09 0.54**% 0.49** 026  0.63** 022  0.45%*% 0.59** 0.64** 0.50%* 0.63** 0.25 0.28 0.51%*% 0.32 0.53%*
NO5; |0.01 -0.10 029  0.12 -0.02  0.01 0.13 1.00  0.02 025 -0.19 0.13 -0.09 -0.24 020 -0.07 -024 -0.03 006 -022 030 -0.02 0.00 -0.18 0.03 -0.09
Cr 024  -0.40* 0.13 020 014 007 028 0.24 1.00  -0.09 0.04 0.07 0.04 -0.01 -0.08 0.04 -0.04 0.15 -0.10 0.12  0.16 -0.07  0.05 -0.08  0.09  -0.26
NH," |-0.12 -026 0.15 -0.01  -0.16 -0.20 0.25 0.81** 0.44** 1.00  0.05 0.04  0.00 009 047*% 0.11 030  0.13 0.40* 0.12 030 0.09 045** -0.03 0.16  0.44%*
Ti 0.19  -029 0.63** 029 016 022  0.58** 020 0.31 0.21 1.00 -0.36* -0.17 0.12  -0.09 020 0.06 0.11 022  048* -0.11 0.18 022 0.19 0.11 0.18
\% 0.50** 0.65** 0.02  0.00 0.62** 022 -0.07 -0.13 -0.17 -0.25 -0.16 1.00  0.67** 0.04  0.50** -0.18 020  0.51** 0.12  0.23 0.29 0.02 -0.11 0.40* -0.06 0.34*
Cr 0.23 0.70** 0.33* 026 032  0.54** 012 -0.04 -031 -0.24 -0.02 047** 1.00 022 041* -0.02 046** 0.34* 0.18 0.23 0.17 0.13 0.04 031 0.15 0.32
Mn 0.04 -0.01 0.93** 0.68** 0.10  0.47** 0.56** 0.25 0.17  0.11 0.55%* 0.06 034* 100 027  0.54** 0.66** 0.18  035* 029 029 0.43* 0.46** 020  034* 0.11
Ni 0.31 0.64** 0.37% 0.22 0.40* 0.55%* 0.09 -0.03 -0.27 -0.23 0.13 0.48** 0.89** 038* 1.00 0.25 0.44** 032  046** 027  0.46** 0.18 022 023 0.31 0.40*
Cu 024 025 032 038* 027 035* 0.2 008 0.02 002 024 025  0.34* 035* 037% 1.00 0.55%*% 0.11 0.45** 0.36% 0.46** 0.34  0.65** 0.00  0.74** 0.15
Zn 0.00  0.23 0.78** 0.73** 0.08  0.49** 041* 0.16 -0.11 -0.05 0.26 026  0.52%% 0.85%* 0.44** 035* 1.00 0.33 0.47** 0.38*% 0.52%* 0.31 0.41* 028 0.65** 0.29
As 0.07  0.06  0.62%* 0.89** 0.01 0.51*%% 0.34* 0.15 0.13 -0.01  0.23 029  042* 0.66%* 0.40* 046** 0.77** 1.00  0.59** 0.58*%* 0.64** -0.01 034  0.70** 041* 0.37*
Rb -0.06  -0.20  0.65** 0.98** -0.13 0.50** 0.39* 0.15 0.18 0.02 031 0.00 0.22 0.70** 0.20  0.40* 0.72%* 0.89** 1.00  0.45%*% 0.72*%* 0.15 0.63%% 0.42*% 0.57** (0.48**
Sr 0.42* 0.39* 0.56%* 0.28 0.51*%*% 0.47** 041* 0.13 0.11 0.09  0.52%* 032  035*% 049% 038* 0.45%F 045%* 0.38* 0.24 1.00  0.40* 032 0.28 0.60%* 0.35% 0.32
Cd 0.14  -0.02  0.52** 0.74*¥* 0.05 0.52** 0.49** 0.03 0.11 -0.03  0.30 0.21 0.31 0.57** 024  0.58%% 0.66%* 0.78** 0.77** 0.36* 1.00 0.17  0.44** 036% 0.63** 0.20
Sn 0.02  -0.15 046** 0.53** 0.10 043** 0.10 008 0.17 -0.08 0.39* 0.0l 0.06  0.51** 0.17  0.38*% 035*% 0.49*%* 0.59** 0.14  0.48** 1.00  0.05 030 027  -0.02
Sb 0.21 -0.01  0.38* 0.59%* 0.13 0.39* 0.18 020 0.18 0.07 0.16 0.11 0.17 0.43** 0.19  0.81*%% 0.42%¥* 0.59** 0.63** 0.25 0.61** 047*% 1.00 0.12  0.52%* 0.28
Ba 0.35% 0.14  0.68** 041* 0.39* 040* 0.54** 0.10 0.18 0.06 0.67** 028 032 0.67*%% 0.33*  0.49%* 0.62%*% 0.44** 0.42** 0.63** 0.51** 037* 040* 1.00 0.17 024
Pb 0.08  0.02  0.52%* 0.73** 0.05 0.46** 029 0.14 006 0.04 028 0.12 029  0.58*% 027  0.78** 0.66%* 0.74** 0.77** 0.34* 0.82** 0.55** 0.83** 0.57** 1.00 0.20
PM, |0.14 0.02 007 031 0.01 0.33 0.03 -0.19 -0.01 -0.16 0.07 -0.01  -0.01 007 -0.01 0.39* 0.15 026  033* 0.11 0.36* 0.21 0.40* 0.25 0.45%% 1.00
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For this study, Cu, Sn, Sb and Zn, may be emitted from road traffic and mainly, from
break wear (Furuta et al., 2005; Gugamsetty et al., 2012; Hassanvand et al., 2015). Cu and Zn
are commonly observed in submicron particles (Sanderson et al., 2014), as observed in our
study. For both sites, between the trace elements, Zn was found the most abundant element
(33 ng/m’ for Canoas and 59 ng/m’ for Sapucaia do Sul). Sapucaia do Sul presented higher
concentrations because the presence of steel mills, smelters and more vehicular traffic, that
characterize the study area. However, Zn concentration (59 ng/m3) in Sapucaia do Sul was
smaller than in Tehran/Iran (Hassanvand et al., 2015). Moreover, variable amounts of Pb, Fe,
Cu, Zn, Ni and Cd, in the sampling sites, can be observed due to contribution of both sources,
from industrial processes and from traffic (Vecchi et al. 2004; Hassanvand et al., 2015).
Correlations between elements were observed in Table 2 and these findings are discussed in

detailed later.

As explained above, these studied elements are preferably associated with submicron
particles, mainly in the fraction PM;. This not only results in large areas that are available for
reaction with fluids within the human body, but also allows them to be transported over
distances of hundreds of kilometers. Although the studies shown in Table 1 were carried out
at different periods and have used different experimental procedures (sampling techniques and
methodologies - analytic techniques), this study shows agreements with them, especially with

regard to type of source and common metal.

3.2. Enrichment Factors (EFs)

Figure 2 show the mean EFs for Canoas and Sapucaia do Sul PM; samples. EFs less
than 1 were only observed for Mg and Sr for both sites, showing that their compositions were
very close to that of the upper continental crust and indicating a natural origin. Other
elements, such as Al, Ca, Fe, K, Na, V, Mn, Ni, Rb and Ba presented EFs between 1 and 10,
indicating the contribution of both natural and anthropogenic sources.

EF >10 were observed for K and Rb (Sapucaia do Sul site) and Cr (both sites)
indicating some anthropogenic contribution. However, the highest EF, i.e., EF >100 and in
some case EF >>100 for both sites, were observed for Cu, Zn, As, Cd, Sn, Sb and Pb,
indicating very high anthropogenic contributions. These elements are usually derived by road
traffic and industrial emissions, as will be discussed below in the source apportionment

analysis. Other major anthropogenic sources in the study area are the combustion of
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petroleum products, non-ferrous metal production and coal combustion. The enrichment of
these elements in the particles affects the air quality of the study region and they result from
high anthropogenic emissions and by low renovation of the air masses at the regional scale

which results in an elevated proportion of low dispersive conditions.
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Figure 2. Mean EF for PM; samples in Canoas and Sapucaia do Sul.

3.3. Microscopy analysis

Figure 3 shows photomicrographs of SEM images of PM; particles, with irregular
shapes and crustal origin were typically particles associated to Al, Si, Na, Ca, K, Mg, Mn, and
Fe. In addition, fine particles with iron and manganese oxides and with elements considered
potential toxic as Cr, Zn, Pb, and Ni were also observed. Some mineral grains identified with
the largest sizes (especially irregular forms) may have originated from dust resuspension.
Alteration of rocks such as alkali feldspar and resuspension due to wind of minerals rich in K,
can evidence the presence of K in the atmospheric particles. Ca, Mg, and Na can be explained
by rocks and it may be easily found in the atmosphere due to resuspension (Migliavacca et al.,

2009).
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The frequent occurrence of S in fine particles also was evidenced and can be
associated with excess sulfate concentrated on these particles (Sippula et al., 2009). It is
known that Mn is an important element for the production of steel and, together with iron, it is
melted to generate a metallic alloy crucial for the automobile and construction industries. In
the study region we find several steel plants and the Gravatai Automotive Complex which
most certainly use this metallic alloy. Besides, these steel plants are a strong contributor of Cr
and Ni due to the manufacture of stainless steel. The presence the Zn in PM; was also
identified in another study in this region (Migliavacca et al., 2009) and this element is widely

used for galvanizing steel or iron to protect them from corrosion.

3.4. Source apportionment

The PMF was performed on the assembled dataset of PM; samples from both Canoas
and Sapucaia do Sul. Samples of the two sampling sites were analyzed together after a
previous analysis that indicated a similar source contribution in both sites. Figure 4 shows the
source profiles, whose columns and square represent the mass contribution of species to the
factor (ng/m’) and the percentage of species in the factor, respectively. Seven factors were
identified and are discussed below.

Factor 1 was characterized by high contributions of NO3~ (89%) and NH," (60%), and
was assigned as secondary nitrate (Figure 4). These correspond to secondary pollutants and
are results from the transformation of their precursors NOyx and NHj;, respectively, and
probably are related to emissions from road traffic, high temperature industrial processes,
power generation and biomass burning (Drechsler et al., 2006; Cheng et al., 2014). As
indicated in Figure 5, Factor 1 represents 35% of the average contribution in the PM; samples
in an annual basis, with lower contributions being observed during the summer, what can be
attributed to the ammonium nitrate (NH4NOs3) thermal instability (Querol et al., 2001; Mariani
and Mello, 2007; Cusack et al., 2013a,b). During the summer the mean concentration
observed was 0.13 pg/m’, while during the winter the mean concentration was 3.14 pg/m’.
This can be seen in Figure 5, where the contribution to the mass increases to 50% in winter
and decrease to only 4% in summer. Significant positive correlation (Table 2) of NH;" with
secondary NO;~ was observed in the winter (p = 0.81). However, these compounds do not
present correlation during the summer, what can be explained by their volatilization in the

atmosphere in warmer conditions (Parker et al., 2008).
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Figure 4. Source profiles identified for PM; samples. The mass of each species apportioned
to the factor (blue bar, left axis) and the percent of each species apportioned to each factor

(red square, right axis) is shown.
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Figure 5. Average contribution of each source (ug/m’) to PM; obtained by PMF.

Factor 2 represents 4% of the average contribution in the PM; samples (Figure 5).
This factor presents higher contributions of Al and Mg, 90% and 78%, respectively (Figure
4). These elements in general are defined as being from crustal origin (Vecchi et al., 2004;
Park and Kim, 2005; Perez et al., 2008; Caggiano et al., 2010; Sanchez de la Campa et al.,
2010; Crilley et al., 2014). The low concentrations of metals associated with crustal mineral,
average of 0.18 pg/m’ (Figure 5), can be explained because they generally are accumulated in
coarser particles (Pakkanen et al., 2003; Perez et al., 2008; Buczynska et al., 2014; Crilley et
al., 2014). Factor 2 does not show a clear seasonal variation. Its average contribution of

concentration was 0.15 pg/m’ (5%) and 0.20 pg/m’ (3%) for summer and winter, respectively
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(Figure 4). In addition, significant positive correlations (Table 2) were observed between Al
and Mg for summer and winter (p = 0.72 and 0.83, respectively), not revealing seasonal
variation.

Factor 3 was characterized by high CI” contribution (85%) (Figure 4), whose origin
can be attributed to a coal fired power station, located near the sampling site. Contribution of
CI" from coal fired power station source has been identified by others studies (He et al., 2001;
Duan et al., 2004; Wang et al., 2005; Cheng et al., 2014). In addition, CI" in the atmosphere
could also be associated to some fugitive emissions from waste or garbage burning close to
the sampling sites and from industrial activities in the area, such as a paper manufacturing.
Factor 3 contributed with 0.70 pg/m® (15%) of the average contributions in an annual basis,
with seasonal variation: 0.69 pg/rn3 (11%) during the winter and 0.72 ;,Lg/rn3 (23%) during the
summer. The low Na levels associated to this factor, about 2% of the total Na concentration,
suggest that there is no marine contribution to the CI” levels observed in the PM; samples.

Factor 4 was related to the influence of metallurgical industry, with predominance of
Fe, Cr and Mn concentrations. Significant correlation was observed between Fe-Mn for
winter (p = 0.93) and Fe-Cr for summer (p = 0.46). Generally the metals are better correlated
in winter, as can be seen in Table 2. This is probably related to the metallurgy facilities in the
study region and these contributions were higher in winter due to the lower dispersive
conditions. The metals correlation in summer may be due to enhanced soil resuspension and
also favored by the dispersion conditions, making it difficult to clearly identify the different
sources (Minguillén et al., 2012). As reported above, the metals may be associated to mineral
material, suggesting presence of metals in soil resuspension. Various authors (Moreno et al.,
2010, 2011) have reported that Cr influence in the atmosphere is attributed mostly to
industrial metallurgical emissions, likewise was verified for the contributions of Fe and Mn.
In the microscopy analysis presented above, the presence of Fe, Cr and Mn was observed,
highlighting the contribution of this source. Factor 4 is related to only 2% of the average
concentrations observed in the PM, samples, i.e. 0.09 pg/m’ (Figure 5). No significant
seasonal variation in the metals concentrations was observed, with average contributions of
0.11 pg/m’ (3%) for summer and 0.07 pg/m’ (1%) for winter.

Factor 5 of the source apportionment analysis indicated the association of several
anthropogenic metals, such as As, Rb, Sn, Pb, Cd, Zn, Mn, Cr, Cu and K, with the PM;

samples. Potassium in the fine PM fraction is usually associated with biomass combustion
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(Vecchi et al., 2004; Wang et al., 2005; Spindler et al., 2010; Buczynska et al., 2014; Cheng
et al., 2014), and the two study sites are influenced by emissions from this activity. In this
group of metals there are also anthropogenic metal tracers related to municipal garbage
incineration, smelters and oil refining processes. These processes in the study area were
evidenced by the presence of As, Cd, Pb, and Zn. The presence of these metals has been
reported by several studies with similar sources (Schauer et al., 2006; Wéhlin et al., 2006;
Perez et al., 2008; Amato et al., 2011; Moreno et al., 2011; Minguillon et al., 2012; Niu et al.,
2015). Furthermore, as indicated before, non-exhaust traffic sources as brakes (Cu, Sn, and
Zn) and tires (Cd, Cu, and Pb) (Sanderson et al., 2014) also contributed significantly in this
factor. However, metallurgical emissions of Zn, Pb, and Mn associated with other emissions
listed above, favors the idea of mixture of atmospheric pollutants and the difficulty of
identifying individual sources (Moreno et al., 2011). This was observed in this study,
considering that the association of some metals can be emitted by specific source mixed in a
factor in the atmosphere or by common emissions sources. Some metals may appear in
different factors or metals may be characteristic of a factor with more than one emission
source. Significant correlations were observed between As/Cd, Zn/As, Zn/Cu, Cr/Ni, Cr/Zn,
Mn/Zn, Mn/Ni, Mn/Cu, and Pb/Cd for winter, while in summer some correlations between
these elements do not show much difference. Metal correlations were in agreement with the
seasonal variation with an average concentration of 0.37 pg/m’ (12%) for summer and 0.86
ng/m’ (14%) for winter (Figure 5), revealing a clear seasonal variation.

Factor 6 is related mainly to the contributions of Ca, Cr, Ni, and V. This factor
corresponds to 11.4% of the average contributions in the PM,; samples, and corresponds to
cement industry + construction + oil combustion sources. Ca can be probably linked with
specific anthropogenic activities, such as construction works, cement factories and building
material production plants (Munir and Shaheen, 2008; Perez et al., 2008; Amato et al., 2009;
Caggiano et al., 2010; Widory et al., 2010; Crilley et al., 2014). Ni and V can be associated to
oil combustion (Arhami et al., 2009; Moreno et al., 2010; Buczynska et al., 2014; Crilley et
al., 2014) and this metals are typical tracers of this source (Pandolfi et al., 2011; Cusack et al.,
2013b). The study area is mainly influenced by oil combustion that is used by the refineries
and steel industry. As reported by some authors (Moreno et al., 2011; Mohiuddin et al., 2014),
much of this combustion-derived atmospheric V and Ni were predominantly associated with

the finest PM size fraction, and is therefore capable of travelling large distances. Significant



64

correlations were observed in winter for Ca with V, Cr, and Ni and for Cr/Ni, and in summer
between Ca/V and V/Cr. Factor 6 showed seasonal variation, with average concentrations of
0.53 pg/m’ (17%) for summer and 0.40 pug/m’ (7%) for winter (Figure 5).

Factor 7 was identified as the contribution due to SO427 and NH,", given the relevance
of these compounds in the chemical profile (37% and 86%, respectively) (Figure 4). High
contributions of this factor to the concentrations of Sb, Pb, Cd, Rb, Ti, Zn, K, Cu (between
10 and 30% of their concentration) were obtained, and most of them are typical tracers of road
traffic (Querol et al., 2002; Lin et al., 2005; Pey et al., 2010; Amato et al., 2011; Moreno et
al., 2011; N1u et al., 2015). Sulfate concentrations for the winter and summer were 1.21 and
1.26 pg/m’, respectively, while for ammonium were 1.01 and 0.28 pg/m’, respectively. The
winter/summer sulfate ratios (0.96) indicated a relatively stable seasonal pattern, with slightly
higher summer levels, possibly as a result of enhanced photochemistry associated with more
intense solar radiation (Cusack et al., 2012). Ammonium showed higher concentration in
winter (ratio winter/summer 3.5). Among the constituents of Factor 7 a significantly higher
correlation was obtained in winter compared to summer (Table 2). As reported in Factor 5,
some metals may appear in different factors, as non-exhaust traffic sources, such as Cu, Sb,
Zn and Cd, Cu, Pb, and Cu (S6rme et al., 2001; Kupiainen and Pirjola, 2011; Wiseman et al.,
2013; Buczynska et al., 2014; Crilley et al., 2014; Wiseman and Zereini, 2014; Hassavand et
al., 2015). Also these elements and compounds can be characterized by anthropogenic
activities from industrial sources, traffic and coal combustion. This factor was associated to a
mix of anthropogenic sources as its chemical profile is dominated by secondary ammonium
sulfate probably from SO, emissions from coal fired power plants, smelters and oil refining,
but with contributions of tracers of different sources, probably mixed during the atmospheric
transport. Factor 7 showed seasonal variation with 0.87 pg/m’ (14%) in winter and 1.12

ng/m’ (36%) in summer.

3.5. Back trajectory analysis

Table 3 shows the average concentrations of PM;, the contributions of each factor of
the source apportionment obtained by PMF and the sum of metals for both back trajectory
heights. As can be seen, in both cases when air masses from the north of the study area reach
the study sites, the PM; concentrations were higher. However, after a comparison between

means using the non-parametric Mann-Whitney test, it was observed that the mean
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differences were not statistically significant. No statistically significant differences were also
observed between the mean concentrations of the PMF factors and the sum of metal. This is
an indication that both PM; and metal concentrations observed in this study correspond
mainly to contributions from regional-local sources, as identified by the source
apportionment.

In addition, the sensitivity of PM concentrations to the air-flows decreased with
increasing arrival-height (Table 3). This result may be due to the fact that polluted air masses
at high altitudes have on average a lower impact at the surface PM. Air-flows at higher
altitudes are on average characterized by larger path lengths and as a consequence, they are
likely more affected by the atmospheric physical and chemical processes occurring during the
transport and hence, are less dependent on source properties (Perrone et al., 2013).

In summary, the complex spatial and temporal relationship of the elements measured
in this study did not reveal any spatial pattern concerning the origin of the air masses, so
studies with more sophisticated techniques are necessary to advance our understanding of the

aerosol sources identification from long transport.

Table 3: Proportion of air masses associated air mass origin sectors and the

corresponding concentrations of PM;, PMF factors and sum of the evaluated elements

(ng/m?).
Trajectory Air mass PM Factor Factor Factor Factor Factor Factor Factor Sum of
height (proportion) ! 1 2 3 4 5 6 7 metals
N (4%) 41.3 0.02 0.20 0.96 0.06 0.70 0.34 0.78 3.07
NE (11%) 12.1 0.87 0.13 0.83 0.13 0.79 0.28 1.82 4.73
E (4%) 9.36 2.66 0.06 0.81 0.04 1.04 0.42 0.51 5.32
100 m agl SE (11%) 8.68 1.77 0.15 0.76 0.16 0.35 0.52 0.89 4.56
S (18%) 9.93 1.32 0.20 0.62 0.12 0.51 0.58 1.28 4.82
SW (41%) 14.9 2.05 0.20 0.63 0.06 0.59 0.44 0.70 4.71
W (0%)
NW (8%) 14.9 1.98 0.17 0.79 0.06 0.93 0.58 1.15 5.49
N (10%) 16.9 2.07 0.10 0.79 0.06 0.53 0.38 0.85 4.68
NE (10%) 10.6 1.26 0.15 0.90 0.09 0.69 0.30 1.62 4.99
E (0%)
1000 m agl SE (7%) 114 3.18 0.10 0.67 0.03 0.61 0.35 1.00 5.83
S (4%) 9.38 0.00 0.10 0.44 0.18 0.17 0.32 1.51 2.46
SW (40%) 132 2.04 0.25 0.70 0.10 0.48 0.56 0.79 5.05
W (5%) 15.6 0.56 0.11 0.86 0.07 1.05 0.31 0.75 3.66
NW (23%) 16.1 1.18 0.16 0.59 0.08 0.88 0.50 1.09 447

4. Conclusion
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Our study evaluated concentrations of particulate matter <1 um (PM;) and metals in
two locations in southern Brazil, and revealed a strong anthropogenic influence. The average
concentrations of PM; for Canoas and Sapucaia do Sul were 12.8 to 15.2 pg/m’, respectively,
corresponding to levels similar to those reported for several European countries, but much
lower than those found in China. Major contributions of PM; were secondary pollutants
sulfate (SO42') and nitrate (NOj3). Trace elements, especially Cu, Pb, Zn, Cd, and Ni also
made important contributions being directly associated with anthropogenic contributions.
Among these, as verified by the PMF, the major sources correspond to secondary nitrate and
sulfate, industrial emissions, especially metallurgical, cement and oil refining processes, in
addition to coal, biomass and oil combustion, as well as traffic fuel burning and non-exhaust
sources. The crustal contribution was less than 4%, what can be explained because they
generally are present in coarser size mode. The analysis for detecting potential long range
transport contributions showed no significant influences nor for the PM; as for the metal
concentrations, which are attributed mostly to contributions from regional-local sources, as
identified by the source apportionment. However, in the present study it was observed that the
association of some metals in atmospheric particles can be due to emissions from a specific
source or by different sources. Some metals may appear in different factors or metals may be
characteristic of a factor with more than one emission source. Nevertheless, PMF model was
found to be an efficient tool for identifying the main sources responsible for the trace
elements. The absence of marker species, such as organic tracers, in the input data sets may be

one of the problems of the inability of the model to separate sources.
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6. CONCLUSOES

O Material Particulado (MP) atmosférico ¢ um dos poluentes mais importantes quando
se refere a Qualidade do Ar e caracteriza-se por uma alta variabilidade tanto no que se refere
aos niveis observados como na sua composi¢do. O MP esta associado a diversos impactos na
saude e, embora o aumento da sua concentragdo esteja associado a um aumento da
mortalidade e morbidade, ainda ndo € claro quais componentes especificos devem ser
diminuidos para minimizar os efeitos sobre a saude humana. Também ¢ importante destacar
que as nanoparticulas atmosféricas, especialmente aquelas com um didmetro <300 nm, podem
causar ainda mais efeitos na saide, tendo em vista que podem penetrar mais profundamente
no sistema respiratorio humano e desta maneira aumentar os efeitos toxicologicos
prejudiciais. Embora estas particulas sejam emitidas principalmente por veiculos, certas
condigdes de combustdo de biomassa também podem ser uma importante fonte

antropogeénica.

Desta forma, vale destacar que esta ¢ a primeira vez em que foram avaliadas as
concentragdes ¢ a distribuicdo de nanoparticulas atmosféricas na Regido Metropolitana de
Porto Alegre — RMPA, Brasil. Nesta avaliagdo foram consideradas tanto fontes de emissdo
veicular, através do estudo em seis locais de amostragem de Porto Alegre (um background
urbano, dois locais a beira de estradas, dois cruzamentos, e um street canyon), como também

foram avaliadas as concentragdes oriundas da queima de biomassa em Sapiranga (Brasil).

Nestes estudos verificou que a ordem decrescente de concentracdes de nanoparticulas
¢: cruzamentos de trafego > street canyon > beira de estradas > background urbano. Além
disso, vale destacar que os niveis observados foram semelhantes aos de alguns paises em

desenvolvimento, e bastante superiores aos observados na maioria dos paises europeus. Estas
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maiores concentracdes de nanoparticulas observadas na RMPA sdo causadas principalmente

pelo alto teor de enxofre no combustivel brasileiro e pela idade da frota em circulagio.

No que se refere a distribui¢do de tamanho das nanoparticulas atmosféricas, em geral
os resultados apontam para uma distribuicdo trimodal: moda 1 (nuclea¢@o) e moda 2 (Aitken),
correspondendo a fontes secundarias e resultantes da conversdo géas-particula, especialmente
das exaustdes veiculares, e moda 3 (acumulacdo) decorrente de particulas primarias, ou seja,
aquelas emitidas diretamente a atmosfera, ou decorrentes do crescimento das particulas
menores. Além disso, verificou-se que os pardmetros meteorologicos também apresentam
uma grande influéncia tanto na concentracdo de nanoparticulas como na sua distribuicdo de
tamanho. Também se constatou que alguns poluentes, tais como NOx e CO, apresentaram
grande relagdo com as concentragdes de nanoparticulas. Isso decorre do fato de que também

sdo indicadores de emissdes provenientes de fontes de combustao.

No estudo realizado em Sapiranga (Brasil) observou-se que o centro da cidade
apresentou uma concentracdo média cerca de 3 vezes maior do que o background local,
provavelmente devido as emissdes veiculares e & combustio de biomassa. O interessante neste
estudo foi constatar que maiores concentracdes de nanoparticulas foram obtidas durante o
final de semana do que durante a semana, o que estd relacionado principalmente com a
contribuicdo de combustdo de biomassa. Este fato foi confirmado pela avaliagdo da

distribui¢@o de nanoparticulas, sendo observadas mais particulas com didmetros maiores.

Também foram realizados estudos onde se buscou caracterizar poluentes organicos

(nitro-HPAs) e inorganicos (metais e ions) em MP;.

A identificacdo de grupos funcionais orginicos em MP; foi realizada através de
medi¢des de emissividade e transmitancia utilizando espectroscopia de infravermelho. Para
identificar os nitro-HPAs nas amostras de MP; foi realizada uma comparacdo dos espectros de
transmitancia e emissividade obtidos com os respectivos espectros em padrdes certificados
solidos (1-nitropireno, 2-nitrofluoreno e 6-nitrocriseno). Embora os compostos organicos em
MP atmosférico sejam pouco estudados utilizando a espectroscopia de infravermelho, o
presente estudo ratificou que nitro-HPAs podem ser diferenciados por suas impressdes
digitais espectrais utilizando os dois métodos descritos: espectros de transmitancia e

emissividade.
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Quanto a avaliacdo de risco em relacdo a toxicidade dos nitro-HPAs em MP,,
observou-se que o risco carcinogénico ¢ maior do que o risco mutagénico. Além disso, esses
riscos foram maiores durante os periodos frios, o que se deve pelas maiores concentracdes de
nitro-HPAs observadas nestes periodos. Encontrou-se que os riscos carcinogénico e
mutagénico para os nitro-HPAs estudados foram associados a cerca de 99% ao 6-nitrocriseno
e 85% ao I-nitropireno, respectivamente. Os resultados também apontam para a possibilidade

de impactos negativos sobre a saide das pessoas expostas na area de estudo.

Em relag¢do ao estudo que avaliou as concentra¢des de metais e ions em MP; vale
destacar que uma forte influéncia antropogénica foi observada. As concentragdes médias de
MP; para Canoas e Sapucaia do Sul foram 12,8 a 15,2 ;,Lg/m3, respectivamente,
correspondendo a niveis semelhantes aos relatados por varios paises europeus, mas muito
inferiores a aqueles encontrados na China. As principais contribuicdes dos elementos
avaliados foram decorrentes dos poluentes secundérios sulfato (SO4>) e nitrato (NOs).
Elementos-trago, especialmente Cu, Pb, Zn, Cd e Ni também apresentaram importantes
contribui¢des, sendo diretamente relacionados com contribuigdes antropogénicas. Entre estas,
conforme verificado pelo modelo receptor PMF, as principais fontes correspondem ao nitrato
e sulfato secundarios, as emissdes industriais, especialmente de metalurgia, cimento e
processos de refino de petroleo, além de combustio de carvdo, biomassa e de 6leo, bem como
queima de combustiveis fosseis. A contribuicdo crustal foi inferior a 4%, o que pode ser
explicado pelo fato de que esta fonte em geral apresenta maiores contribuigdes em tamanhos
de particula maiores. A avalia¢do de potenciais contribui¢des de longo transporte ndo apontou
influéncias significativas, nem para os niveis de MP; como para as concentracdes de metais.
Desta forma, as concentragdes observadas sdo atribuidas principalmente as contribuigdes

provenientes de fontes locais, conforme ja indicado pelo modelo receptor PMF.

Além disso, observou-se que a associagdo de alguns metais em particulas atmosféricas
pode ser devido as emissdes provenientes de uma fonte especifica ou de diferentes fontes.
Alguns metais podem aparecer em diferentes fatores, por exemplo, ou os metais podem ser
caracteristicos de um fator com mais de uma fonte de emissdo. No entanto, o0 modelo PMF
verificou-se uma ferramenta eficiente para identificar as principais fontes responsaveis pelos

elementos-traco observados neste estudo.
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Portanto, considerando todos os resultados obtidos através deste trabalho, recomenda-
se, no que se refere a continua avaliacdo da Qualidade do Ar na RMPA, a continuidade de
estudos abordando a avaliag¢@o tanto de poluentes organicos como inorganicos em MP. Além
disso, além de avaliar os niveis de poluentes associoados ao MP, uma avaliacdo da influéncia
da Qualidade do Ar em problemas de saude, especialmente doengas respiratorias, ¢
fortemente recomendada. Para estes estudos, ¢ de extrema importancia que os grupos de risco

sejam monitorados, especialmente criangas e idosos.

Também se recomenda a continuidade da avaliagdo de nanoparticulas atmosféricas,
tendo em vista sua grande influéncia em problemas de saude. Estes estudos futuros devem
incluir avaliagdes das variacdes didrias e sazonais para melhor compreender os mecanismos
de formag@o de nanoparticulas, bem como maneiras de minimizar os niveis observados na

atmosfera da RMPA.
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8. ANEXOS:

8.1.  Artigos completos publicados em peridédicos como co-autor
- AGUDELO-CASTANEDA, D. M.; TEIXEIRA, E. C.; SCHNEIDER, I. L,;
PEREIRA, F. N.; OLIVEIRA, M. L.S.; TAFFAREL, S. R.; SEHN, J. L.; RAMOS, C. G;

SILVA, L. F. O.. Potential utilization for the evaluation of particulate and gaseous pollutants
at an urban site near a major highway. Science of the Total Environment, 543, 161-170, 2016.

Works of particle number and mass concentration variability have a great importance
since they may indicate better the influence of vehicle emissions in an urban region.
Moreover, the importance of this work lies in the fact that there are few studies in Brazil,
where the fuel used has unique characteristics. Consequently, this paper presents
measurements of particle number (size range 0.3-10um), particle mass (PM;y, PM; 5, PM)),
O3 and NOy (NO, NO»), in a site near a major highway at the Metropolitan Area of Porto
Alegre, south Brazil. Measurements were carried out during two years: 2012 and 2013.
Particle number and mass concentrations were measured using an optical counter with a PM;
analyzer. Results showed that concentrations of Ny3.; (0.3-1um) were the highest, although
similar to Nj,5 (1-2.5um). Daily variability of the analyzed pollutants followed the traffic
pattern. Moreover, NO,, O3, and particle number were higher during the day, whereas NO,
NOy, and particle matter showed higher concentrations during nighttime. Traffic influence
was evidenced by the mean concentrations of weekends and weekdays, being higher for the
latter. Correlation of particles and gases with meteorological variables, together with the

application of PCA confirmed the influence of vehicle exhaust discharges.

- AGUDELO-CASTANEDA, D. M.; TEIXEIRA, E. C.; SCHNEIDER, I. L.; ROLIM,
S. B. A.; BALZARETTI, N.; SILVA, G. S.. Comparison of Emissivity, Transmittance, and

Reflectance Infrared Spectra of Polycyclic Aromatic Hydrocarbons with those of
Atmospheric Particulates (PM;). Aerosol and Air Quality Research, 15, 1627-1639, 2015.
Polycyclic Aromatic Hydrocarbons (PAHs) are a group of various complex organic
compounds composed of carbon and hydrogen, and two or more condensed benzene rings.
They are released into the atmosphere by the incomplete combustion or pyrolysis of organic

matter. Some of the major sources of PAHs are burning of coal, wood, oil or gas, vehicle
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engines exhaust, and open burning. PAHs are of great concern to human health mainly
because of their known carcinogenic and mutagenic properties. Consequently, it is very
important to study atmospheric PAHs, especially those associated with ultrafine particles.
This study aims to identify the spectral features of PAHs in samples of particulate matter < 1
um (PM;) using infrared spectrometry. Emissivity and transmittance spectra of PAHs were
obtained by infrared spectroscopy. PAHs standards spectra contributed to effectively identify
PAHs in PM, samples. Emissivity and transmittance spectra in the range of 680-900 cm™'
exhibited the largest number of bands due to C—C out-of-plane angular deformations and C—H
out-of-plane angular deformations. Bands of medium intensity in 2900-3050 cm ' region
were also observed due to C-H stretching typical of aromatic compounds, although with
lower intensity. This study compared the emissivity and transmittance spectra acquired using
two different infrared spectrometers in order to identify PAHs in samples of atmospheric
particulate matter and analyzed the capability and advantages of each of the infrared
spectrometers. In addition, it was confirmed that the PAHs under study can be distinguished

by their infrared spectral fingerprints.

8.2. Trabalhos publicados em anais de eventos (resumo)

- AGUDELO-CASTANEDA, D. M.; TEIXEIRA, E. C.; SCHNEIDER, I. L.; NORTE,

F. P.. A two-year study on urban particle number (0.3-10 um) and mass concentrations (<10
um): levels in time and weekly variation. Annals of the 10th International Conference on Air

Quality - Science and Application, 2016.

This work presents measurements of particle number (size range 0.3-10 um) and
particle mass (PM;o, PM; s, PM)), in a site near a major highway at the Metropolitan Area of
Porto Alegre, south Brazil. Measurements were carried out during two years: 2012 and 2013.
Particle number and mass concentrations were measured using an optical counter with a PMj
analyzer. Results showed that concentrations of Ny3.; (0.3-1 um) were the highest, although
similar to N5 (1-2.5 pum). Daily variability of the analyzed pollutants followed the traffic
pattern. Moreover, particle number was higher during the day, whereas particle matter showed
higher concentrations during nighttime. Traffic influence was evidenced by the mean

concentrations of weekends and weekdays, being higher for the latter.
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- SILVA, G. S.; AGUDELO-CASTANEDA, D. M.; SCHNEIDER, I. L.; TEIXEIRA,

E. C.. Andlises de espectros de transmitancia na regido do infravermelho de amostras de MP,

e padroes de HPAS. Anais da X1 Jornada de Iniciag¢do Cientifica FZB/FEPAM, 2015.

Os Hidrocarbonetos Policiclicos Aromaticos (HPAs) constituem uma ampla classe de
compostos organicos. Na atmosfera, eles sdo emitidos, principalmente, a partir da combustao
de combustiveis fosseis, queima florestal ou de madeira e queima de residuos. Devido as suas
conhecidas propriedades carcinogénicas e mutagénicas € necessario realizar o monitoramento
e controle desses compostos na natureza. Neste estudo foram obtidos espectros de
transmitancia na regido do infravermelho de quatro padrdes de HPAs (Pireno, Fluoranteno,
Benzo[a]Pireno, Benzo[a]Antraceno) e posteriormente estes compostos foram identificados
em amostras de material particulado atmosférico < lum (MP)) através da andlise dos seus
espectros.Os espectros de transmitancia foram obtidos em um aparelho BOMEM MB-series
FTIR-Hartmann&BraunMichelson equipado com um detector DTGS. Foram utilizados
padrdes solidos Sigma-Aldrich com 99% de pureza. A amostragem de MP, presentes no ar foi
realizada através do amostrador automatico sequencial de particulas modelo PM162M
construido pela Environnement S.A. utilizando uma vazdo volumétrica de 1.0 m>h™. As
amostras de MP; foram coletadas em filtros de PTFE (politetrafluoretileno) marca Zefluor™
membrane, especificos para amostragem de organicos de 47 mm de diametro.A identificacdo
das vibragdes moleculares foi realizada através de comparacdo com estudos ja publicados.
Foram observados nos espectros de transmitancia das amostras de MP, coletados em Canoas,
a presenca de diversos picos correspondentes as vibracdes dos anéis aromaticos, 0s quais
também foram identificados nos espectros dos padrdes de HPAs. Nos espectros de
transmitancia das amostras de MP foram observados picos de forte intensidade na regido de
1250-1300 cm™ devido a influéneia do filtro (PTFE), portanto, feicdes de compostos nesta
frequéncia ndo puderam ser identificadas sem ambiguidade. A maior parte da intensidade dos
picos observados nos espectros de transmitancia das amostras de MP; foi fraca possivelmente
pelas baixas concentragdes destes compostos organicos, especialmente HPAs, na ordem de
ng/m*.0s resultados obtidos com os espectros de transmitancia foram consistentes com os
estudos prévios de HPAs. Andlises por transmitancia na regido do infravermelho sdo técnicas
uteis para a andlise de amostras de material particulado de uma maneira simples. Os
resultados de padrdes permitirdo contribuir de forma mais embasada na identificagdo dos

HPAs em material particulado atmosférico.
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- FEISTAUER, H.; SCHNEIDER, I. L.; TEIXEIRA, E. C.. Estudo de nanoparticulas

em Canoas, Regido Metropolitana de Porto Alegre. Anais da XI Jornada de Iniciagdo
Cientifica FZB/FEPAM, 2015.

As nanoparticulas com diametro =300nm possuem como principal fonte a queima
de combustivel fossil, especialmente fontes mdveis. Estas particulas acarretam diversos
problemas de saude, pois elas possuem a capacidade de se depositaremnos pulmdes,
especialmente nos alvéolos e bronquiolos, assim maximizando os efeitos adversos. No
presente trabalhofoi determinada a concentragdo em nimero e a distribui¢do de tamanho das
nanoparticulas entre 6 e 225 nm, na cidade de Canoas, RS. A amostragem e a determinagao de
nanoparticulas foi realizada utilizando o classificador de particulas SMPS modelo 3936 (TSI
Inc.). O periodo de amostragem foi entre dezembro de 2014 e janeiro de 2015. Neste periodo
também foram consideradas as concentracdes de Oz e NOyx (NO + NO,) e variaveis
meteoroldgicas. Os resultados mostraram que a concentragdo média de nanoparticulas durante
o periodo de estudo foi de 1.32 £1.18 x 10* particulas/cm®. A variacdo didria apontou
concentragdesmaximasem dois periodos: durante o rush, entre 6h e 9h e entre 17h e 20h, e em
alguns dias, as 12h, decorrente a processos de nucleag@o fotoquimica.Durante este processofoi
observado que a distribui¢cdo de tamanho das particulas apresentou uma moda centrada em 10
nm,se deslocando até 40nm indicandoum crescimento das particulas. Os dados também
apresentaram nos periodos relativos a influéncia do trafego uma distribui¢do trimodal, com
modas centradas em 5 nm, entre 15-20 nm e entre 100-110 nm. As correlagdes entre as
concentragdes médias de nanoparticulas, de gases e as varidveis meteoroldgicas mostraram
que radiacdo (+0.24) e O3 (+0.20) influenciaram as particulas <30 nm, formadas
principalmente através dos eventos de nucleacdo fotoquimica. NOx e NO, apresentaram
maiores correlacdes com particulas entre 30 e 100 nm e >100 nm, respectivamente. A
velocidade do vento influenciou apenas as particulas >30 nm (-0.24) indicando que a
concentragdo aumentou com a diminui¢do da velocidade. A direcdo do vento indicou que as
maiores concentragdes foram observadas quando o local de amostragem recebia influéncia da

BR-116. Estes saoresultadospreliminares de um estudo que continua em andamento.



96

- LAWALL, V.; SCHNEIDER, 1. L.; TEIXEIRA, E. C.. Avalia¢do da concentragcdo

em numero e da distribui¢do de tamanho de nanoparticulas em Porto Alegre. Anais da XI
Jornada de Iniciacdo Cientifica FZB/FEPAM, 2015.

As nanoparticulas constituem um importante poluente para a qualidade do ar. Essas
particulas, especialmente as <300 nm, possuem uma concentracdo em numero que
corresponde a mais de 99% da concentracdo total presente na atmosfera. Em um ambiente
urbano, geralmente as emissdes veiculares apresentam uma predomindncia em relagdo as
outras fontes. Este trabalho avalia o niimero e a distribuicdo de tamanho das nanoparticulas
em dois locais de Porto Alegre. Além disso, as concentragdes obtidas sdo correlacionadas com
parametros meteoroldgicos e com o fluxo de veiculos. Os locais de amostragem selecionados
foram: 1 - cruzamento entre as avenidas Farrapos e Sertorio, e 2 - Av. Borges de Medeiros. O
equipamento utilizado para amostragem foi o NanoScan modelo 3910 (TSI Inc.), que
considera particulas entre 10 e 420 nm. As amostragens foram realizadas por 7 dias no local 1
e 6 dias no local 2, ao longo de 2014. Para cada local de amostragem, foram calculadas
médias horarias do numero e de distribui¢do de particulas. As concentragdes médias horarias
em namero de particulas foram: 1.51 + 0.68 x 10° ¢ 1.00 + 0.39 x 10°, respectivamente para os
locais 1 e 2. Para a distribui¢do de particulas, os locais 1 e 2 apresentaram contribui¢des
similares nos modos: nucleagcdo, Aitken e acumulagdo. Ambos os locais apresentam uma
distribuicdo de tamanho trimodal, com o local 1 apresentando modas centradas em 14.1, 31.0
e 103 nm, e o local 2 em 13.9, 32.1 e 104 nm. Essa distribuicdo ¢ tipica de emissdes
veiculares, ja que os veiculos a diesel emitem preferencialmente particulas com didmetro
entre 20 e 120 nm e os movidos a gasolina entre 20 e 60 nm. Para o local 1, as correlagdes
foram significativas entre as concentragdes de nanoparticulas e temperatura (-0.74), umidade
(0.83), radiagdo (-0.77), velocidade (-0.69) e dire¢do do vento (-0.54). Isso indica um aumento
no numero de particulas com a diminui¢do da temperatura, da radiagdo, e da velocidade do
vento. Para o local 2, ndo foram observadas correlagdes significativas indicando a forte
influéncia da arquitetura local. As concentragdes de nanoparticulas observadas no presente
estudo sdo elevadas quando comparadas aos niveis de boa parte dos paises europeus. Mais
estudos serdo desenvolvidos para melhor compreender a influéncia dos parametros

meteoroldgicos e da variacdo sazonal.



97

- SCHNEIDER, I. L., TEIXEIRA, E. C., NORTE, F. P., AGUDELO-CASTANEDA,

D. M., OLIVEIRA, L. F. S. Nanoparticles number concentration and size distribution near a
highway in South Brazil In: 9th International Conference on Air Quality — Science and
Application, 2014, Garmisch-Partenkirchen. Annals of the 9th International Conference on

Air Quality — Science and Application, 2014.

The aim of this study was to evaluate the nanoparticles number concentration and size
distribution at the BR-116 highway roadside, one of the main roads of south Brazil. SMPS
was used to obtain the particles number concentrations (PNC) with sizes between 10 and 420
nm, with average concentration of 1.33 x 10° £ 0.84 x 10’ particles/cm?. Correlation between
PNC and NOy (NO + NO;) occurred because they have similar sources, that is vehicular
emissions. Moreover, a negative correlation with ozone was obtained, indicating their
contribution to the particles formation, especially in the Aitken and accumulation modes. The
influence of engine exhaust may be also noted in the particle size distribution with modes at
13.9, 28.3 and 110.4 nm, typical for diesel and petrol engines. 1-h average data showed the

highest PNC concentrations at 9 a.m.

- MASETTO, J. M., OLIVEIRA, L. F. S., SCHNEIDER, I. L., TEIXEIRA, E. C.

Avaliacdo da concentracdo em numero e distribui¢do de nanoparticulas em Canoas, Regido
Metropolitana de Porto Alegre (RMPA). Anais da X Jornada de Iniciagdo Cientifica
FZB/FEPAM, 2014.

O crescente aumento de veiculos tem causado uma grande preocupacdo com a
qualidade do ar, especialmente quanto a emissdo de nanoparticulas. Estas particulas,
especialmente as com tamanho <300 nm, correspondem a 99% da concentragdo em numero
de particulas e podem causar diversos efeitos nocivos a satde. Podem ser subdivididas
conforme seu tamanho em diferentes modos: nucleacdo (<25 nm), Aitken (25 a 100 nm) e
acumulacdo (100 a 1000 nm). O objetivo deste estudo ¢ avaliar a concentracdo e a
distribuicdo do niimero de nanoparticulas em Canoas, na RMPA, junto a BR-116, local sob
influéncia veicular. Na RMPA ha cerca de 2 milhdes de veiculos (14% diesel e 86% gasolina)
e um fluxo didrio de aproximadamente 150 mil veiculos na BR-116. Foram avaliadas as
nanoparticulas de 10 a 420 nm entre 8 e 10 de outubro de 2013 em Canoas (6 m do solo e a 70

m da BR-116), utilizando o classificador de particulas SMPS modelo 3910, da TSI Inc.
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Também foram consideradas as concentragdes de NOyx (NO + NO;) e O;, medidas por
analisadores de quimiluminescéncia e radiagdo UV, respectivamente, além das varidveis
meteoroldgicas (velocidade e direcdio do vento, umidade, radiagdo e temperatura). A
concentracdo total média para o periodo avaliado foi de 5.21 £2.21 x 10* cm™, atingindo uma
concentragio maxima de 17.3 x 10* cm™ as 6:00 h, explicado pelo rush da manha. Obteve-se
uma distribui¢do trimodal com as modas definidas em 13.6 nm (nucleagdo), 33 nm (Aitken) e
110 nm (acumula¢do). A andlise estatistica mostrou que a concentragdo total de
nanoparticulas apresentou uma correlacdo significativa com NO e NOy de 0.44 e 0.47,
respectivamente, desta forma, confirmando a mesma origem, as fontes moveis. Para avaliar o
efeito da temperatura sobre a concentracdo total foram estabelecidas correlagdes para o
periodo de dia e noite, com médias de 21.9 e 16.6 °C, respectivamente. Durante o dia,
observa-se uma correlagdo negativa (-0.24), indicando que maiores temperaturas
correspondem a menores concentragdes de nanoparticulas. J& durante o periodo noturno, com
menores temperaturas, se observa um efeito contrario (correlacdo de 0.45). A concentragdo
total ndo apresentou correlacdes significativas com os demais parametros. A dire¢do do vento
predominante foi de 100°, indicando que o local de amostragem estava a jusante da BR-116. E
importante destacar que este ¢ um estudo preliminar nesta regido e para uma melhor

compreensdo dos resultados € necessaria uma avaliacdo durante um periodo maior.

- SCHILD, L. B., SCHNEIDER, I. L., TEIXEIRA, E. C. Concentracdo em numero ¢

distribuicdo de tamanho de nanoparticulas atmosféricas em Porto Alegre In: X Jornada de
Iniciagdo Cientifica FZB/FEPAM, 2014, Porto Alegre. Anais da X Jornada de Iniciagdo
Cientifica FZB/FEPAM, 2014.

Um dos grandes problemas da qualidade do ar em areas urbanas ¢ a alta concentragdo
de particulas atmosféricas, especialmente as nanoparticulas de tamanho <300 nm. Estas
nanoparticulas provém, em sua maioria, de atividades antropogénicas, principalmente
veiculos automotores e estdo relacionadas com questdes de satide, como doengas respiratorias.
As nanoparticulas sdo subdivididas conforme o seu tamanho em modo nucleacdo (<25 nm),
modo Aitken (25 a 100 nm) e modo acumulagdo (100 a 1000 nm). Este trabalho visa avaliar a
concentragdo em numero e distribuicdo de tamanho das nanoparticulas atmosféricas em dois

locais de Porto Alegre: 1 - Parque Jardim Botanico (background) e 2 - cruzamento entre as
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avenidas Assis Brasil e Sertdrio (alto fluxo de veiculos). As amostragens foram realizadas
pela manha com o Scanning Mobility Particle Sizer (SMPS) modelo 3910 da TSI Inc. por trés
dias, para cada local, em janeiro de 2014. As concentragdes de nanoparticulas foram
relacionadas com parametros meteoroldgicos (temperatura, umidade, radiagdo, velocidade e
direcdo do vento) e com fluxo de veiculos. As concentragdes médias encontradas para o local
1 e 2 foram de 2.96 £ 0.95 x10* cm™ e 14.6 + 6.3 x10* cm™. Para este local foram encontradas
correlacdes significativas para a velocidade do vento (-0.52), temperatura (-0.32) e radiagdo (-
0.62). Isso indica que quanto maior a velocidade do vento, maior serd a dispersdo das
particulas, reduzindo a concentragdo. A resultante da direcdo do vento foi 79°. As correlagdes
também apontam uma diminui¢do do niimero de particulas com o aumento de temperatura e
radiagdo. Como ndo houve grande variag¢do do fluxo de veiculos nesta area, ndo foi verificada
correlagdo entre a concentracdo total ¢ o numero de veiculos. O fluxo médio foi de 99
veiculos/minuto, sendo composto por 15% de veiculos a diesel, 76% a gasolina ¢ 9% de
motocicletas. Para o local 1, ndo foram observadas correlagdes significativas com nenhum dos
parametros meteoroldgicos considerados, mas foi verificada a mesma tendéncia quanto a
influéncia da temperatura. Este estudo ¢ uma avaliagdo preliminar da concentracdo de
nanoparticulas em Porto Alegre e estudos futuros sdo necessarios para analisar os padrdes

sazonais nesta regiao.

- SILVA, G. S., SCHNEIDER, 1. L., AGUDELO-CASTANEDA, D. M., TEIXEIRA,

E. C. Identificagdo em padrdes solidos de HPA’s por espectroscopia no infravermelho In: X
Jornada de Inicia¢do Cientifica FZB/FEPAM, 2014, Porto Alegre. Anais da X Jornada de
Iniciagdo Cientifica FZB/FEPAM, 2014.

Os HPAs sdo um grupo de diversos compostos organicos complexos, constituidos por
carbono e hidrogénio junto com dois ou mais anéis benzénicos condensados. Na atmosfera
eles sdo emitidos a partir da combustdo incompleta ou pir6lise do material organico. Dentre as
fontes de emissdo de HPA’s estdo, principalmente, a combustdo de combustiveis fdsseis,
queima florestal ou de madeira e queima de residuos. Os HPAs sdo de grande preocupacdo a
saude humana, principalmente devido as suas conhecidas propriedades carcinogénicas e
mutagénicas. Sendo assim, fazer o monitoramento da presenga desses compostos no meio

ambiente ¢ de extrema importancia. O objetivo do trabalho foi estudar os diferentes padroes
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solidos de HPA’s para identificagdo de feicdes espectrais caracteristicas aplicando
espectrometria de infravermelho. Foram realizadas analises de espectros de transmitancia de
Pireno, Fluoranteno, Benzo[a]Pireno e Benzo[a]Antraceno, obtidos através da espectroscopia
no infravermelho. Os padrdes foram preparados em pastilhas de KBr. Os espectros de
transmitancia foram obtidos em espectrometro BOMEM MB-series FTIR-Hartmann & Braun
Michelson equipado com detector DTGS, com uma resolucdo de 4 cm™. A faixa espectral
medida foi de 350 até 4000 cm™. A identificacdo das vibragdes moleculares dos espectros foi
realizada através da comparacdo com trabalhos cientificos previamente publicados. Os
resultados mostram que o maior nimero de bandas de fortes intensidades ocorre na regido
espectral de 680-900 cm™, devido as deformacdes angulares CC fora do plano e deformacdes
angulares CH fora do plano. Bandas na regido espectral de 900-2000 cm™ foram observadas,
porém, com menor intensidade. Na regido de 3000-3050 cm™', também foram observadas
bandas, devido ao estiramento CH, caracteristico de compostos aromaticos. Os resultados
obtidos com os espectros de transmitancia foram consistentes com os estudos prévios de
HPA'’s. Este estudo confirma que esses HPA’s podem ser diferenciados pelas suas assinaturas
espectrais no infravermelho. Os resultados de padrdes permitirdo contribuir de forma mais

embasada na identificacdo dos HPAs em material particulado atmosférico.

- CAMPANA, H. A., SCHNEIDER, I. L., TEIXEIRA, E. C. Identificacdo de HPAs e

NHPAs em MP; por espectroscopia de infravermelho. Anais da IX Jornada de Iniciacdo

Cientifica — Meio Ambiente FZB/FEPAM, 2013.

A queima incompleta de combustiveis fosseis, principalmente do diesel e da gasolina,
libera na atmosfera gases, vapores e material particulado. Entre os compostos liberados estdo
os Hidrocarbonetos Policiclicos Aromaticos (HPA's) e os Nitro Hidrocarbonetos Policiclicos
Aromaticos (NHPA's), os quais podem estar adsorvidos nas particulas ultrafinas presentes na
atmosfera. Este material particulado (MP), com didmetro <Ipum, representa um potencial dano
a satde humana, j4 que atinge os alvéolos pulmonares, maximizando, assim, problemas
respiratdrios. O presente trabalho teve por objetivo identificar HPAs e NHPAs, através de
espectroscopia de infravermelho, em amostras de MP 1 um coletadas na Regido
Metropolitana de Porto Alegre (RMPA). Para tal, foi elaborado um banco de dados a partir de
trabalhos cientificos publicados, na forma de tabela, apontando a localizagdo das vibragdes

das ligacdes quimicas dos diferentes compostos considerados neste estudo. A espectroscopia
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vibracional mede diferentes tipos de vibragdes entre atomos de acordo com a alteragcdo que
suas ligacdes interatdomicas sofrem ao serem expostas a radiagdo infravermelha. Destas
vibragdes destacam-se as provenientes de estiramentos e tor¢des. Os espectros vibracionais de
transmitancia e emissividade das amostras foram obtidos na faixa do infravermelho, de 3 a 16
pm, com um espectrometro de infravermelho com transformada de Fourier. Os resultados
foram expressos na forma de graficos comprimento de onda versus percentual de
transmitancia ou emissividade. Os espectros gerados foram comparados com o banco de
dados elaborado e os HPAs e NHPAs de interesse foram identificados nas amostras
analisadas. Destacam-se as vibragdes caracteristicas de CHs em 3.40 um, de CO; em 4.25 um
e de HO em 4.43 um. Picos multiplos de fraca a média intensidade, provenientes do
estiramento das ligagdes C-H dos anéis aroméaticos ocorrem na regido entre 5.6 a 7.2 um.
Também foram observadas as vibragdes de estiramento C-C e de inclinagdo fora do eixo C-H
na regido entre 9 e 13 um. As vibragdes decorrentes de estiramento NO; ocorrem entre 6.4 ¢
7.6 um. Os resultados também apontaram influéncia da temperatura da amostra sobre a

resposta espectral de emissividade.

8.3. Trabalhos publicados em anais de eventos (resumo expandido)

- AGUDELO-CASTANEDA, D. M.; TEIXEIRA, E. C.; SCHNEIDER, I L.

Assessing environmental carcinogenic risk for polycyclic aromatic hydrocarbons in PM; ,
PM, 5 and PM, .19 at an urban area at South Brazil. International Journal of Chemical and

Environmental Engineering, 2016.

Particulate matter (PM) is considered as one of the major pollutants that affect the
health of humans, especially for the fine and ultrafine fraction, which can adsorb greater
concentrations of toxic compounds, e.g., polycyclic aromatic hydrocarbons (PAHs). PAHs are
a group of several complex organic compounds consisting of carbon and hydrogen, and two
or more condensed benzene rings and represent one of the most stable families of organic
compounds known. The known carcinogens isomers are primarily associated with particulate
material and, usually, the highest concentrations are in the respirable fraction <5 pm. High
PAHs levels in ambient air of large metropolitan areas are usually associated with vehicular
emissions, including diesel and gasoline vehicles. Particle-bound PAHs in the fine and

ultrafine fraction present a higher risk because they can deposit in the respiratory tract, hence
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aggravating the potentially negative health effects. In addition, some PAHs are possibly or
probably carcinogenic to humans (benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]
fluoranthene, benzo[a]pyrene, dibenzo[a,h] anthracene, and indeno[1,2,3-cd]pyrene). Thus,
there is considerable concern about the relationship between PAHs exposure in the ambient
air and the potential to contribute to human cancer incidence. The objective of this study was
to conduct an assessment of carcinogenic and mutagenic risks of the studied PAHs in the
PM,y, PM;s and PM,s;o samples. The toxic equivalent factors were calculated to
characterize more accurately the risk of cancer from PAH exposure in the PM samples. This
was based on the contribution of the carcinogenic potency of benzo[a]pyrene. The ambient
concentrations of 12 PAHs, beginning from fluorene, and their toxic equivalence factor (TEF)
were used in the calculation. The carcinogenic risk for five carcinogenic PAHs (Chr, BaA,
BaP, Ind, and DahA) in the PM,s and PM;s ;o fractions ranged from 44.9% to 56.8%, of
DahA ranged from 35.12% to 44.63%, and of Ind ranged from 5.24% to 6.65% of the total
carcinogenic activity in the study area. For PM,  fraction, BaP and DahA dominated the
BaP., levels. The carcinogenicity activity contribution of BaP was in the range of 27.1%
(Canoas summer) up to 44.0% (Sapucaia winter); and the contribution of DahA was of 22.7%
(Sapucaia winter) up to 45.3% (Canoas summer). The contribution of Ind for the BaPeq levels
was of 15.0% (Sapucaia summer) up to 17.8% (Sapucaia winter). Since 2006 to 2013, the
highest BaP.q levels were observed in winter in the study, and there has not been an increase
in the contribution in the BaP.q levels of potentially carcinogenic PAHs, except for Ind. The
recent established air quality limit of the European Parliament, the scientific publication of the
IARC and the carcinogenic risk demonstrate the importance that these pollutants require
maximum reduction and their study. These results may help the environmental agency and

government to have tools to control PAHs in ambient air.

- MASETTO, J. M., OLIVEIRA, L. F. S., SCHNEIDER, I. L., TEIXEIRA, E. C.

Avaliagdo da concentragdo em numero e distribuicdo de tamanho de nanoparticulas em
Canoas, Brasil. Anais do 1° International Symposium: Environmental Toxicity, 2014. p.106 —

110

Concentragdes em numero e distribuicdo de tamanho de particulas atmosféricas entre

10 e 420 nm foram estudadas no municipio de Canoas, sul do Brasil. Este municipio
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apresenta influéncia do trafego da rodovia BR-116. O presente estudo foi realizado de 8 a 10
de outubro de 2013, utilizando o classificador de particulas SMPS modelo 3910, da TSI Inc.
Os gases NOy (NO + NO;) e O3, e as variaveis meteorologicas (velocidade e direcdo do
vento, umidade, radiagdo e temperatura) foram também consideradas. Os resultados parciais
mostraram que a concentracdo total média para o periodo avaliado foi de 5.21 +2.21 x 10
particulas/cm’, atingindo uma concentragio méxima de 17.3 x 10" particulas/cm’® as 6 h.
Nestes resultados foram observados uma distribuicdo tri modal, com modas centradas em
13.6, 33.0 e 110 nm. A andlise estatistica revelou que a concentragdo total de nanoparticulas
apresentou uma correlagdo significativa com NO, NO, e NOy, desta forma, confirmando a
mesma origem, as fontes mdveis. A temperatura apresentou correlacdo negativa com a
concentracdo total de nanoparticulas durante o dia e durante a noite a correlacdo foi contraria,
ou seja, positiva. Os demais parametros considerados, ndo apresentaram correlagdes
significativas. A resultante da direcdo do vento foi de 100° indicando que o local de
amostragem considerado estava a jusante da BR-116, ou seja, sob influéncia das emissdes

veiculares.

- SCHILD, L. B., SCHNEIDER, I. L., TEIXEIRA, E. C. Concentracdo em numero ¢

distribui¢do de tamanho de nanoparticulas atmosféricas em Porto Alegre. Anais do 1°

International Symposium: Environmental Toxicity, 2014. p.137 — 141

No presente estudo foram determinadas a concentracdo em numero ¢ a distribui¢do de
tamanho das nanoparticulas atmosféricas (10-420 nm) em dois locais de Porto Alegre: local 1
- Parque Jardim Botanico (background) e local 2 - cruzamento entre as avenidas Assis Brasil e
Sertdrio (alto fluxo veicular). O estudo foi realizado em janeiro de 2014, utilizando o
classificador de particulas SMPS modelo 3910, da TSI Inc., e as concentragdes foram
relacionadas com parametros meteoroldgicos e com o fluxo de veiculos. As concentragdes
médias encontradas para os locais] e 2 foram de 2.96 £0.95 x10* #/cm’ e 14.6 6.3 x10*
#/cm’, respectivamente. O local 2 apresentou correlagdes significativas entre a concentragdo
de nanoparticulas e a velocidade do vento (-0.52), temperatura (-0.32) e radiagdo (-0.62).
Como ndo houve grande varia¢do do fluxo de veiculos nesta area (média de 99 veiculos/min),

ndo foi verificada correlag¢do entre a concentragdo total e o nimero de veiculos. Para o local 1,
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ndo foram observadas correlagdes significativas com nenhum dos pardmetros meteoroldgicos

considerados.

- SILVA, G. S., SCHNEIDER, 1. L., AGUDELO-CASTANEDA, D. M., TEIXEIRA,

E. C. Identificagdo de HPAs em amostras de MP;, por espectroscopia no infravermelho.

Anais do 1° International Symposium: Environmental Toxicity, 2014. p.69 — 72

Os Hidrocarbonetos Policiclicos Arométicos (HPAs) sio um grupo de diversos
compostos organicos complexos e sdo de grande preocupagdo a saude humana, devido as suas
conhecidas propriedades carcinogénicas e mutagénicas. Na atmosfera eles sdo emitidos a
partir da combustdo incompleta ou pirdlise do material organico. Sendo assim, fazer o
monitoramento da presenca desses compostos no meio ambiente ¢ de extrema importancia.
Neste estudo foram identificadas as feigdes espectrais caracteristicas dos HPAs, através de
analises de padrdes, e posteriormente estes compostos foram identificados em amostras de
MP, y utilizando espectrometria no infravermelho. Este estudo confirma que esses HPAs
(Pireno, Benzo[a]Pireno, Fluoranteo e Benzo[a]Antraceno) podem ser diferenciados pelas

suas assinaturas espectrais no infravermelho.



