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RESUMO

Os nitro-hidrocarbonetos policiclicos aromaticos (NPAHs — nitro-polycyclic aromatic
hydrocarbons) sdo compostos orgénicos constituidos de dois ou mais anéis benzénicos
ligados ao grupo nitro (NOy). Tais compostos sdo amplamente distribuidos no meio ambiente
e associados a particulas atmosféricas. O objetivo do presente estudo foi identificar os grupos
funcionais dos NPAHs associados ao PM  por espectroscopia de infravermelho termal com
transformada de Fourier (FTIR — Fourier Transform Infrared Spectroscopy), determinar a
concentracdo de tais compostos e avaliar a sazonalidade em uma area de influéncia veicular
na regido Metropolitana de Porto Alegre (MAPA — Metropolitan Area of Porto Alegre). Além
disso, estudaram-se variaveis meteoroldgicas e outros poluentes (NO, NO,, NOx, O3) com a
finalidade de relaciona-los com os NPAHSs. Particulas atmosféricas (PMy ) foram coletadas
usando filtros de PTFE (polytetrafluorethylene) no amostrador automéatico PM162M. Apds, 0
espectrorradidmetro FTIR portatil, da Designs & Prototypes, modelo 102, foi utilizado para
realizar medidas espectrais de transmitancia e emissividade dos padrdes sélidos dos NPAHS:
1-NP e 2-NF e das amostras de particulas atmosféricas. As analises por cromatografia gasosa
com deteccdo por captura de elétrons (GC-ECD - gas chromatography with electron capture
detector) foram precedidas por isolamento/derivacdo, sendo essas as técnicas de determinacgéo
e extracdo, respectivamente, de NHPAs (1-NNa, 2-NF, 3-NFI, 1-NP e 6-NChr) associados a
PM3 . Para validar o método analitico foi usado o Material de Referéncia Padrdo — SRM
1649b — do National Institute of Standards and Technology (NIST, USA). As analises
espectrais resultantes de transmitancia e emissividade apresentaram bons resultados,
possibilitando identificar as ligagfes C-N e grupo NO,, assim como alguns grupos funcionais
organicos caracteristicos dos padrées 1-NP e 2-NF, indicando que este método pode ser
aplicado no material particulado atmosférico. Com o método empregado foi possivel
identificar o 1-NP em todas as amostras, enquanto que 2-NF foi identificado apenas em
Canoas 1 e Sapucaia do Sul 1 e 2. As concentracbes de NPAHs foram mais elevadas no
inverno e Sapucaia do Sul foi o local que apresentou maiores niveis destes compostos, exceto
0 6-NChr. Os NPAHSs associados a PM1 o mostraram correlagdes com os poluentes dxidos de
nitrogénio (NO e NOy), assim como NPAHs com as variaveis meteoroldgicas: temperatura e
velocidade do vento. Os resultados indicaram a contribui¢do dos veiculos com motores a
diesel. Isto foi confirmado pelo estudo das razées NPAHs/PAHSs, 1-NP/Py, 6-NChr/Chr.

Palavras Chaves: NPAHs, PM1 o, FTIR, GC-ECD, MAPA.



ABSTRACT

The nitro-polycyclic aromatic hydrocarbons (NPAHS) are organic compounds that consisting
of two or more benzene rings linked by a nitro group (NO,). These compounds are widely
distributed in the environment and are mainly found associated with atmospheric particles.
The objective of this study was to identify the functional groups of NPAHSs associated with
PM1.0 by Fourier Transform Infrared Spectroscopy (FTIR), determine the concentration of
these compounds and evaluate the seasonality in an area of vehicular influence in the
Metropolitan area of Porto Alegre (MAPA). Summed to that, meteorological variables and
other pollutants (NO, NO,, NOy, O3) were studied in order to relate them with the NPAHSs.
Atmospheric particles (PM1.0) were collected using PTFE (polytetrafluorethylene) filters in
autosampler PM162M. After that, the portable spectroradiometer FTIR, model 102 of Designs
& Prototypes, was used for spectral measurements of transmittance and emissivity of solid
standards of NPAHSs: 1-NP and 2-NF and the atmospheric particles samples. Analyses by gas
chromatography with electron capture detector (GC-ECD) were preceded by isolation /
derivation, those being the determination and extraction techniques, respectively, of NHPAs
(1-NNa, 2-NF, 3-NFl, 1-NP and 6-NChr) associated with PM1.0. To validate the analytical
method it was used the Standard Reference Material - SRM 1649b - of National Institute of
Standards and Technology (NIST, USA). The spectral analysis resulting of transmittance and
emissivity showed good results, allowing to identify the CN bands and NO2 group, as well as
some characteristic organic functional groups of 1-NP and 2-NF standards, indicating that this
method can be applied in atmospheric particulate matter. With the employed method it was
possible to identify the 1-NP in all samples, while the 2-NF was identified only in Canoas 1
and Sapucaia do Sul 1 and 2. The NPAHSs concentrations were higher in winter and Sapucaia
do Sul was the place that had the highest levels of these compounds, except to 6-NChr. The
NPAHSs associated with the PMy o showed correlations with the nitrogen oxides (NO and NOy)
pollutants, as the NPAHSs with the meteorological variables: temperature and wind speed. The
results indicated the contribution of vehicles with diesel engines. It was confirmed by the
reasons study of NPAHs/PAHSs, 1-NP/Py, 6-NChr/Chr.

Keywords: NPAHs, PM; o, FTIR, GC-ECD, MAPA.
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1. INTRODUCAO

Nas ultimas décadas a rapida urbanizacéo, industrializacdo e o crescente aumento da
frota veicular tém influenciado na qualidade do ar, especialmente em relacdo as particulas
atmosféricas. Estas particulas sdo misturas complexas contendo varios compostos quimicos,
que servem como catalisadores para muitas reaces quimicas (FEILBERG; NIELSEN, 2000;
TURPIN et al., 2000). Dentre estes compostos citam-se 0s hidrocarbonetos policiclicos
aromaticos (PAHS) e os hidrocarbonetos policiclicos aromaticos nitrogenados (NPAHS), que
sdo compostos organicos considerados carcinogénicos e/ou mutagénicos (TANG et al., 2005).
Estes sdo um grupo de compostos organicos constituidos de dois ou mais anéis benzénicos
condensados ligados a um grupo nitro (NO,) e encontram-se na maioria associados as
particulas atmosféricas (TEIXEIRA et al., 2011). A maioria dos PAHs e NPAHSs
carcinogénicos é encontrada associada as particulas, predominantemente com particulas finas
(YANG et al., 2005a; PHAM et al., 2013).

As fontes de NPAHs na atmosfera incluem as emissdes diretas geradas pelos
processos de combustdo incompleta e por meio de reacBes quimicas entre PAHs (ALBINET
et al., 2008; FAN et al., 1995; WALGRAEVE et al., 2010, WANG et al., 2010). As reacdes
na fase gasosa entre os PAHSs s&o iniciadas por radicais hidroxila (OH) na presenca de NOx
durante o dia e pelos radicais nitrato (NOs) durante a noite (ATKINSON; AREY, 1994;
AREY; ATKINSON, 2003; REISEN; AREY, 2005; SODERSTROM et al., 2005). Estas
reacGes podem ocorrer somente na fase gasosa, mas, rapidamente os NPAHSs produzidos sao
adsorvidos nas particulas atmosféricas (ATKINSON; AREY, 1994; ATKINSON;
ASHCMANN, 1994; KWOK et al., 1994; FEILBERG et al., 2001). Além disso, os NPAHs
podem ser produzidos pela reacdo dos PAHs associados as particulas atmosféricas com N,Os
ou HNO;z; (NIELSEN, 1984; KAMENS et al., 1994). Além disso, NPAHs prontamente
condensam no material particulado, devido a sua baixa pressdo de vapor na atmosfera
(BAMFORD; BAKER, 2003; PEDERSEN et al., 2004).

As particulas atmosféricas recebem cada vez mais atencdo ao longo dos anos, como
resultado de seu ambiente, clima e efeitos na salde, e processos heterogéneos atmosféricos
associados com 0os comportamentos ambientais complexos de particulas atmosféricas tem sido
o foco da pesquisa relatada (ZHAO; CHEN, 2010). A tecnica de espectroscopia de

infravermelho com transformada de Fourier (FTIR) foi utilizada para analisar amostras de
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particulas atmosféricas. Tal técnica estuda a interagcdo da radiacdo eletromagnética na regido
do infravermelho termal (HAMMES; NETLIBRARY, 2005). Também conhecida como
espectroscopia vibracional, mede diferentes tipos de vibracdes entre os &tomos de acordo com
suas ligacGes atbmicas. Devido a complexidade das amostras ambientais e também a
necessidade de identificacdo de diferentes isdmeros, técnicas cromatograficas tém sido
amplamente utilizadas para a identificagdo dos NPAHs (JINHUI E LEE, 2001; BARRETO,
2006; TEIXEIRA et al., 2011). Porém a técnica espectroscopica por transformada de Fourier
(FTIR), apesar de ser pouco usada, quando comparada a técnicas cromatograficas apresenta
vantagens devido ser mais econdmica, rdpida e sem perdas, pois a espectroscopia de
infravermelho (IV) tem a capacidade de identificar grupos, em pequenas quantidades, sem
extracdo ou derivacdo, e a instrumentacdo pode ser realizada no local de amostragem do
material particulado para eliminar as perdas ou transformacGes durante o congelamento,
transporte e armazenamento (YU et al., 1998; REFF et al., 2005; COURY E DILLNER,
2008).

H& poucas referéncias para a identificacdo de grupos funcionais de NPAHSs pela
técnica de FTIR, entre eles estdo Carrasco-Flores et al., (2004 e 2007) e Onchoke e Parks
(2011). No entanto, a metodologia desenvolvida para a identificacdo de grupos funcionais de
NPAHSs por FTIR é recente, permitindo a distingdo das bandas relacionadas com 0s grupos
funcionais de interesse nos espectros gerados utilizando os dados da literatura. Contudo, néo
se tem conhecimento de nenhum estudo que tenha avaliado NPAHs em material particulado,
especialmente, em PMy .

Neste trabalho foram realizadas medidas de transmitancia e emissividade dos padrdes
solidos de 2-nitrofluoreno e 1-nitropireno e de amostras de particulas atmosféricas (PMy)
utilizando FTIR. Os espectros obtidos foram comparados com dados da literatura e 0s NPAHSs
presentes nas amostras de PM;, foram identificados. Em paralelo também foi realizada a
quantificacdo de amostras de particulas atmosféricas (PMy) por cromatografia gasosa com
deteccdo por captura de elétrons (GC-ECD).

A resolucdo temporal de NPAHSs na atmosfera € limitada pelos limites de deteccdo dos
métodos analiticos (TEIXEIRA et al., 2011). Aumento do nUumero de amostras ou da
sensibilidade analitica € necessario para aumentar a detecgdo de PAHs e NPAHSs na atmosfera
(CRIMMINS E BAKER, 2006). Devido a complexidade das matrizes das amostras
ambientais, a eficacia dos métodos depende unicamente da fragdo de NPAH obtido no passo
de isolamento dos NPAH (JINHUI E LEE, 2001). As concentragbes encontradas para 0s

NPAHSs no meio ambiente sdo normalmente baixas (ng-g™) em relacdo aos seus respectivos
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PAHs (FEILBERG et al., 2001); portanto, as técnicas de andlise para deteccdo de NPAHSs
devem ter alta seletividade e sensibilidade (FEILBERG et al., 2001).

No Brasil poucos estudos foram realizados sobre NPAHSs na atmosfera, dentre os quais
se podem citar os trabalhos realizados por Pereira Netto et al. (2000), Barreto et al. (2007),
Vasconcellos et al. (2008) e Teixeira et al. (2011). Estes trabalhos, consistiram em verificar a
influéncia de NPAHSs nas emissdes de motores a diesel e otimizar a metodologia analitica para
determinados compostos em particulas <10 pm e 2.5 pm.

Até agora ndo houve relatos sobre os niveis NPAH no Rio Grande do Sul em
particulas atmosféricas ultrafinas <1 pm (PMy). Portanto, estudos com o FTIR foram
realizados, gerando dados de transmitancia e emissividade, uma medida importante para o
sensoriamento remoto, a fim de determinar a melhor técnica a ser utilizada para identificar os
grupos funcionais dos NPAHs.

Assim, o objetivo do presente estudo foi identificar os grupos funcionais dos NPAHs
associados ao PMj por FTIR e avaliar a concentracdo e a sazonalidade de tais compostos
associado ao PM;, em uma area de influéncia veicular na regido Metropolitana de Porto
Alegre (RMPA). Além disso, estudaram-se variaveis meteoroldgicas e outros poluentes NOx

(NO,+ NO), O3 com a finalidade de relacionar com os compostos de NPAHS.
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2. REVISAO BIBLIOGRAFICA

2.1. NPAHs em PM1

A presenca de PAHs e NPAHSs na atmosfera vem recebendo atencéo por causa de seus
possiveis efeitos sobre a saude humana (DING et al., 2012). Muitos PAHs e NPAHs séo
cancerigenos e/ou mutagénicos (PITTS et al., 1978). Vérios NPAHs exibem maior
mutagenicidade e carcinogenicidade do que seus PAHs correspondentes (ATKINSON;
AREY, 1994, DURANT et al., 1996; SHEN et al., 2012).

Na atmosfera encontra-se um sistema heterogéneo bastante complexo, pois nela
contém uma variedade de particulas, incluindo particulas primarias emitidas diretamente da
combustdo incompleta assim como particulas secundarias formadas através de reacGes
fotoquimicas, isto €, sulfato, nitrato e secundaria, aerosol organico. Devido eles originar-se de
diferentes fontes, existem grandes diferencas na distribuicdo de tamanho e composicédo
quimica de vérias particulas, que dominam suas vidas atmosféricas e propriedades fisico-
quimicas complexas. E sabido que as particulas de aerossois desempenham um papel
fundamental na atmosfera, afetando ndo s6 a deposicdo acida atmosférica, participando
diretamente na formacdo de nuvem atmosférica e processos de deposicdo molhadas, mas
também impactando clima local e global através da absorcdo e espalhamento da radiacdo
solar, bem como atuando como nucleos de condensagdo de nuvens (ZHAO; CHEN, 2010
apud PENNER; DONG; CHEN, 2004). Além disso, como os portadores de substancias
toxicas, as particulas atmosféricas, especialmente particulas finas, podem entrar no sistema

respiratério humano, produzindo assim um efeito nocivo para a saide (ZHAO; CHEN, 2010).

2.2. FTIR

Espectroscopia FTIR é uma técnica analitica capaz de fornecer informacdes detalhadas
sobre o nivel molecular para particulas atmosféricas e tem desempenhado um papel
importante no estudo dos processos heterogéneos atmosféricas. Particularmente, um ndmero
de técnicas de transmissdo de acessorios. Estes tém expandido as aplica¢fes da espectroscopia
FTIR para processos heterogéneos atmosféricas (ZHAO; CHEN, 2010).



16

Esta técnica espectroscopica de vibragdo molecular, infravermelho com transformada
de Fourier (FTIR) proporciona um método ndo destrutivo e in situ de analise com as
vantagens de elevada sensibilidade, precisao, e resolucdo de tempo (ZHAO; CHEN, 2010,
GARCIA et. al., 2012).

2.3. GC-ECD

Entre os métodos de separacdo, a cromatografia tem grande aplicabilidade em areas
tdo diversas como ambiental e outras (PENTEADO; MAGALHAES; MASINI, 2008). A
cromatografia permite separar, identificar e quantificar componentes com caracteristicas
fisico-quimicas muito semelhantes presentes em misturas complexas (PENTEADO;
MAGALHAES; MASINI, 2008).

Para a determinacdo de NPAHs sdo utilizados varios métodos cromatograficos
(JINHUI E LEE, 2001; BARRETO, 2006; TEIXEIRA et al., 2011), entre os quais a
cromatografia gasosa combinada com uma série de detectores sensiveis como o de captura de
elétrons (ECD).

No presente trabalho 0 método de GC-ECD foi empregado para a determinacdo dos
NPAHSs: 1-nitronaftaleno, 2-nitrofluoreno, 3-nitrofluoranteno, 1-nitropireno e 6-nitrocriseno
presentes em material particulado atmosférico. A Figura 1 mostra as estruturas dos NHPAs

analisados com seus respectivos nomes.
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1-nitronaftaleno Z-nitrofluorenao 3-nitrofluorenc 1-nitropireno G-nitrocriseno

Figura 1. Nomes e estruturas dos NHPAs em estudo.

Este método é aplicado na analise de NPAHSs e consiste em separar compostos de
misturas complexas, permitindo a identificacdo e quantificacdo de compostos puros e
desconhecidos (JINHUI E LEE, 2001; BARRETO, 2006; TEIXEIRA et al., 2011). A sua
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resolucédo é excelente, permitindo assim a analise de diversas substancias na mesma amostra e
a sua elevada sensibilidade da cromatografia é largamente utilizada para identificacdo de
moléculas contendo grupos funcionais eletronegativos (CASTELLS et al., 2003; BARBOSA,
2012). Esta técnica, ao permitir acoplar diferentes detectores, possibilita a analise de misturas
complexas, com rapidez, elevada resolucéo e sensibilidade (BARBOSA, 2012).

O detector ECD presente no GC-ECD ¢é utilizado na deteccdo de componentes
altamente eletronegativos, sendo seletivo para grupos halogenados (CASTELLS et al., 2003;
BARBOSA, 2012). Possui um emissor, que emite um elétron causando a ionizacdo do gas
transportador e consequentemente, um aumento subito de elétrons. Estes elétrons provocam
uma corrente elétrica constante entre os dois eletrodos que constituem o detector, na auséncia
de substancias ou espécies que possam captura-los. Na presenca de compostos com grupos
funcionais eletronegativos que capturam os elétrons, como os NPAHSs, a intensidade da
corrente elétrica diminui bruscamente, permitindo assim a identificagdo de tais substancias
(BARBOSA, 2012 apud PEREIRA, 2007).
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3. AREA DE ESTUDO

A éarea de estudo que consiste a Regido Metropolitana de Porto Alegre — MAPA —
encontra-se na regido centro—leste do Estado do Rio Grande do Sul (Figura 2). Esta delimitada
pelos paralelos 29.6°S e 30.6°S e os meridianos 50.4°W e 51.9°W. De acordo com o Instituto
Brasileiro de Geografia e Estatistica (IBGE, 2010), esta regido compreende uma &rea de
10.345.45 km2, representando 3,67 % do total do estado, e tem uma populacdo 4.032.062
habitantes, isto é 37,70 % do total da populacdo do Rio Grande do Sul.

A Regido Metropolitana € o eixo mais urbanizado do Rio Grande do Sul, sendo
constituida por trinta e quatro municipios. Esta regido é caracterizada por diferentes tipologias
industriais, incluindo algumas fontes estacionarias. Além das diferentes tipologias industriais
encontradas na RMPA, estima-se que a contribui¢do mais significativa sejam as fontes moveis
devido ao grande nimero de veiculos em circulacdo na regido, que representam 37% do total
de 5,59 milhdes de carros da frota total no estado (DETRAN, 2013). A distribuicdo da frota
por tipo de combustivel na RMPA em 2009 foi de 69 % gasolina (flex), 16 % gasolina (moto),
11 % diesel e 4 % alcool (TEIXEIRA, et al., 2011).

Segundo estatisticas calculadas pelo Departamento Estadual de Transito de Rio
Grande do Sul - DETRAN/RS -, em agosto de 2013, a frota motorizada da Regido
Metropolitana de Porto Alegre foi de cerca de 2.054.390 veiculos.



Figura 2. Localizacao das estagGes de amostragem em Canoas e Sapucaia do Sul, Regido Metropolitana de
Porto Alegre, RS (adaptado de AGUDELO-CASTANEDA et al., 2011).
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4. MATERIAIS E METODOS

4.1 Amostragem

As estacGes de amostragem para particulas atmosféricas encontram-se situadas no
municipio de Canoas (na Base Aérea Militar) e a outra no municipio de Sapucaia do Sul, na
Regido Metropolitana de Porto Alegre, conforme mostrada na Figura 2.

Foi empregado um amostrador automatico sequencial de particulas modelo PM162M
construido pela Environnement S.A para as amostras de PM; o (Figura 3). O amostrador de
particulas inclui um jogo de dois recipientes (holders) que funcionam como suporte para 0s
filtros. O equipamento usa 0 método EN 12341 (LECES, n° RC/L 9826) e trabalha por
impacto com vazdo volumétrica de 1,0 m*h™. O amostrador tem um tubo de amostragem
regulada (RST- regulated sampling tube), que compreende um sensor de temperatura
localizado no ponto de amostragem e um sensor de umidade ambiente. Utilizando a RST se
evita artefatos no filtro, tais como a condensacdo ou perdas por evaporacdo. No presente
trabalho foram utilizados filtros PTFE (politetrafluoretileno) marca Zefluor™ membrane,
especificos para amostragem de orgéanicos. Os filtros sdo embalados em papel aluminio e
armazenados em freezer a -20°C para posterior analise. O periodo de amostragem foi de
agosto de 2011 até agosto de 2012.

e ;
e

Figura 3. Amostrador automatico de material particulado (PM162M), Environnement S.A. Foto: Dayana
Agudelo-Castafieda, 2011).
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4.2. Analises por espectroscopia de infravermelho por transformada de Fourier (FTIR)

4.2.1. Equipamento

Para andlises das amostras de PM;o e padroes de NPAHs foi utilizado
espectrorradiometro de infravermelho termal da Designs & Prototypes LTD, o
Espectrorradiometro FTIR modelo 102F portétil (Figura 4). As analises foram realizadas no
Centro Estadual de Pesquisas em Sensoriamento Remoto e Meteorologia (CEPSRM) da
Universidade Federal do Rio Grande do Sul (UFRGS).

O espectrorradidmetro possui interferometro Michelson e detectores dpticos e de
infravermelho que registram espectros na faixa espectral de 2 a 16 micrometros e resolugao
espacial 6 cm™ (HOOK et al., 1996). Consiste em dois componentes principais, sendo
constituido de uma cabeca Optica montada em tripé e um conjunto de sistemas em uma maleta
de aluminio, onde contém o modelo dptico/eletronico, o interferdmetro de Michelson que é a
parte principal do interferdbmetro e o detector de infravermelho. O detector de infravermelho é
um detector padrdo tipo sanduiche duplo, composto por um detector de antimoneto de indio
(InSb) que registram espectros na faixa espectral de 1850 a 2750 cm™ sobre telureto de
cadmio mercudrio (HgCdTe, MercadTel ou MCT) que registram espectros na faixa espectral
de 1350 a 2250 cm™. A saida de luz passa através de uma lente de focalizacdo (que também

sela a unidade) para um detector infravermelho em nitrogénio liquido (KORB et al., 1996).
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Figura 4. Espectrorradidmetro FT-IR, Modelo 102F portatil. (adaptado do Manual de instrucdes da Designs &
Prototypes LTD, 2005).

4.2.2. A aquisicao de espectros de emissividade e transmitancia

Espectros de transmitancia foram obtidos usando o espectrdmetro FTIR. A
transmisséo € o termo utilizado para descrever o processo pelo qual o fluxo radiante incidente
deixa uma superficie ou meio de um lado do que o outro lado do incidente, normalmente no
lado oposto (PALMER, 2010). A transmitancia espectral t (A) de um meio é a raz&o entre o

fluxo espectral transmitido @, pelo fluxo espectral incidente ®;;, ou

() =3 (2)

®ai

A transmitancia pode também ser descrita em termos de irradiacdo (PALMER, 2010),
onde L,; representa o brilho espectral incidente e L, representa o brilho espectral transmitida,

COMO Se segue:

T(h) = ?T 2

Leituras da radiancia transmitida e incidente foram medidas posicionando a fonte de
radiacdo sob a amostra, estando a amostra entre a fonte e o detector do espectrorradidmetro.
Para esta pesquisa foi utilizada uma lampada incandescente com temperatura de 2700K.

As medig¢des da emissividade e calibracdo radiométrica do instrumento encontram-se
no trabalho de Hook e Kahle (1996), Korb et al. (1996), Salisbury (1998). Consequentemente
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neste trabalho serdo explicadas brevemente as etapas. Primeiro, as temperaturas de corpo
negro sdo selecionadas para reduzir o erro de calibracdo, com uma temperatura do corpo
negro frio abaixo da temperatura ambiente e um corpo negro quente a uma temperatura acima
da temperatura mais quente que a amostra (KORB €T al., 1996). A calibracdo consiste em
medir a radiacdo dos dois corpos negros a duas temperaturas conhecidas. Nesta calibracdo é
descontada a emissao prépria do instrumento devido a que se encontra dentro das medidas do
corpo negro. Além da calibracdo da amostra € realizada a calibracdo da radiagdo downwelling
do céu. A radiacdo downwelling do hemisfério acima do alvo é medida com um refletor
localizado no alvo, uma placa de ouro com emissividade € = 0,040 no intervalo espectral.
Mais detalhes sobre a calibracdo radiométrica do instrumento encontram-se no trabalho de
Hook e Kahle (1996), Korb et al. (1996). O algoritmo utilizado pelo software do equipamento
para calcular a emissividade foi a equacdo 3, onde g(A) é a emissividade da superficie da
amostra como funcdo do comprimento de onda, Ls(}) a radiancia calibrada da amostra, Lgwr(A)
a radiancia calibrada da radiancia incidente e B(A,Ts) a fungdo de Planck a temperatura da
amostra, Como a seguir:

gs (/1) _ Ls (ﬂ“) - der(ﬂv)

- B(X"Ts) - der (ﬂ’) (3)

4.2.3. Medigdes em padrdes certificados

Os padrdes certificados de NPAHSs (2-nitrofluoreno e 1-nitropireno) da marca Aldrich
Chemical Company foram analisados no estado sélido (99% de pureza), onde foram
controlados parametros tais como umidade relativa, temperatura, distancia do sensor, angulo
da fonte, quantidade de amostra e diametro.

As medicdes foram realizadas a uma distancia menor a 1 metro (50cm) para minimizar
a atenuacdo da atmosfera (KORB et al.,, 2006). Além disso, todas as medicGes de
emissividade foram realizadas em campo sob condigdes de céu aberto sem nuvens e umidade
relativa de baixa a moderada (<60%). As medidas de transmitancia foram realizadas em
laboratdrio sob condicGes controladas de umidade relativa, com valores também <60%, e de
temperatura ambiente de cerca de 19°C. Foi utilizado o telescopio de 2.54cm de diametro e
uma distancia menor de 50 cm para garantir que o tamanho do campo de visdo (FOV) fosse

menor que o da amostra, que possuia um didmetro de 47 mm.
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Apos otimizar os testes com padrdes certificados, realizou-se testes com amostras de
material particulado atmosférico (PMjg), coletadas em filtros PTFE, em duas estagdes
(Canoas e Sapucaia do Sul), em amostrador sequencial automéatico PM162M da
Environmental S.A.

Diversos testes foram realizados para otimizar as condi¢Oes operacionais e dos
parametros tais como umidade relativa, temperatura ambiente, distancia do sensor, angulo do
oOtico e da fonte. As condicfes usadas foram: umidade relativa proxima de 50%, temperatura

ambiente 20°C, distancia entre a amostra e o sensor 50 cm, angulo da fonte 60°.
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4.3. Analise cromatografica

4.3.1. Preparacdo de amostras: extracao, clean up e analises quimicas

O material particulado (PM; o) adsorvido nos filtros, apds amostragem, foram levados
para a Divisdo de Quimica da Fundacdo Estadual de Protecdo Ambiental Henrique Luiz
Roessler (FEPAM), onde foram extraidos em Soxhlet com diclorometano por 18 horas
(USEPA, 1999) e posteriormente os extratos sdo separados e pré-concentrados através do
procedimento de clean up utilizando coluna de silica gel e trés fracdes de eluentes de
diferentes polaridades (ASTM, 2004, modificado; DALLAROSA et al., 2005a, 2005b, 2008;
TEIXEIRA et al., 2011, 2012).

Na primeira fragdo sdo eluidos os compostos alifaticos usando 20 mL de hexano, que
sdo descartados. Os PAHSs sdo eluidos na segunda fracdo usando 20 mL de uma mistura de n-
hexano:diclorometano (1:1) seguido da adicdo de 20 mL dos mesmos solventes (n-
hexano:diclorometano) na razdo 3:1, coletando o volume de ambas eluigdes em um mesmo
frasco. Os NPAHSs sdo eluidos na terceira fragdo usando 20 mL de diclorometano, coletando o
volume eluido em um frasco. Os frascos referentes a segunda e terceira eluicdo passam por
reducdo de volume para serem analisados. A fase eluida, provenientes do clean up, sdo
armazenados em frascos recobertos em papel aluminio e conservados no freezer a -20°C para
analises posteriores. Os PAHs sdo analisados por cromatografia gasosa acoplada a
espectrometria de massa (Shimadzu, modelo GCMS-QP5050A), utilizando o modo SIM
(monitoramento seletivo de ions). Maiores detalhes analiticos encontram-se em Teixeira, et
al., 2012. As amostras de NPAHs primeiramente sdo isoladas e derivatizadas (JINHUI; LEE,
2001), onde os NPAHSs originais sao fluoretados com anidrido heptafluorbutirico (HFBA) a
partir de reacdes quimicas especificas e posteriormente analisadas por cromatografia gasosa
com deteccéo por captura de elétrons (GC-ECD).

Os mesmos procedimentos de extracdo, clean up e analises quimicas foram realizados
com filtros brancos apresentando a resposta esperada, sem a presenca de contaminantes.

De acordo com dados da literatura (CASTELLS et al., 2003), as técnicas mais seletivas para a
deteccdo dos NPAHSs sdo baseadas nos processos de captura de elétrons, em fase gasosa,
devido ao carater eletronegativo dos grupos nitro, conjugados com 0s anéis aromaticos. Isto
permite a deteccdo de concentracGes baixas e um grau mais elevado de seletividade do que em

outros tipos de detectores.
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Para determinacdo dos NPAHSs (1-nitronaftaleno, 2-nitrofluoreno, 3-nitrofluoranteno,
1-nitropireno e 6-nitrocriseno) utiliza-se um cromatdégrafo gasoso com detector por captura de
elétrons (GC-ECD — Varian CP-3800) e coluna CP - Sil 19 CB (30m x 0,25 um x 0,25mm),
Figura 5. As condicBGes cromatograficas utilizadas sdo as seguintes: Temperatura do injetor
280°C; Temperatura do detector: 300°C; Gradiente de temperatura: inicia em 60°C aumenta
6°C-min™* até 300°C onde permanece por 5 min. Modo de injecdo Splitless; com fluxo de
1,5mL-min™ de nitrogénio (TEIXEIRA et al., 2011). O software utilizado para tratamento dos

dados foi o Galaxie Workstation — Varian.

Figura 5. Cromatografo gasoso com detector por captura de elétrons (GC-ECD), Varian CP-3800. Foto: Karine
O. Garcia, 2009.

4.3.2. Calibragéo e certificagdo

A Tabela 1 mostra o coeficiente de determinacéo, o qual esta relacionado com a curva
de calibracédo, dados de disperséo e quantificacdo. O limite de deteccdo (LD) foi calculado a
partir das especificagdes do metodo TO 13-A da USEPA (USEPA 1999), onde LD = 3.3-S/a,
onde S= desvio padrio da concentragdo entre as replicatas do menor ponto da curva (1 pg-L™)
e a= inclinacdo da curva de calibragdo. A quantificacdo foi realizada por padronizacao
externa, utilizando padrdes de NPAHs de 100 pg'mL™ da marca AccuStandard dos seguintes
NPAHS: 1-nitronaftaleno, 2-nitrofluoreno, 3-nitrofluoranteno, 1-nitropireno e 6-nitrocriseno
(pureza de 100% — 98%), na preparagdo das curvas analiticas. Os valores obtidos através da
curva de calibracao apresentaram coeficientes de determinacéo superiores a 0.95. LDs obtidos
estiveram na faixa de 0.0003 — 0.0010 pg-L™ para todos os NPAHSs estudados, indicando que
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a metodologia é adequada para ser aplicada em amostras de particulas atmosféricas, devido 0s
NPAHSs serem encontrados em baixas concentragdes.

Tabela 1. Parametros estatisticos da curva analitica e dados de disperséo e quantificacao.

Faixa de
NPAH Tk (Min)  Concentracéo R? S LD (ug.L™) LO (ug.L™)
(ng.L™)
1-nitronaftaleno 21,47 1-20 0,998 0,13 0,0010 0,010
2-nitrofluoreno 29,38 1-20 0,973 0,13 0,0004 0,004
3-nitrofluoranteno 34,45 1-20 0,991 0,24 0,0010 0,013
1-nitropireno 35,23 1-20 0,948 0,28 0,0010 0,010
6-nitrocriseno 37,98 1-20 0,968 0,07 0,0003 0,003

Tr = tempo de retencéo; R” = coeficiente de determinacdo; DesvPad = desvio padréo da concentracio entre as
replicatas; LD = 3,3.DesvPad/a, onde a = inclinagdo da curva de calibracdo; LQ = limite de quantificagéo (10 x
LD).

Para validar o método analitico foi usado o Material de Referéncia Padrdo — SRM
1649b — do National Institute of Standards and Technology (NIST, USA). A Tabela 2
apresenta os resultados referentes ao Material de Referéncia Padrdo com o0s respectivos
valores de recuperacdo. Os resultados representam a média de triplicatas, os quais foram
consistentes com os valores certificados obtendo-se o valor de recuperagdo com faixa entre
94.6% e 99.5%, exceto para 0 1-nitropireno que apresentou recuperacédo de 52.8%, o que pode
ser explicado devido alguns fatores: a metodologia utilizada no presente estudo ser diferente
daquela reportada pelo método analitico SRM 1649b — do National Institute of Standards and
Technology (NIST, USA) e devido a artefatos de degradacdo usando injecGes splitless quente
(CRIMMINS E BAKER, 2006), pois estudos recentes utilizam injecdo em coluna a frio para
analise de NPAHs em cromatografia gasosa (BAMFORD et al.,, 2003; BAMFORD E
BAKER, 2003).
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Tabela 2. Valores obtidos e recuperacdo de NPAHs em relacdo aos valores certificados para o
material de referécia SRM-1649b da NIST.

Valor Certficado Valor Medido
NPAHSs 1 4 % Recuperagéo
(u9.kg™) (u9.kg™)
1-nitronaftaleno 72£01 6.8 94.6
3-nitrofluoranteno 46+0.1 4.4 9.1
. . 71.8+1.3 37.9 52.8
1-nitropireno
3.8+0.1 3.8 99.5

6-nitrocriseno

4.4. Poluentes atmosféricos

Os poluentes NO, NO,, NOy e O3 foram medidos durante o periodo de agosto de 2011
a agosto de 2012 na estacdo de amostragem de Sapucaia do Sul. O equipamento usado na
amostragem inclui um analisador de 6xido de nitrogénio (AC31M - utilizando método de
quimiluminescéncia) e um analisador de ozénio (O341M - absorcdo de luz UV com
comprimento de onda de 254 nm, LCD/UV Photometry Ozone). Todos 0s equipamentos

foram desenvolvidos pela Environnement S.A.

4.5. Anélise estatistica

Apbs a realizacdo das analises quimicas quantitativas, através da cromatografia gasosa
com detector por captura de elétrons, foi montado um banco de dados contendo as
concentracfes das amostras de NPAHs e parametros como poluentes atmosféricos e as
variaveis meteoroldgicas. Posteriormente, analisou-se a variacdo dos NPAHs a partir da
sazonalidade, utilizando o pacote estatistico SPSS, versdo 20.0, sendo considerado o nivel de
significancia de p < 0,05. Nesta analise foram correlacionados os dados meteoroldgicos assim
como os dados referentes aos poluentes atmosféricos (NO, NO,, NOy e O3), com 0s NPAHS.

Nesse trabalho foi utilizado o coeficiente de corrrelacdo de Spearman, pois € uma
medida de correlacdo ndo paramétrica, isto €, ele avalia uma funcdo mondtona arbitréaria que
pode ser a descricdo da relacdo entre duas varidveis, sem fazer nenhuma suposicdo sobre a

distribuicdo de frequéncia das variaveis.



29

5. RESULTADOS E DISCUSSOES

5.1. Espectro de Transmitancia

Os espectros de transmitancia dos padrbes 1-nitropireno e 2-nitrofluoreno solidos
(99% de pureza) foram analisados por FTIR e os grupos funcionais de cada um destes NPAHs
foram identificados. Foram considerados 0s mesmos comprimentos de onda para as vibracoes
moleculares encontradas nos espectros de transmitancia, assim como nos espectros de
emissividade. Para muitos modos vibracionais, apenas alguns atomos tém grandes
deslocamentos e o resto da molécula é quase estacionario (GRIFFITHS E HASEF, 2007). A
frequéncia de tais modos é caracteristico do grupo funcional especifico, no qual o movimento
¢ centrado e é minimamente afetado pela natureza dos outros atomos na molécula
(GRIFFITHS E HASEF, 2007). Assim, a observagdo das caracteristicas espectrais de uma
certa regido do espectro € muitas vezes indicativo de um grupo quimico funcional especifico
na molécula (GRIFFITHS E HASEF, 2007). Outras bandas envolvem o movimento
significativo de apenas alguns atomos, ainda sua frequéncia varia de uma molécula a outra
contendo o grupo funcional particular. Estes modos sdo Uteis para distinguir uma molécula de
outro que contém grupos funcionais semelhantes e, portanto, sdo muitas vezes conhecidos
como bandas de impressdes digitais, também chamadas de fingerprint bands (GRIFFITHS E
HASEF, 2007).

A identificacdo das vibracdes das moléculas foi baseada em estudos anteriores que
estudaram através de métodos tedricos e métodos de isolacdo de matriz, no estado solido.
Estes estudos realizados apresentaram bandas fundamentais simuladas corretamente no nivel
da teoria B3LYP/6-311 + G(d,p) (ONCHOKE E PARKS, 2011). Carrasco et al., 2005, fez o
primeiro estudo abrangente dos espectros vibracionais tedrico e experimental de 1 nitropireno
(1-NP) e utilizado na otimizagdo de geometria do 1-NP realizada utilizando Hartree-Fock
(HF) a nivel da teoria 6-31G (d) da um angulo diedro de de 32 graus com o plano do
macrociclo. Teoria funcional da densidade (DFT) ao niveis da teoria B3LYP/6-31G (d) e o
B3LYP/6-311G (d, p). Para nitrofluonene, Carrasco et al., 2007 verificou que os calculos
teoricos foram realizados utilizando os programas do conjunto Gaussiano. Célculos HF e DFT
foram realizados utilizando os conjuntos basicos de HF/6-31 (d), B3LYP/6-31G (d) e
B3LYP/6-311G (d, p).
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5.2. 2-Nitrofluoreno

Nitrofluorenes estdo presentes na exaustdo do diesel, e também podem ser formados
por reacOes fotoquimicas e formado como um resultado da nitracdo de fluoreno (BEIE E
MOLLER, 1988).

O nitrofluoreno é um composto com baixa simetria, e, por isso, possui bandas
vibrationais que sdo ativas no infravermelho (V). As feicGes observadas nos espectros de
transmitancia (Fig. 6a,b) e de emissividade (Fig. 7a,b) em 6,23, 6,25 e 6,45 um sdo devido as
vibragdes stretching assimétrico e em 7,53, 12,3 e 12,5 um sdo devido as vibragdes stretching
simétrico do grupo nitro (CARRASCO-FLORES et al. 2007). As vibracdes C-N stretching
sdo observadas em 7,53 um e C-H out-of plane deformation em 10,4, 11,7 e 12,0 um. Bandas
que aparecem na regido 6,23-6,85 pum sdo atribuidas as ligagbes C=C stretching
(CARRASCO-FLORES et al., 2007). As ligacoes planares de CH bending sdo observados no
espectro de entre 7,45 e 9,80 um. Em 12,3 e 12,5 pum aparecem a deformacéo do anel e CH,
wagging (CARRASCO-FLORES et al., 2007).
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5.3. 1-Nitropireno

O 1-nitropireno é um subproduto da combustdo e é o nitro-hidrocarbonetos
policiclicos aromaticos predominante emitido na exaustdo do diesel (ROSENKRANZ, 1982).
Tal composto também é encontrado na combustdo do carvdo, fumaca de cigarro, carnes
assadas, queima de gas e emissdes de aquecedor a querosene (IARC, 1989a), e de exaustdo de
avido (MCCARTNEY et al., 1986; ROSENKRANZ E HOWARD, 1986). O 1-nitropireno é
formado espontaneamente através da reacdo atmosféricra do 6xido de nitrogénio com pireno
na presenca de uma pequena quantidade de acido nitrico (PITTS et al., 1978, TOKIWA., et
al., 1987) e por oxidagdo fotoquimica de 1-aminopireno sob irradiacdo ultravioleta
(OKINAKA et al.,1986).

Os espectros de transmitancia (Fig. 8a,b) e emissividade do 1-nitropireno (Fig. 9a,b)
apresentam ligacbes de C=C stretching em 6,19 um dos sistemas conjugados e as vibracdes
do anel na regido entre 6,24 e 7,63 um (CARRASCO-FLORES et al. 2005). O C-C-H
bending aparece entre 8,08 e 9,74 um. Os modos vibracionais decorrentes do grupo NO, sdo
observados em 6,53 pum para o stretching assimétrico e em 7,53 um para o stretching
simétrico. A vibracdes C-N ocorre em 7,28 um. A C-H wag ¢ observada entre 10,3 e 11,2 um
e entre 13,3 e 13,7 um. Também ¢é possivel observar as fei¢cbes decorrentes de C-H out of
plane deformation em 12,0 um e a deformacdo do anel ocorre em 12,3 e 12,6 pum
(CARRASCO-FLORES et al. 2005).
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5.4. Particulas atmosféricas ultrafinas - PMy

A Figura 10a,b apresenta o espectro de transmitancia e a Figura 11a,b apresenta o
espectro de emissividade das amostras de PM; o, para as estagdes de amostragem Canoas e
Sapucaia do Sul. Através da espectroscopia de infravermelho € possivel analisar diversos
poluentes ambientais adsorvidos nas amostras, entretanto, nesse estudo o objetivo foi
identificar apenas os NPAHs. Estes compostos sdo caracterizados, principalmente, pelas
bandas do grupo funcional NO; e bandas C-N.

Para identificar o 1-nitropireno nas amostras as bandas observadas em 6,53 um e 7,53
pum, correspondem aos stretches assimétrico e simétrico do grupo NO,, respectivamente e a
deformacéo do anel mais o C-N stretching em 7,28 um (CARRASCO-FLORES et al., 2005).
As feicBes em 6,23 um, 6,25 um e 6,45 um, correspondem ao NO; stretching assimétrico e
7,53 um, corresponde ao NO, stretching simétrico e o C-N stretching, apresentando uma
fingerprint bands referente ao 2-nitrofluoreno (CARRASCO-FLORES et al., 2007). Assim,
para diferenciar esses dois compostos é necessario observar as vibracfes decorrentes no NO,
stretching assimétrico, ja que a do NO; stretching simétrico ocorre no mesmo comprimento

de onda para ambos.
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Ao analisar os espectros de transmitancia e emissividade (Fig. 9a,b e Fig. 10a,b)
observa-se a presenca de 1-nitropireno em todas as amostras analisadas o que € indicado pela

vibragdo NO; stretching assimétrica em 6,53 um. Entretanto, quando considerada a analise
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do 2-nitrofluoreno observa-se que as vibragdes NO; stretching assimétrica ndo ocorrem na
amostra Canoas 2, cujo espectro ndo apresenta a ligagcdo em 6,23 pum.

Para as amostras que possuem 2-nitrofluoreno, as bandas entre 6,23 e 6,85 um
correspondem ao C=C stretching, sendo a banda 6,81 um correspondente ao C=C stretching
juntamente com o CH in plane bending. Estas vibragfes sdo observadas em ambos 0s
espectros de transmitancia e emissividade. J& para as amostras que possuem o 1-nitropireno as
feicOGes decorrentes do stretching do anel aparecem nas bandas entre 6,24 e 7,63 um. A banda
7,28 um corresponde ao stretching do anel mais o stretching da ligagdo CN.

A feicdo em 7,53 pum corresponde ao NO, stretching simétrico em todas as amostras.
Para as amostras que possuem 2-nitrofluoreno (Canoas 1 e Sapucaia do Sul 1 e 2) esta feicéo
também € decorrente do CN stretching. O 2-nitrofluoreno apresenta vibra¢ées CH bending
entre 7,45 a 9,80 um enquanto todas as amostras apresentam vibracdes C-C-H bending entre
8,08 e 9,74 um oriundas do 1-nitropireno.

O C-H wagging ¢é observado em todas as amostras analisadas entre 10,3 e 11,2 um e
entre 13,3 e 13,7 um, pois sao feicdes decorrentes da presenca de 1-nitropireno. Também ¢é
possivel observar as feicdes decorrentes do CH out of plane deformation em 10,4 e 12,0 um e
a deformacdo do anel ocorre em 12,3 e 12,6 um.

Observa-se que os espectros de emissividade das amostras (Fig. 1la,b) apresentam
bandas largas, quando comparados aos espectros de emissividade dos padroes de NPAHs
(Fig. 7a,b e Fig. 9a,b), provavelmente porque a intensidade e largura das bandas depende da
composicdo e densidade (KUBICKI, 2001). Além disso, o espectro de absor¢do de PAH e
outros compostos semelhantes (por exemplo, NPAHS) em meios heterogéneos (por exemplo,
adsorvido num filtro) mostram o alargamento da banda (em comparagdo com o padrédo) como
resultado da interaccdo entre os PAHSs e a superficie (DABESTANI E IVANOV, 1999). As
frequiéncias exatas, formas, intensidades e numero de recursos sdo dependentes das massas
relativas, raios, distancias e angulos entre os &omos e as suas forcas de ligacdes
(HAMILTON, 2010).

Em geral, a transmissdo e emissividade apresentaram resposta espectral e resultados
significativos quando comparados. E possivel identificar as interacdes vibracionais dos

principais grupos funcionais presentes nos padrdes 1-nitropirene e 2-nitrofluorene.
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5.5. Concentracdo de NPAHs associados a PMy o

A Figura 12 mostra as concentragdes médias de NPAHSs de 1-NNa, 2-NF, 3-NFI, 1-NP
e 6-NChr para estacbes Canoas e Sapucaia do Sul. O componente mais abundante é 3-NFL,
que atingiu um valor médio de 0,047 pg'm™ (Sapucaia do Sul), seguido por 1-NNa, 1-NP, 2-
NF e 6-NChr que atingiu um valor médio de 0,0284 ug'm™ (Canoas). Os dados apresentados
de concentracbes de NPAHs foram cerca de 10 vezes menos em relacdo ao resultado
reportados por Teixeira et al. (2011) para os mesmos locais estudados (Canoas e Sapucaia do
Sul). Esta diferenca pode ser atribuida as diferentes metodologias de amostragem usadas e 0s
diferentes tamanhos de particulas estudados. Adicionalmente, as concentragdes de NPAHSs
foram mais elevadas no trabalho reportado por Teixeira et al. (2011), pelo fato que durante o
processo de amostragem pode ter ocorrido a formacdo de NPAHs devido a deposicdo de
PAHs sobre os filtros, convertendo estes compostos a NPAHs pela passagem de NO;
(Goriaux et al., 2006). No presente trabalho, apesar do sistema de amostragem ser fechado
ndo se descarta uma possivel subestimacdo das concentracBes de NPAHSs resultante da
volatilizacdo de compostos organicos (PAHs e outros) das particulas do filtro, acarretando
niveis de NPAHs de compostos mais baixos (GORIAUX et al., 2006; MCMURRY, 2000).

H Canoasg

0,04

Concentration (ng/m?)

=
=
)

0,00

Figura 12. Concentra¢fes médias de NPAHs em particulas atmosféricas ultrafinas nas esta¢des Canoas e
Sapucaia do Sul.
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O 1-NNa em PM; o, ndo mostrou diferenga na concentragdo média entre os locais
estudados, 0,029 ¢ 0,030 ng'm™ para Canoas e Sapucaia do Sul, respectivamente. Além disso,
seus niveis estiveram proximos de outros compostos, 1-NP para Sapucaia do Sul (0,028 ng.m’
%), 6-NChr para Canoas (0,028 ng.m™®). O NNa encontra-se, na maior parte, na fase gasosa do
ar ambiente (REINSEN E AREY, 2005), e suas concentragdes nos filtros podem ser
atribuidas a extratos de material particulado a diesel (ATKINSON, AREY, 1994; AREY,
2010; DIMASHKI et al., 2000; e outros). Estes autores identificaram 1-NNa em niveis
baixos, assim como em niveis mais elevados no extrato de particulas a diesel. Como a regiao
de estudo apresenta influéncia significativa de veiculos pesados, antigos e sem catalisadores
(TEIXEIRA et al., 2010) os dados mostraram-se em boa concordancia com os autores
reportados acima.

Em relacdo aos outros NPAHS, especialmente 1-NP and 3-NFI, estes sdo originarios
da mesma emissdo e formados pela nitracdo eletrofilica. Alguns autores tem reportado o
dominio de 1-nitropireno no escape dos motores a diesel, que é consistente com o fato de que
este isomero é um produto da nitracdo eletrofilica estabelecida do pireno e com a maior
reatividade do pireno para nitracdo eletrofilica comparado ao fluoranteno (NIELSEN,1984;
AREY 2010). No presente trabalho as concentragdes de 3-NFI no ambiente urbano, foram
mais elevadas que 1-NP, que pode ser explicado, em partes, pela metodologia empregada para
1-NP ndo ser téo eficaz, conforme discutido no item calibragéo.

Existem poucos trabalhos de NPAHs associados a particulas ultrafinas PMyg,
dificultando a comparacdo dos dados. Di Filippo et al.(2010) estudaram concentracdes de
NPAHSs associado a particulas atmosféricas com impactador de cascata em varias fracdes. A
concentracdo de NPAHs em fracdo ultrafina (PMy,) foi de aproximadamente 0,11ng'm™. No
presente trabalho, a concentracdo de NPAHs em PM; foi entre 0,105 ng'm™ e 0,143 ng'm™
para Canoas e Sapucaia do Sul, respectivamente. Apesar de ter sido realizado com

equipamentos diferentes e regides diferentes, as divergéncias ndo foram grandes.

5.6. Variacdo Sazonal

As particulas PM; o mostraram concentracGes mais elevadas em dias frios, variando de
20,26 ngm™ a 31,1 ng'm™ para Canoas e Sapucaia do Sul, respectivamente. Em dias frios, as
emissdes priméarias e as condi¢cdes atmosféricas estaveis afetam as concentragcbes de

particulas, pois estas foram tipicamente mais elevadas durante o inverno devido a condi¢Ges
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de inverséo prevalecentes prendendo os poluentes, conseqlientemente, reduzindo a dispersao
de material particulado (BATHMANABHAN E MADANAYAK, 2010).

As concentracdes de PM;, encontradas no presente trabalho, especialmente, para
Sapucaia do Sul: 31,1 ng.m® foram similares daquelas obtidas por outros autores
(BATHMANABHAN E MADANAYAK, 2010), que mostraram concentra¢cbes médias no

inverno de 34,2 ng'm®

. Estes autores também reportam que as particulas finas estéo
constituidas pelos modos: nucleos (particulas de combustdo de veiculos motorizados) e
acumulacdo (de combustéo e particulas de nevoeiro fotoquimico).

A Figura 13 a,b mostra as concentra¢cdes médias sazonal dos NPAHSs: 1-NNa, 2-NF, 3-
NFI, 1-NP e 6-NChr para as estacOes Canoas e Sapucaia. A variacdo sazonal revela
concentracdes mais elevadas no inverno, para os NPAHSs estudados. Sapucaia do Sul foi o
local que apresentou maiores niveis dos compostos de NPAHSs estudados, exceto 6-NChr. As
concentracdes de NPAHs no inverno variaram entre 0,0169 ng'-m™ and 0,0670 ng'm™ para

Sapucaia e entre 0,0140 ng'm™ ¢ 0,0555 ng'm™ para Canoas.
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Figura 13. a,b. Variacéo sazonal de NPAHs em particulas atmosféricas ultrafinas nas estacfes Sapucaia do Sul e
Canoas.

Resultados semelhantes de NPAHs associados a particulas atmosféricas reforgado no
inverno tém sido relatados em outras cidades e regides, tais como, Shenyang (TANG et al.,
2005; HATTORI et al., 2007), México (VALLE-HERNANDEZ et al., 2010. ), Téquio
(KAKIMOTO et al., 2000), Vales Alpinos - Franca (ALBINET et al., 2008) e China (WO et
al., 2012).

Os dados reportados acima estdo de acordo com os coeficientes de correlacdo
mostrados na Tabela 3 entre as médias didrias dos dados meteoroldgicos (tempreratura
ambiente média (°C) e velocidade dos ventos (m's™)) e NPAHs em PM .
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Tabela 3. Coeficientes de correlacdo de Spearman entre os niveis de NPAHs e PAHS e 0s

valores diérios dos pardmetros meteorologicos.
Temperatura  Umidade  Velocidade  Direcéo dos

Ambiente Relativa  dos Ventos Ventos PM1o > NPAH > PAH
9] (%) (ms™) )

Temperatura Ambiente (°C) 1.000 -0.496™ -0.167 0.015 0.034 -0.350™ -0.405™
Umidade Relativa (%) 1.000 -0.179 0.201 -0.067 0.113 -0.293™
Velocidade dos Ventos (m-s ™) 1.000 -0.326™ -0.386™ -0.132 -0.227"
Direcéo dos Ventos (°) 1.000 0.085 0.086 0.169
PMy, 1.000 0.139 0.343"
S NPAH 1.000 0.396™
SPAH 1.000

** Correlagdo é significativa ao nivel de 0,01.
* Correlagdo € significativa ao nivel de 0,05.

A temperatura e a concentracdo de NPAHSs estdo inversamente correlacionadas (-
0,350) confirmando menor dispersdo de particulas em dias mais frios (baixa temperatura). Isto
estd de acordo com os dados reportados anteriormente que apresentaram maiores niveis de
NPAHS, durante a estacdo do inverno. Isso pode ser parcialmente explicado por variacfes de
inversdo de temperatura (que sdo muito comuns na eépoca de inverno, prendendo poluentes ao
nivel do solo) (LI et al., 2006), conforme explicado anteriormente. Radiacao solar reduzida no
inverno retarda os processos fotoquimicos e fotdlise, 0 que pode promover o acimulo de
NPAHSs, especialmente NPAHs produzido a partir de fontes priméarias (KAMEDA et al.,
2010).

Uma correlacdo inversa entre as particulas ultrafinas (PM1 o) e umidade relativa pode
ser atribuida ao fato de que as particulas podem ser removidas por sua dissolucdo em
goticulas de agua (BAIRD, 2004) ou pela coagulacdo das goticulas sobre as particulas e,
portanto, ser facilmente removidos por processos abaixo da nuvem ou na nuvem (WIEGAND
et al., 2011). A correlacdo inversa entre as particulas atmosféricas e de umidade relativa do ar
na mesma regido foi reportado por Agudelo-Castafieda et al. (2013).

A Tabela 3 mostra os coeficientes de correlagdo de Spearman entre niveis de NPAHs e
PAHH e valores diarios de parametros meteorologicos. A velocidade do vento teve uma
correlagdo negativa com PM;, (Tabela 3), o que mostra que quanto maior a velocidade do
vento, mais profundas alturas de mistura, menor ser4 a concentragdo de particulas,
especialmente aqueles dos modos de acumulacdo (particulas finas), porque ha uma maior
dispersdo horizontal dos poluentes (SHI et al., 2007; AGUDELO et al., 2013).
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5.7. Correlacbes de NPAHs com poluentes atmosféricos

A Tabela 4a,b mostra as correlagdes entre os NPAHSs e 0s poluentes para os locais
estudados. Observa-se correlacdo significante do 1-NNa com o¢xido de nitrogénio, para
Canoas e Sapucaia do Sul, confirmando a presenca dos isdbmeros em PMjo. Os demais
NPAHSs, especialmente, 1-NP, mostrou correlacdo significativa com 6xidos de nitrogénio nos
dois locais, estando de acordo com os dados obtidos pelo trabalho realizado na mesma &rea
por Teixeira et al. (2010), evidenciando influéncia das emissdes veiculares na regido. 1-NP
foi considerado emitido principalmente produzido fontes de combustdo primaria ou de
emissdo direta (AREY, 1998;. ALBINET et al, 2007), especialmente a partir de exaustdo a
diesel. 1-NP tem sido considerada o NPAH indicador de gases de escape dos motores diesel.

Portanto, sua presenca em amostras ambientais de ar é um sinal de contaminacao
devido ao grande volume de veiculos (VALLE-HERNANDEZ et al., 2010). Outros NPAHSs
(3-NFI e 6-NChr), também tém sido relatados como compostos emitidos diretamente por
motores a diesel, considerando 3-NFI como um dos principais compostos presentes nesses
combustiveis e emitido a partir de uma combustdo incompleta (FEILBERG et al., 2001;.
ALBINET et al., 2007). No entanto, 3-NFI tem sido reportado menos predominante diante o
2-NFI no ar ambiente (BAMFORD E BAKER, 2003; FEILBERG et al., 2001; RINGUET et
al., 2012). A presenca de 2-NFI é atribuida & formacdo na atmosfera pelas reagdes na fase
gasosa do fluoranteno com radical hidroxila (OH) durante o dia e com nitrato (NOs) a noite na
presenca de 6xidos de nitrogénio (NOy) (SALDARRIAGA et al., 2008).

Tabela 4a. Correlacdo de Spearman de NPAHs com poluentes atmosféricos na estacédo

Canoas.
1-NNa 2-NFI 3-NFlt 1-Pyr 6-Cry NO NOx NO, 0;
1-NNa 1.000 0.678" 0.313" 0.304" 0.473" 0.591" 0.469" 0.121 0.047
2-NF 1.000 0.392" 0.344" 0.467" 0.550" 0.465™ 0.117 -0.046
3-NFI 1.000 0.571" 0.608" 0.302" 0.335" 0.117 0.020
1-NP 1.000 0.584" 0.487" 0.439" 0.217 -0.133
6-NChr 1.000 0.485™ 0.409™ 0.109 0.004
NO 1.000 0.866™ 0.375 -0.140
NOx 1.000 0.677" -0.208
NO, 1.000 -0.164
(o} 1.000

** Correlagdo é significativa ao nivel de 0,01.
* Correlagéo é significativa ao nivel de 0,05.
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Tabela 4b. Correlacdo de Spearman de NPAHs com poluentes atmosféricos na estacao
Sapucaia do Sul.

1-NNa 2-NFI 3-NFlt 1-Pyr 6-Cry NO NOXx NO, (o}

1-NNa 1.000 0.556" -0.025 0.561" 0.636" 0.687" 0.550" 0.128 -0.081
2-NF 1.000 0.257 0.652" 0.604™ 0.493" 0.287 -0.060 -0.056
3-NFI 1.000 0.304" 0.410™ -0.231 -0.208 -0.082 -0.032
1-NP 1.000 0.825™ 0.513" 0.315" -0.044 0.076
6-NChr 1.000 0.331 0.221 -0.060 -0.143
NO 1.000 0.856™ 0.329" -0.082
NOX 1.000 0.653" -0.156
NO, 1.000 -0.111
0; 1.000

** Correlagéo € significativa ao nivel de 0,01.

* Correlagdo é significativa ao nivel de 0,05.

As correlagdes positivas significativas entre NPAHs com seus PAHs correspondentes
e dxidos de nitrogénio podem ser confirmado que NPAHs foram formados através da nitracdo
de PAHSs ou emitidos por fonte semelhante (AREY, 2010; BARRADO et al., 2013)

5.8. Andlise das Razbes

A Tabela 5 mostra as razdes diagnosticas de NPAHs/PAHSs associados a PM;, em
Canoas e Sapucaia do Sul para inverno e verdao. No inverno a relacdo 1-NP/Pyr foi de 1,79 e
1,94 para Sapucaia do Sul e Canoas, respectivamente. Nestes locais, o percentual do inverno
em relacdo ao verdo foi cerca de 3 vezes menor. A razdo 1-NP/Pyr obtida neste estudo foi
bem mais elevada que dados reportados por outros autores (TANG et al., 2005a,b; NASSAR
et al.,, 2011; TEIXEIRA et al.,2011), podendo ser atribuido em parte ao tamanho das
particulas. Neste trabalho as particulas estudadas foram <1,0um, cujo tamanho esta mais
proximo daquela originéria da emissdo da combustdo incompleta do que os relatados por
outros autores que estudaram PM,5 e PMjo. Estudos realizados por alguns autores (LEE et
al., 2006) concluiram que particulas ultrafinas PM;o é melhor indicador de emissdes
veiculares do que PMs.

As particulas associadas a exaustdo do diesel sdo muito pequenas (<1,0 um) e estas
particulas tém uma grande area de superficie na qual os contaminantes organicos presentes no
escape dos motores a diesel podem adsorver. Compostos de material organico policiclico com

cinco ou mais anéis aromaticos ligados sdo normalmente associados com as particulas a
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diesel. Ringuet et al. (2012) demonstraram a predominéncia de um 1-NP nos modelos de
ultrafinas e acumulacao no local de trafego. As particulas estudadas encontram-se nesta faixa,

apresentando uma concordancia da origem do 1-NP ser emitido por fontes moveis.

Tabela 5. Comparacdo de razdes médias de NPAHSs associada a particulas para diferentes
cidades do mundo e do presente estudo, para inverno e verao

1-NP/Pyr 6-NChr/Chr NPAH/PAH
Canoas oM Inverno 1.944 1.829 0.599
1.0
Presente estudo Vero 0.759 0.790 0.381
Sapucaia do Sul oM Inverno 1.725 1.740 1.406
1.0
Presente estudo Veréo 0.685 0.586 0.384
Canoas
Teixeira et al. (2011) PMzs 11 B 0.49
Sapucaia do Sul
Teixeira et al. (2011) PMzs 0.47 B 0.65
Cairo PTS Inverno 0.005-0.006 0.001 -
Nassar et al. (2011) Verio 0.36 0.01 -
Tokio %mostgadolres Inverno 0.13 0.02
Tang et al. (2005) ear de alto "
9 : volume Veréao 0.09 0.01

As razbes NPAHs/PAHs diagnosticadas no inverno e verdo mostraram dados
superiores aos reportados pelos autores Teixeira et al. (2011) no PM;s nos mesmos locais
Sapucaia do Sul e Canoas (0,49 e 0.65, respectivamente). Além disso, estes valores séo
maiores que 0s encontrados para particulas de exaustdo a diesel em outros trabalhos (0,36
ng'm>- 0,03 ng'm™) (TANG et al., 2005; NASSAR et al., 2011).

Como reportado anteriormente, as particulas ultrafinas apresentam maior contribuicédo
de veiculos com motores a diesel. Além disso, a razdo entre mono-NPAH e seu PAH
correspondente pode ser um indicador Util para a contribuicdo dos veiculos com motores a
diesel (TANG et al., 2005), o que pode justificar porque as razdes foram bem maiores no
presente trabalho. A razdo 6-NChr/Chr no inverno variou entre 1,8-1,7 para ambos os locais.
Estas razbes foram maiores que 0s obtidos em outros locais reportadas por Nassar et al.

(2011). Isto pode ser explicado pelo grande trafego pesado e frota antiga da area de estudo.
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6. CONCLUSOES

A analise de material particulado ultrafino (PM1,) da Regido Metropolitana de Porto
Alegre permite visualizar que o PM;, e os NPAHs mostraram niveis mais elevados no
inverno com predominéncia no municipio de Sapucaia do Sul que apresenta maior influéncia
de veiculos pesados que utilizam diesel.

O componente mais abundante é o 3-NFL, que atingiu um valor médio de 0,047 ug-m™
(Sapucaia do Sul), seguido por 1-NNa,1-NP, 2-NF e 6-NChr que atingiu um valor médio de
0,0284 ug'm™ (Canoas).

As concentracBes de NPAHs também sdo influenciadas pelo tipo de amostrador e 0
tamanho de particulas, em que o amostrador pode provocar volatilizacdo ou aumento de
NPAHs provocado pela formacdo deste composto e o tamanho da particula, particulas
ultrafinas, mais proximas daquelas originarias da exaustdo do diesel, encontram-se mais

concentradas nos filtros.

As analises espectrais de transmitancia e emissividade das amostras de PMj
apresentaram interacdes vibracionais que confirmam a presenca dos NPAHSs: 1-nitropireno e
2-nitrofluoreno nas amostras analisadas. O método empregado identificou o 1-nitropireno em
todas as amostras analisadas e o 2-nitrofluoreno foi identificado nas amostras Canoas 1 e
Sapucaia do Sul 1 e 2.

Além disso, as medidas espectrais de transmitancia e emissividade geradas a partir da
analise com espectrorradiometro FTIR mostrou bons resultados, que identificou as ligacGes
C-N e grupo NO,. Os espectros de transmitancia e emissividade também mostraram alguns
grupos funcionais organicos caracteristicos dos padrfes 1-nitropireno e 2-nitrofluoreno. Deste
modo, indicam que este método pode ser aplicado no material particulado atmosférico como
procedimento de triagem das amostras de modo que apenas as amostras de interesse sejam

analisadas detalhadamente.

Contudo, tal estudo pode ser utilizado para esse tipo de matriz, devido a obtencédo de
resultados qualitativos e quantitativos satisfatério, no qual se identificou os compostos de

NPAHSs nas amostras de material particulado ultrafino (PMy ).
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A aplicacgdo desta técnica nas amostras de material particulado ultrafino (PM; o) mostra
utilidade, pois permite identificar a presenca de NPAHs no ar atmosférico, bem como

verificar a correlacdo destes com os poluentes atmosféricos (NO, NO, NOy e O3).
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Abstract

Nitro-Polycyclic Aromatic Hydrocarbons (NPAHsS) are a group of organic
compounds with two or more benzene rings linked to the nitro group (NOy).
These compounds are widely distributed in the environment and are mostly
associated with airborne particulates. The Fourier Transform Infrared
spectroscopy (FTIR) technique was used to analyze NPAH standards and
samples of airborne particles. FTIR is a powerful spectroscopy technique for
remote sensing that can be used to identify organic functional groups in a quick,
economical and effective manner. Therefore, the aim of this study was to
perform spectral measurements of transmittance and emissivity of solid
standards (1-nitropyrene and 2-nitrofluorene) and atmospheric particulate
matter <1.0 um (PMy ) samples in order to identify organic functional groups. A
hand portable FTIR spectrometer (Model 102, Designs & Prototypes) was used
for the spectral measurements. The atmospheric particles samples (PMy o) were
collected using PM162M automatic sampler equipped with PTFE filters.
Spectral analysis of transmittance and emissivity showed good results. Was
possible to identify the C-N bonds and the NO, group, as well as some organic
functional groups that are characteristic of 1-nitropyrene and 2-nitrofluorene
standards. Thus, FTIR analysis can be applied to characterize NPAH in
airborne particulate matter. 1-nitropyrene was identified in all the analyzed
samples and 2-nitrofluorene in the samples of Canoas and Sapucaia do Sul

site.

Keywords: NPAHSs, FTIR, PM; o
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1. Introduction

Nitro-polycyclic aromatic hydrocarbons (NPAHs) are a group of organic
compounds comprising two or more condensed benzene rings linked to a nitro
group (NO3). Nitro-polycyclic aromatic hydrocarbons (NPAHs) have been
reported to be carcinogenic compounds (Ritter et al., 2002; IARC, 2013).
Therefore, there is great interest in determining the structure and reactivity of

these compounds.

Sources of NPAHs include direct emissions from incomplete combustion
processes, and they may be produced by chemical reactions between
Polycyclic Aromatic Hydrocarbons (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 nitrate radical (NO3) overnight (Arey and
Atkinson, 2003). PAHs associated with the particulate phase react with N>.Os or
HNO3, producing 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, taking into account

their different formation mechanisms.

These compounds are widely distributed in the environment and are mainly
associated with airborne particles (Arey and Atkinson, 2003; Atkinson and
Ashcmann, 1994; Teixeira et al., 2011), especially fine particles (Yang et al.
2005; Pham et al. 2013). Fine patrticles, particularly those <1um (PMq) 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 increasing the risks to human health. Airborne

particles have been receiving increasing attention over the years as a result of

2
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their environment, climate and health effects, and heterogeneous atmospheric
processes associated with the complex environmental behaviors of atmospheric

particles (Zhao and Chen, 2010).

The Fourier Transform Infrared spectroscopy (FTIR) technique was used to
analyze samples of atmospheric particulate matter. This technique studies the
interaction of electromagnetic radiation in the thermal infrared region (Hammes
and Netlibrary, 2005). Also known as vibrational spectroscopy, it measures
different types of vibrations between the atoms according to their atomic bonds.
Because of both the complexity of environmental samples and the need for
identification of different isomers, chromatographic techniqgues have been
widely used for identifying 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 it is
more economic, quicker and lossless. Also, infrared spectroscopy (IR) can
detect small amounts of compounds without extraction or derivatization,
instrumentation can be located on the sampling site to eliminate environmental
losses or transformations during freezing, transportation and storage (Yu et al.,

1998; Reff et al., 2005; Coury and Dillner, 2008).

Observation of the spectral characteristics of a certain region of the spectrum is
often indicative of a specific functional chemical group in the molecule (Griffiths
and Haseth, 2007). Other bands involve significant movement of only a few
atoms, although their frequency varies from one molecule to another, containing
the particular functional group. These are useful ways to distinguish molecules
that contain similar functional groups and they are, thus, often known as

fingerprint bands (Griffiths and Haseth, 2007).
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There are few studies on the identification of functional groups of NPAHSs by the
FTIR technique, which include Carrasco-Flores et al. (2004, 2007), and
Onchoke and Parks (2011). However, the methodology using this type of
equipment for the identification of functional groups of NPAHs by FTIR is rather
new. Using this model, samples do not have to be adapted, cut, or previously
prepared. FTIR technigue allows the distinction of the bands associated with
the functional groups of interest in the spectra generated by using data from the
literature. However, no study, to our knowledge, has evaluated NPAHSs in

particulate matter, especially for PMy .

This study performed measurements of transmittance and emissivity of solid
standards of 2-nitrofluorene and 1-nitropyrene and samples of atmospheric
particles (PMy) using FTIR. The spectra obtained were compared with data

from the literature, and the NPAHSs present in samples of PM; o were identified.

Consequently, were performed studies using FTIR to generate transmittance
and emissivity spectra, an important remote sensing measurement. The
objective was to identify functional groups of NPAHs in atmospheric particulate

matter <1.0 um (PMy ) samples in an urban area.

2. Study area

The study area is the metropolitan area of the city of Porto Alegre (MAPA) -
located in the central-eastern region of the state of Rio Grande do Sul (Figure
1). It is bounded by parallels 29°54" and 29°20' S and meridians 51°17' and
50°15" W. According to the Brazilian Institute of Geography and Statistics

(IBGE, 2010), this region comprises an area of 9,652,54 kmz2, which accounts
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for 3.76% of the total area of the state, and has a population of 3,979,561

inhabitants, i.e. 37.21% of the total population of Rio Grande do Sul.

The metropolitan area is the most urbanized area in Rio Grande do Sul, and it
consists of thirty-one municipalities. This region is characterized by different
types of industry, including some stationary sources. In addition to the different
types of industry found in MAPA, it is estimated that the most significant
contribution are mobile sources due to the large number of vehicles in
circulation in the region, accounting for 37% of the total of 5.37 million cars that
comprise the total fleet in the state (DETRAN/RS, 2013). In 2009, the
distribution of the fleet by fuel type in MAPA was 69% gasoline (flex-fuel), 16%

gasoline (motorcycles), 11% diesel and 4% alcohol (Teixeira et al., 2011).

According to statistical data compiled by the State Department of Traffic of Rio
Grande do Sul — (DETRAN/RS) - there were about 1.96 million vehicles in the

Metropolitan Area of Porto Alegre in January 2013.

3. Methodology
3.1. Sampling and Standards

In the present study, the following NPAH standards were used: 2-nitrofluorene
and 1-nitropyrene. These NPAH standards were purchased from Aldrich
Chemical Company and used without further purification (99% purity). The
sampling of PM; followed the criteria established by USEPA (1994), through
the PM162M automatic sequential particle sampler model built by
Environnement S.A., using a volumetric flow rate of 1 m*h™. Airborne

particulate matter < 1pum (PMy) was collected on Zefluor™ membrane filters,
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which are specific for the sampling of organic compounds. PM; , was sampled

in two sites: Canoas and Sapucaia do Sul, as shown in Figure 1.

3.2. FTIR equipment

The PM;o samples and NPAH standards were analyzed with a 102F hand
portable thermal infrared spectrometer manufactured by Designs & Prototypes
LTD. The analyses were performed at the State Center for Research on
Remote Sensing and Meteorology (CEPSRM) of the Federal University of Rio
Grande do Sul (UFRGS). The FTIR equipment consists of two main
components: a tripod-mounted optical head and a system unit including the
Michelson interferometer and the infrared detector (Hook and Kahle, 1996). The
infrared detector is a standard double (sandwich) detector, comprised of an
indium antimonide (InSb) detector which records spectra in the spectral range
2-5 ym and a cadmium telluride, mercury detector (HgCdTe, MerCadTel or
MCT) which record spectra in the spectral range 5 — 14 um with a spatial
resolution of 6 cm™ (Hook and Kahle, 1996). The light output passes through a
focusing lens (which also seals the unit) to an IR detector in liquid nitrogen

(Korb et al., 1996).

3.3. The acquisition of spectral emissivity and transmittance

Transmission is the term used to describe the process by which the incident
radiant flux leaves a surface or medium from a side other than the incident size,

usually the opposite side (Palmer, 2010). The spectral transmittance T1(A) of a



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

medium is the ratio of the transmitted spectral flux ®,, to the incident spectral

flux ®,; or
¢ZT
A) =2 1
7(4) ’. (1)

Transmittance can also be described in terms of irradiation (Palmer, 2010),
where L, represents the incident spectral brightness and L, represents the
transmitted spectral brightness as follows:

L
"(4) =7 @

Al

Readings of transmitted and incident radiance were measured by positioning
the radiation source under the sample, with the sample between the source and
the spectroradiometer detector. For this research, an incandescent lamp with a

temperature of 2700K was used.

The methodology of the emissivity measurements and radiometric calibration of
the spectrometer are reported in the work of Hook and Kahle (1996), Korb et al.
(1996) and Salisbury (1998). Therefore, this study only briefly explains the
radiometric calibration activities and the emissivity measurements. First,
blackbody temperatures are selected to reduce the calibration error with a cold
and hot blackbody temperature below and above ambient temperature (hotter
than the sample), respectively (Korb et al., 1996). In this calibration, the
emission of the instrument itself is subtracted because it lies within the
blackbody measurements. In addition, the downwelling radiance calibration of
clear-sky is performed. The downwelling radiance from the hemisphere above
the sample is measured with a reflector, a gold plate with emissivity € = 0.040.
The algorithm used by the software of the spectrometer to calculate emissivity

7
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is equation 4, where g5(A) is the emissivity of the surface of the sample as a
function of wavelength, Ls(A) is the calibrated radiance of the sample, Lgwt (A) is
the calibrated radiance of the incident radiance, and B(A,Ts) is the Planck

function at the temperature of the sample, as follows:

_ Ls (l) B der(j’)
- B(ﬂ”Ts) - der(l)

&(A) 3)

The certified NHPA standards (2-nitrofluorene and 1-nitropyrene) were
analyzed in the solid state (99% purity) with control of parameters such as
relative humidity, temperature, sensor distance, angle of the source, amount

and diameter of the sample.

The measurements were taken at a distance below 1 meter (50cm) to minimize
the atmospheric attenuation (Korb et al., 2006). In addition, all measurements of
emissivity were performed in open field, clear-sky (cloudless) and low to
moderate humidity (<60%). Transmittance measurements were performed in
the laboratory under controlled conditions of humidity, also with values <60%
and ambient temperature of about 19°C. The telescope used had 2.54cm in
diameter and a smaller distance of 50cm to ensure that the size of the field of

view (FOV) was lower than that of the sample, which had a diameter of 47mm.

After optimizing the measurements using certified solid standards,
measurements were conducted with samples of airborne particulate matter
(PM1p). Several tests were performed to optimize operating conditions and
parameters such as humidity, temperature, sensor distance and angle of the
source. The conditions were the following: relative humidity close to 50%,
ambient temperature of 20°C, distance between the sample and the sensor of

50 cm and angle of the source of 60°.
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4. Results and Discussion
4.1. Solid standards transmittance and emissivity spectra

The transmittance spectra of the solid standards 1-nitropyrene and 2-
nitrofluorene (99% purity) were analyzed by FTIR and the functional groups of
each of these NPAHs were identified. The same wavelengths were considered
for the molecular vibrations 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, in the solid state (Carrasco et al., 2004; Carrasco
et al., 2007; Onchoke and Parks, 2011). Since these two compounds have a
similar spectral response, with the purpose to differentiate in the transmittance
and emissivity spectra, is necessary to observe the features position arising
from NO, group and the C-N bond of these compounds. These features serve
as fingerprint bands and allow the identification of 2-nitrofluorene and 1-
nitropyrene in spectra obtained from PM;, samples. These samples of
atmospheric particulate matter have a complex composition and consequently

the spectral signature obtained will result from all the compounds in particles.

4.1.1. 2-Nitrofluorene

Nitrofluorenes are present in diesel exhaust and can be formed by
photochemical reactions, and also formed as a result of nitration of fluorene
(Beije and Mdller, 1988). 2-nitrofluorene is a compound with low symmetry, and

therefore it has vibration bands that are active in the infrared (IR) region.



226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

Figures 2a,b and 3a,b shows transmittance and emissivity spectra of the solid
standard 2-nitrofluorene. The features observed in the transmittance (Fig. 2a,b)
and emissivity (Fig. 3a,b) spectra at 6.23 pum, 6.25 pm and 6.45 pum are due to
antisymmetric stretching vibration. Also, were observed features at 7.53 pm,
12.3 pm and 12.5 pm due to symmetric stretching vibrations of the nitro group
(Carrasco-Flores et al., 2007). These bands are useful to distinguish 2-
nitrofluorene of other NPAHSs of complex samples, that is, samples that have a

variety of organic compounds.

Observing Figures 2a,b and 3 a,b, may be noted that the experimental C-N
stretching vibrations are at 7.53 um, the C-H out-of plane deformations at 10.4
pm, 11.7 pm and 12.0 um. Bands appearing in the region from 6.23 pm to 6.85
pm are assigned to C=C stretching bonds; planar bonds of C-H bending are
observed in the spectrum between 7.45 pm and 9.80 um; also, at 12.3 um and
12.5 um ring deformation and CH, wagging occur (Carrasco-Flores et al.,

2007).

4.1.2. 1-Nitropyrene

1-Nitropyrene is a by-product of combustion and is the predominant nitrated
polycyclic aromatic hydrocarbon emitted in diesel engine exhaust. 1-nitropyrene
is strictly formed from direct emissions, and can be used as a tracer of diesel
engine in the atmosphere, as reported by Hien et al. (2007). 1-nitropyrene is
spontaneously formed through atmospheric reaction of nitrogen oxide with

pyrene in the presence of a trace amount of nitric acid and through

10
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photochemical oxidation of 1-aminopyrene under ultraviolet irradiation (Chan,

1996).

The figures 4a,b and 5 a,b present the transmittance spectra and emissivity
spectra of 1-nitropyrene standard. The transmittance and emissivity spectra of
1-nitropyrene (Fig. 4a,b and Fig. 5a,b) showed C=C stretching bonds of
conjugated systems at 6.19 um and vibration of the ring in the region between
6.24 um and 7.63 um (Carrasco-Flores et al., 2004). C-C-H bending appeared
between 8.08 um and 9.74 um. The vibrational modes arising from the NO,
group are observed at 6.53 um for the antisymmetric stretching and 7.53 pum for
the symmetric stretching and C-N vibrations occur at 7.28 um. These features
are characteristic of 1-nitropyrene compound and can be used as fingerprint

bands.

C-H wagging is observed between 10.3 um and 11.2 um and between 13.3 um
and 13.7 um. The features can also be observed because of C-H out of plane
deformation at 12.0 um, and ring deformation occurs at 12.3 um and 12.6 um

(Carrasco-Flores et al., 2004).

4.2. Atmospheric particulate matter samples (PM.o)

Using infrared spectroscopy it is possible to analyze diverse environmental
pollutants sorbed on the samples. However, this study was conducted to
qualitatively identify only NPAHs. These compounds are characterized
especially by bands of functional group NO, and C-N bands, their fingerprint

bands. Figure 6a,b and Figure 7 a,b show the transmittance spectra and

11
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emissivity spectra of the samples of PMy, respectively, for the Canoas and

Sapucaia do Sul sites.

The spectrum of the standard 1-nitropyrene was compared with the spectra of
PM31 o samples in order to identify the fingerprint bands of this compound. In the
samples spectra, the fingerprint bands observed at 6.53 pm and 7.53 pum
corresponded to symmetric and antisymmetric stretches of the NO, group,
respectively, and ring deformation plus the C-N stretching at 7.28 um
(Carrasco-Flores et al., 2004). On the other hand, for the identification of 2-
nitrofluorene were considered the fingerprint bands at 6.23 um, 6.25 um and
6.45 um, that corresponded to NO, antisymmetric and at 7.53 um due to NO;
symmetric and C-N stretching (Carrasco-Flores et al., 2007). Thus, to
distinguish these two compounds, it is necessary to observe the resulting
vibrations in the NO, antisymmetric stretching, since the NO, symmetric

stretching occurs at the same wavelength for both of them.

The analysis of transmittance and emissivity spectra (Fig. 6a,b and Fig. 7a,b)
shows the presence of 1-nitropyrene in all samples, which is indicated by the
NO, antisymmetric stretching vibration at 6.53 um. However, when the analysis
of 2-nitrofluorene is considered, it is observed that the NO, antisymmetric
stretching vibration does not occurred in the Canoas 2 sample, that does not

showed the feature at 6.23 pum.

At Fig. 6a,b and Fig. 7a,b may be observed that samples Sapucaia do Sul 1,
Sapucaia do Sul 2 and Canoas 1 has 2-nitrofluorene. For these samples, bands
between 6.23 um and 6.85 pum corresponded to the C=C stretching, also the
band at 6.81 um of C=C stretching with C-H in plane bending. These vibrations

were observed in both transmittance and emissivity spectra. 1-nitropyrene,

12
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identified in all the samples, presented features arising from ring stretching
between 6.24 and 7.63 um. The band at 7.28 um corresponded to the ring

stretching and the stretching of the C-N bond.

The band observed at 7.53 um in all samples is due to NO, symmetric
stretching. However, in samples containing 2-nitrofluorene (Canoas 1, Sapucaia

1 and 2) this feature also corresponded to C-N stretching.

PM1 o samples with features between 7.45 and 9.80 were due to C-H bending
vibrations, as identified in the 1-nitrofluorene standard, while all samples
presented C-C-H bending vibrations between 8.08 um and 9.74 um derived
from 1-nitropyrene. C-H wagging is observed in all samples between 10.3 pum
and 11.2 um and from 13.3 um to 13.7 um because they are features that result
from the presence of 1-nitropyrene. It is also possible to observe the features
arising from the C-H out of plane deformation at 10.4 um and 12.0 um, and ring

deformation occurs at 12.3 um and 12.6 pm.

May be noted that the emissivity spectra of the samples (Fig. 7a,b) showed
broad bands when compared to emissivity spectra of NPAH standards (Fig.
3a,b and Fig. 5a,b), probably because the intensity and width of the bands
depend on composition and density (Kubicki, 2001). In addition, broadening of
the band (in comparison with the solid standard) in the PM;, sample spectra,
that is in a heterogeneous media (e.g. adsorbed on a filter) had been observed
as result of interaction between organic compounds and the surface (Dabestani
and lvanov, 1999). The frequencies, shapes, intensities and number of features
are dependent on the relative masses and the forces of their bonds (Hamilton,
2010). Also, for many vibrational modes, the frequency is characteristic of the

specific functional group in which the motion is centered and is minimally
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affected by the nature of other atoms in the molecule (Griffiths and Haseth,
2007). In general, transmittance and emissivity showed significant spectral
response and results when compared. It is possible to identify the vibrational
interactions of the main functional groups present in the standards 1-nitropyrene

and 2-nitrofluorene.

5. Conclusions

Transmittance and emissivity spectra generated from FTIR analysis showed
good results that identified C-N bonds and the NO, group. These spectra also
showed some organic functional groups which are characteristic of solid
standards: 1-nitropyrene and 2-nitrofluorene, indicating that this method can be

applied to identify these compounds in samples of airborne particulate matter.

Spectral emissivity and transmittance analysis of PMi, samples showed
vibrational interactions that confirm the presence of the NPAHs (1-nitropyrene

and 2-nitrofluorene) in the analyzed samples.

The method identified 1-nitropyrene in all samples due to the presence of the
bands at 6.53 um and 7.53 pum that corresponded to symmetric and asymmetric
stretches of the NO, group, respectively, and ring deformation and the C-N

stretching at 7.28 pm.

2-nitrofluorene was identified in samples Canoas 1, Sapucaia 1 and 2,
confirmed by the presence of features at 6.23 um, 6.25 um and 6.45 pm,
corresponding to the asymmetric NO, stretching, and 7.53 pum to the symmetric
NO, stretching and C-N stretching. These features are the fingerprint bands for

2-nitrofluorene.
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Was possible to differentiate between these two compounds: 1-nitropyrene and

2-nitrofluorene in the samples of PM .

Consequently, this study can be used for this type of matrix because there were
satisfactory qualitative results. That is the identification of compounds that
characterize the presence of 1-nitropyrene and 2-nitrofluorene in the samples of

PM3 o, especially by the bands of functional group NO, and C-N bands.

Might be indicated the application of the FTIR technique as a screening method
for tracking samples with high levels of NPAHSs, since it is a qualitative and not a
substitute for chromatographic analysis. However, this technique is of great
importance since there is economy in the use of chemical reagents, and the
chromatographic analysis would be employed only for samples actually

impacted.
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Figure 1. Location of sampling points in Canoas and Sapucaia do Sul, Metropolitan Area of
Porto Alegre, Rio Grande do Sul.

Figure 2a,b. Transmittance spectra of standard 2-nitrofluorene.

Figure 3a,b. Emissivity spectra of standard 2-nitrofluorene.

Figure 4a,b. Transmittance spectra of standard 1-nitropyrene.

Figure 5a,b. Emissivity spectra of standard 1-nitropyrene.
Figure 6a,b. Transmittance spectra of the samples: Sapucaia do Sul 1, Sapucaia do Sul 2,

Canoas 1 and Canoas 2.
Figure 7a,b. Emissivity spectra of the samples: Sapucaia do Sul 1, Canoas 1 and Canoas 2.
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Abstract

The objective of this study was to evaluate nitro-polycyclic aromatic
hydrocarbons (NPAHSs) associated with ultrafine airborne particles (PMyo) in
areas affected by vehicles in the Metropolitan Area of Porto Alegre (MAPA), RS,
Brazil. Airborne particles (PM1,0) were collected using PTFE filters in a PM162M
automatic sampler. Extraction, isolation/derivatization, and subsequently gas
chromatography with electron capture detection (GC/ECD), were the techniques
used to extract and determine, respectively, NPAHs (1-nitronaphthalene, 2-
nitrofluorene,3-nitrofluoranthene,1-nitropyrene, and 6-nitrochrysene) associated
with PM . The analytical method was validated by the Standard Reference
Material - SRM 1649b - from the National Institute of Standards and Technology
(NIST, USA). The results were consistent with the certified values. 3-NFIt and 6-
NChr reached highest concentrations 0.047 ng-m® and 0.0284 ng'm>,
respectively, in Sapucaia do Sul and Canoas. Seasonal variation showed higher
NPAHs concentrations in colds days. The NPAHs associated with PM; o were
correlated with the pollutants nitrogen oxides and NPAHs with meteorological
variables: temperature and wind speed. The results indicated that vehicles with
diesel engines were influential. This was confirmed by the study of the ratios
NPAHs/PAHSs, 1-NPyr/Pyr, and 6-NChr/Chr.

Keywords: Nitro-PAHs, PM;,, GC-ECD and air particulate SRM
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mail address: felipegma@hotmail.com.



35

36

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

55
56
57
58
59
60
61
62
63
64
65
66

1. Introduction

Rapid urbanization, industrialization, and an increased vehicle fleet in recent
decades have influenced air quality, especially airborne particles, which are a
worldwide problem. These particles are complex mixtures containing various
chemical compounds, which serve as a catalyst for many chemical reactions
(Feilberg and Nielsen, 2000; Turpin et al., 2000). These compounds include
polycyclic aromatic hydrocarbons (PAHs) and nitro-polycyclic aromatic
hydrocarbons (NPAHSs), organic compounds considered to be carcinogenic
and/or mutagenic (Tang et al., 2005). The NPAHs may have toxicological
significance even if present at much lower concentrations than their parent
compound. Some authors report that NPAHs exhibit higher mutagenicity and
carcinogenicity than their corresponding PAHs (Shen et al., 2012). Furthermore,
since the position of the nitro-group influences the genotoxicity of the
compound, isomer-specific identifications are essential (Reisen and Arey,2005).
Photochemical degradation has been suggested in the natural removal of nitro-
PAHSs from the environment (Yu, 2002; Reichardt et al., 2009) often leading to
oxidation products that are more toxic than their parent compounds. However,
the photochemistry of nitro-PAHSs is still poorly understood (Reichardt et al.,
2009).

The sources of the NPAHs in the atmosphere include direct emissions
generated by incomplete combustion processes and by means of chemical
reactions between PAHSs (Albinet et al., 2008; Fan et al., 1995; Walgraeve et al.,
2010; Wang et al., 2010). The reactions between PAHSs in the gas phase are
initiated by hydroxyl radicals (OH) in the presence of NOy during the day and
nitrate radical (NO3) overnight (Atkinson and Arey, 1994; Arey and Atkinson,
2003; Reisen and Arey, 2005; Soderstrom et al., 2005). These reactions may
only occur in the gas phase, but the NPAHs produced are quickly adsorbed on
the airborne particles (Atkinson and Arey, 1994; Atkinson and Aschmann, 1994;
Kwok et al., 1994, Feilberg et al., 2001). Furthermore, NPAHs can be produced
by the reaction of PAHs associated with airborne particles with N,Os or HNO;
(Nielsen, 1984; Kamens et al., 1994). In addition, NPAHs readily condense in
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the particulate material, given their low vapor pressure in the atmosphere
(Bamford and Baker, 2003; Pedersen et al., 2004).

Different NPAH isomers formed in the atmosphere through direct emissions can
be distinguished from those formed from chemical reactions, in view of their
different formation mechanisms. For example, incomplete combustion
processes that result in the formation of NPAH isomers are those formed by
electrophilic nitration, such as 1-nitropyrene (1-NPyr) and 3-nitrofluoranthene

(3-NFIt) from the most abundant PAHs with four benzene rings: Pyr and Flt

The temporal resolution of NPAHs in the atmosphere is restricted by the
detection limit of analytical methods (Teixeira et al., 2011). An increase in the
number of samples or in analytical sensitivity is needed to increase the
detection of PAHs and NPAHSs in the atmosphere (Crimmins and Baker, 2006).
Due to the complexity of the matrices of environmental samples, the
effectiveness of the methods critically depends on the fraction of NPAH
obtained in the NPAH isolation step (Jinhui and Lee, 2001). NitroPAHs are
usually present in the environment in smaller quantities (pg-g™ - ng-g™) than
their parent PAHs (WHO, 2003), so the analysis techniques for NPAH detection
and quantification must be highly selective and sensitive (Jinhui and Lee, 2001).

Few studies have been conducted on NPAHs associated with PMig in the
atmosphere, among which we note some by Ringuet et al. (2012), Di Fillipo et

al. (2010), among others.

In Brazil, a lack of information about NPAH levels in the atmosphere still exists.
However, existing studies have verified the influence of NPAHs on diesel
engines emissions and optimized the analytical methodology for certain
compounds in particles <10 um and <2.5 um. (Pereira Netto et al., 2000;
Barreto et al.,, 2007; Vasconcellos et al., 2008; Teixeira et al., 2011). So far,
there were no reports on levels of NPAH in ultrafine airborne particles <1 pm
(PM41,) in Rio Grande do Sul even considering that many of the NPAHs isomers

exhibit direct mutagenic activity and carcinogenicity (Zhang et al., 2011).

The objective of this study was to study the concentration of NPAHs associated
with PM;, and assess seasonality in an area affected by vehicles in the

metropolitan area of Porto Alegre (MAPA). In addition, other pollutants and
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meteorological variables were studied in order to know the relation with NPAH

compounds.

2. Study area

The study area was the metropolitan area of Porto Alegre (MAPA) located at
28°S-31°S/50°W-54°W in the east of the state of Rio Grande do Sul, the
southernmost state of Brazil (Fig. 1). According to the Brazilian Institute of
Geography and Statistics (IBGE, 2010), this region comprises an area of
approximately 10 mil km2, and accounts for 3.76% of the total area of the state. It
has a population of 3,979,561 inhabitants, i.e. 37.21% of the total population of
Rio Grande do Sul.

The metropolitan area is the most urbanized area in the state of Rio Grande do
Sul, and it has different types of industry, including some stationary sources,
such as oil refineries and steel industries (Teixeira et al., 2011). In addition to
the different types of industry found in MAPA, it is estimated that the most
significant contribution are mobile sources due to the large number of vehicles
in circulation in the area, accounting for 36% of the total of 5.37 million cars that
comprise the total fleet in the state (DETRAN/RS, 2013).The sampling sites

were located in the MAPA: Canoas and Sapucaia do Sul, as shown in Figure 1.

This cities were chosen because they have a stronger vehicular influence.
Sapucaia do Sul is characterized from a light and heavy-duty vehicles fleet,
traffic congestion, and slow vehicle speed. Moreover, it has low industrial
influence upstream from the prevailing winds. Canoas has daily traffic
congestions by light and heavy-duty vehicles fleet and the influence of a Military
airbase, and industries (oil refinery) upstream from the prevailing winds on this

sampling site (Teixeira et al.,2012).

Because of its geographical location, MAPA has well defined seasons, and
rainfall is evenly distributed throughout the year. Winter is strongly influenced by
cold air masses migrating from Polar Regions, while summer is under the
influence of continental, maritime, and tropical air masses (Teixeira et al.,
2012).



130
131
132
133
134
135
136
137
138

139
140
141
142
143
144
145

146

147
148
149
150
151

152
153
154
155
156
157
158

159

160

161

The study area is characterized by its proximity to the Atlantic Ocean to the
east, Lagoa dos Patos to the south, and mountains to the north. The
predominant wind direction is SE, followed by NE (INMET, 2009), although
during the cold seasons, the winds predominate SW/W. During the day, the
wind reaches its lowest speed at dawn and early in the morning, and the
highest speeds in the late afternoon. A climate analysis of the study area was
based on meteorological data from the meteorological station Porto Alegre;
(National Institute of Meteorology), 15-25 km away from the sampling sites of
NPAHS.

The study area has humid subtropical climate (Cfa), according to the Kdppen
classification, with temperatures between 12 and 14 °C in the coldest months
(June and July), and higher than 22 °C with no dry season in the warmest
months (January and February). Rainfall is uniform throughout the year, with
total amounts above 1,200 millimeters. Prevailing winds blow east/southeast (>
40%) throughout the year, especially in spring and summer. The westerly wind
component is higher during the fall and winter months, around 15-20%, the

same rate for calm winds (<0.5 m/s).

In the period analyzed in this study, the climate conditions were similar to
climate normals, with positive deviations of temperatures during the summer
and fall, and negative ones during the winter and spring. Relative air humidity,
wind speed, rainfall, and atmospheric pressure showed negative deviations in
the whole period.

Data of air temperature, relative humidity, solar radiation, and wind speed were
obtained from the meteorological station at Esteio, located between the two
sampling sites. The average summer temperature was approximately 10 °C
higher than average winter temperature. Average solar radiation in the summer
was twice as high as radiation in the winter; there was little variation in relative
humidity throughout the year, and the average wind speed was higher in the

warmer months.

3. Methodology

3.1. Sampling
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The sampling stations were located in the city of Canoas (Military Air Base) and
in the city of Sapucaia do Sul, in the Metropolitan area of Porto Alegre, as
shown in Figure 1. Samples of ultrafine atmospheric particulate matter (PMy)
were collected during the period from August 2011 to August 2012. Samples of
PMio were collected with a PM162M automatic sequential particle sampler
manufactured by Environnement S.A. The airborne particle sampler includes a
set of two containers (holders) that support the filters. The equipment is EN
12341 certified (Leces, n° RC/L 9826) and impact-based, with a volumetric flow
rate of 1.0 m*h™*. The sampler has a regulated sampling tube (RST) comprising
a temperature sensor - located on the sample point - and a humidity sensor.
The use of RST avoids items in the filter such as condensation or evaporation
losses. This study used Zefluor™ membrane PTFE (polytetrafluoroethylene)
filters, which are specific for sampling of airborne particulate matter for organic
compounds analysis. The filters were wrapped in aluminum foil and stored in a
freezer (-20 °C) for later analysis. The sampling period was from August 2011 to
August 2012.

Pollutants NO, NO,, NOx, and O3 were measured in the same study period that
ultrafines particles (between August 2011 and August 2012) at the sampling
station in Sapucaia do Sul. The equipment used included a nitrogen oxide
analyzer (AC31M - using chemiluminescence) and an ozone analyzer(O341M -
UV light absorption at a wavelength of 254 nm and LCD/UV Ozone
Photometry). All devices were manufactured by Environnement S.A.

3.2. Extraction, clean-up, and chemical analyses

PAHs and NPAHs adsorbed in the particulate material (PMy) contained in the
filters were subjected to Soxhlet extraction with dichloromethane (CH,CI,) for 18
hours (USEPA, 1999). After that, the extracts were separated and pre-
concentrated through the clean-up procedure using a silica gel column and
three fractions of eluents of different polarities (ASTM 2004, modified; Dallarosa
et al., 2005a, 2005b, 2008; Teixeira et al., 2011, 2012).

After isolation for clean up, derivatization of the extracts of the third fraction was

performed, and the original NPAHS were fluoridated through specific chemical
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reactions with heptafluorobutyric anhydride (HFBA) according to the method

proposed by Jinhui and Lee (2001).

The NPAHs 1-nitronaphthalene (1-NNa), 2-nitrofluorene (2-NFI), 3-
nitrofluoranthene (3-NFlt), 1-nitropyrene (1-NPyr), and 6-nitrochrysene (6 -
NChr) were analyzed by gas chromatography with electron capture detector
(GC-ECD - Varian CP-3800) and column CP-Sil 19CB (30m x 0.25 pym x
0.25mm). The following chromatographic parameters were used: injector
temperature, 280 °C; detector temperature, 300 ° C; temperature gradient from
60 ° C, increasing to °C:min™ to 300 °C and remaining for 5 minutes. The
splitless injection mode was performed with nitrogen gas flow of 1.5 mL-min™ by
injecting a sample volume of 3 mL. The software Galaxie Workstation - Varian

was used for data processing (Teixeira et al., 2011).

PAHSs (second fraction) were analyzed by both gas chromatography and mass
spectrometry (GCMS-QP5050A spectrometer, manufactured by Shimadzu),
using the SIM mode (ion monitoring). These analytical data will not be
presented here because they were the subject of studies submitted for

publication elsewhere (Dallarosa et al., 2008;Teixeira et al., 2012).

3.3. Calibration and Certification

Table 1 shows the results for calibration curve, dispersion data, and
quantification data. The limit of detection (LD) was calculated from the
specifications of the method TO 13-A by USEPA (USEPA,1999), where LD =
3.3- StDev/a, where StDev = standard deviation of the concentration between
replicates of the lowest point of the curve (1 pg-L™) and a = slope of the
calibration curve. Quantification was performed by external standardization
using NPAH standards of 100 pg-mL™ produced by AccuStandard for the
following NPAHSs: 1-nitronaphthalene, 2-nitrofluorene, 3-nitrofluoranthene, 1-
nitropyrene, and 6-nitrocrhysene (100% - 98% purity) in the preparation of
analytical curves. The values obtained from the calibration curve showed
linearity coefficients greater than 0.95. LDs were obtained in the range of
0.0003 - 0.0010 pg-L™ for all NPAHs studied, which is indicative that the method
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is suitable for application on samples of airborne particles because the NPAHSs

were found in low concentrations.

The accuracy of 99.7% was determined by the error obtained between the
mean values of triplicates of the standard solution (1p-L™Y), taken as reference.
The accuracy of 10.8% was calculated by averaging the relative percentage
standard deviation (RSD%).

The analytical method was validated by SRM-1649b, Standard Urban Dust
Reference Material of the National Institute of Standards and Technology
(NIST).

Table 2 shows the results for the Standard Reference Material with their
respective recoverable values. Analyses were performed by triplicate. The
results were consistent with the certified values and the recovery value obtained
ranged between 94.6% and 99.5%, except for 1-nitropyrene, which showed
recovery of 52.8%. That can be explained by several factors: the methodology
in this study is different from the one reported by the analytical method SRM
1649b (National Institute of Standards and Technology - NIST, USA);
degradation artifacts use hot splitless injections (Crimmins and Baker, 2006),
whereas other studies use cold-on-column injection for NPAH analysis in gas
chromatography (Bamford et al., 2003; Bamford and Baker, 2003).

4. Results and discussion
4.1. Concentration of NPAHs associated with PM1 ¢

Figure 2 shows the average NPAHs 1-NNa, 2-NF, 3-NFlt, 1-NPyr, and 6-NChr
concentrations for the stations Canoas and Sapucaia do Sul. 3-
Nitrofluoranthene showed the highest average concentration (0.047 ng.m™) - to
Sapucaia do Sul, followed by 1-NNa, 1-NPyr, and 2-NFl. However, 6-NChr
reached the highest concentration at Canoas with an average value of 0.0284

ng.m>.

The NPAHs concentrations were about 10-times lower compared to the results
reported by Teixeira et al.(2011) for the same sites studied (Canoas and

Sapucaia do Sul). The variation of NPAHSs levels can be attributed to the use of
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distinct sampling methods. Probably, the sampling procedure used in Teixeira
et al. (2011) favored the formation of secondary compounds and degradation of
some compounds by reaction with atmospheric oxidants. Consequently, the
NPAHSs levels could be higher using this procedure (Ringuet et al., 2012). In
addition, PAH deposition on filters can be converted into NPAHs by NO; inflow
(Goriaux et al., 2006), thus, contributing to higher NPAHs concentrations in the
previous studies. Furthermore, may have occurred road dust resuspension by
wind as well as the mass transfer of NPAHs from fine to large particles (Albinet
et al., 2008), leading higher levels of NPAHs in PM,5 (Teixeira et al., 2011). In
the present study, probably, the positive artifacts explained above were
minimized because the sampling system is closed and temperature/humidity is

controlled.

At PM,, there was no difference in the average concentration of 1-NNa,
between Canoas and Sapucaia do Sul, respectively: 0.029 and 0.030 ng'm™. In
addition, their levels were close to that of other compounds: 1-NPyr for
Sapucaia do Sul (0.028 ng-m™) and 6-NChr for Canoas (0.028 ng-m™). 1-NNa
is mostly found in the gaseous phase of ambient air (Reinsen and Arey, 2005),
and is the nitro-PAH isomer reported in diesel exhausts (Arey, 2010; and
others).These authors identified 1-NNa associated with particles at low levels in
ambient air and at higher levels in the extract of diesel particles. As the study
region is significantly affected by heavy fuel, old vehicles without catalysts as
reported by Teixeira et al. (2010), the data were in good agreement with these

authors.

Other NPAHSs, especially 1-NPyr and 3-NFlt, originate from the same emission
(incomplete combustion) and formed by electrophilic nitration. Some authors
have reported the dominance of 1-NPyr in the exhaust of diesel engines, which
is consistent with the fact that this isomer is a product of the electrophilic
nitration established from Pyr, and with the higher reactivity of pyrene to
electrophilic nitration compared to fluoranthene (Nielsen, 1984; Arey, 2010). In
the present study, the concentrations of 3-NFlt in the urban environment were
higher than those of 1-NPyr, which can be explained, in part, by the fact that the
method used for 1-NPyr was not as effective, as discussed previously in the

calibration section.
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There are few studies on NPAHs associated with PM1 o, in which we mention
some authors: Ringuet et al. (2012); Di Filippo et al. (2010); and Kawanaka et
al. (2008) showed that NPAHs can be associated with ultrafine and
accumulation modes. These latter authors, along with Di Filippo et al.(2010)
showed that the content of NPAHSs in the ultrafine mode patrticles is higher than
in the accumulation mode. NPAHs associated with particles in the accumulation
mode may have a long atmospheric life time and probably have been
decomposed by sunlight. Di Filippo et al. (2010) studied concentrations of
NPAHs associated with airborne particle matter in various fractions using a
cascade impactor. The NPAHs concentration in ultrafine fraction (PM;o) was
approximately 0.11 ng-m™. In the present study, the concentration of NPAHs at
PM, o ranged between 0.105 ng-m™ and 0.143 ng'm™ for Canoas and Sapucaia
do Sul, respectively. Although the measurements were performed with different
equipments, there were no great differences in NPAHSs levels.

4.2. Seasonal Variation

The PM, particles had higher average concentrations on cold days, ranging
from 20.26 ng'm™ to 31.1 ng'm™ for Canoas and Sapucaia do Sul, respectively.
On cold days, primary emissions and stable atmospheric conditions affect the
concentrations of particles, as these were typically higher during the winter
because of the prevailing inversion, thus reducing the dispersion of particulate
matter (Bathmanabhan and Madanayak, 2010). PM;, concentrations in this
study, especially for Sapucaia do Sul (31.1 ng'm™), were approximately similar
with those obtained by Bathmanabhan and Madanayak (2010), who showed

average concentrations in winter of 34.2 ng-m™>.

Figure 3 a, b shows the seasonal average concentrations of NPAHs: 1-NNa, 2-
NF, 3-NFlt, 1-NPyr, and 6-NChr for Canoas and Sapucaia do Sul stations.
Seasonal variation showed higher NPAHs concentrations in the colds days for
all studied isomers and were highest in Sapucaia do Sul than at Canoas. In the
winter NPAH concentrations ranged from 0.008 ng'm™ to 0.137 ng-m™ for

Sapucaia and from 0.003 ng'm™ to 0.0555 ng.m™ in Canoas.
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Table 3 shows Spearman's correlation coefficients between PM; o, NPAHs, and
PAHSs levels and daily values of meteorological variables data (average ambient
temperature (°C) and wind speed (m-s?). The correlation coefficients are

consistent with data reported above.

Temperature and concentrations of NPAHs and PAHs are inversely correlated
(-0.298 and -0.387), confirming smaller particle dispersion on colder days (low
temperature). This is consistent with data reported earlier that showed higher
levels of NPAHs and PAHs (Teixeira et al.,2012) during the winter in the same
region. This can be partially explained by variations in temperature inversion
which are very common in the winter season, that could contribute to
accumulation of ultrafine particulates and trapping pollutants at ground level (Li
et al., 2006), as explained earlier. Kameda et al. (2011) reported that reduced
solar radiation in the winter slows photolysis and photochemical processes,
which can promote the accumulation of NPAHs, especially NPAHs produced
from primary sources. However, the inversion disappeared with increased
temperature that facilitated dispersion of air pollutants including ultrafine and

accumulation mode particles (Shi et al., 2007).

Seasonal variations of NPAH can be due to, partially, seasonal changes in
ambient temperature, day-night variations, and fluctuations in the levels of
other reactive species in the atmosphere, including NO,, NO,, N,O, O3, and

radicals, during the studied period (Wilson et al., 1995).

Table 3 shows the Spearman correlation coefficients between levels of NPAHs
and PAH and daily values of meteorological parameters. Wind speed was
negatively correlated with PM1 (Table 3). The accumulation of ultrafine and
accumulation modes particle concentration becomes favored when the
inversions took place coupled with low wind velocities, due to the absence of
vertical dispersion brought about by the relative stability of the warm air layer
(Guzman-Torres et al., 2009; Valle-Hernandez et al., 2010). Dependency of
concentrations of ultrafine particles on wind speed has also been indicated in
other studies (Shi et al., 2007;Hasegawa et al., 2004; and others).

Many studies of NPAHs associated with ultrafine particles reported enhanced
levels in winter in other cities and regions, such as Shenyang (Tang et al., 2005;
Hattori et al., 2007), Mexico (Valle-Hernandez et al., 2010), Tokyo (Kakimoto et
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al., 2000), Alpine Valleys - France (Albinet et al., 2008), and China (Wu et al.,
2012).

4.3. NPAHSs correlations with air pollutants

Table 4a,b shows the correlations between NPAHs and pollutants in the MAPA.
All NPAHs isomers studied showed correlation with nitrogen oxides. The
significant positive correlations between NPAHs with their corresponding PAHs
(Table 3) and nitrogen oxides may confirm that NPAHs were formed by nitration
of PAHs or emitted by a similar source (Arey, 2010; Barrado et al., 2010.
Furthermore, these authors indicated that most NPAHs are controlled by
emissions from vehicles, in particular from diesel engines, and are primarily

influenced by atmospheric dilution.

The correlations of NPAHs with NOy reflect the formation of these nitro-
compounds by direct reactions with NOy in the atmosphere or other oxidants
that co-vary with NOy (Banford and Baker, 2003). The main sources of NOy in
urban areas are, typically, on-road vehicular emissions (Finlayson-Pittsa and
Pitts, 2000; Chen et al., 2001, 2002).

In the study area, approximately 7767 tons of NO, were emitted annually by
diesel vehicles and it is worth mentioning that this type of vehicle produce five
times the amount of NOy per volume of burnt fuel compared to gasoline vehicles
(Gaffney and Marley, 2009). The two cities of MAPA: Canoas, Sapucaia do Sul
are among the higher contributors atmospheric emissions due to the large

volume of diesel vehicles.

1-Nitropyrene is the nitro-PAH “marker” for diesel exhaust, and its presence in
ambient air samples is a sign of pollution by diesel vehicle traffic (Albinet et al.,
2007; WHO, 2003). Furthermore, 3-NFIt and 6-NCry are directly emitted by
diesel engines, considering 1-NPyr and 3-NFlt, as the main compounds present
in these fuels (Feilberg et al., 2001; Albinet et al., 2007). 3-NFlt showed lower
correlation with NOy (significant at the 0.05 level). For this nitro-PAH was
expected a higher correlation, as it can form nitro-compounds by direct
reactions with NOy in the atmosphere. One explanation may be that particulate

organic nitrogen matter reacted with ozone to form nitrated species (NOy, NOg,
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NO,) and then reacted with PAHs to form NPAHs after O3 initiation; and/or the
presence of others combustion sources. Another explanation may be attributed
the gasoline emissions contribution to NOy levels measured in the studied sites,
compared to diesel sources (Chen et al., 2001, 2002; Bamford and Baker,

2005), thus reflecting a lower correlation of 3-NFIt with nitrogen oxides.

Some differences in the correlations between these isomers: 3-NFlt and 1-NPyr
with NO,/NO/NO, can be observed in Table 4. Probably, due to a greater
reactivity of Pyr to electrophilic nitration compared to Flt and the possible 3-NFIt

formation by heterogeneous reaction processes with NO, (Feilberg et al., 2001).

3-NFIt and 1-NPyr, especially, are not easily formed through gas-phase
reactions, they exist almost exclusively in the particulate phase. Nitro-PAHs
formed in the gas phase by hydroxyl-initiated reactions followed by nitrogen
dioxide addition at the free radical were observed to condense on airborne
particles (Atkinson and Arey, 1994).

The presence of NOjz radicals in the atmosphere will depend on ambient
temperature, Oz and NO, concentrations. Therefore, the concentration of the
NO; radical is highly variable and the gas-phase formation of nitro-PAHs by the
NOs-initiated reaction may be important under certain atmospheric conditions,

varying the nitro-PAHSs levels.

4.4. Analysis of Ratios

The concentration ratios of PAHs and NPAHs have been used to indicate the
influence possible emission sources of PAHs and NPAHs in the atmosphere.
Several studies have reported PAHs concentration ratios (Ravindra et al., 2008)
and only a few mention NPAHSs ratios (Tang et al., 2005; Tang et al., 2011;

Nassar et al.,2011; Teixeira et al., 2011) in the atmosphere.

Table 5 shows the comparison of mean diagnostic ratios of particle-associated
nitro-PAHSs for different cities in the world and for winter/summer. The diagnostic
ratios for NPAHs/PAHs associated with PM1 o in Canoas and Sapucaia do Sul
for winter/summer were lower than those reported by Teixeira et al. (2011) for
PM, 5 in the same locations: Canoas and Sapucaia do Sul (0.076 and 0.074),

respectively, and higher than reported by other authors (Table 5). Previous
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studies have reported that [NPAH]/[PAH] ratio increases with rising combustion
temperature. This can be considered to be one of the causes of the higher ratio
of mono-NPAH to its parent PAHs in diesel engines (Nassar et al.,2011; Tang
et al., 2005).

The contribution of diesel exhaust particulate and coal combustion systems can
be estimated from their [1-NPyr]/[Pyr] ratio (Tang et al., 2005; 2011) to urban air
particulates. In the winter, the ratio 1-NPyr/Pyr was 1.29 and 1.63 for Canoas
and Sapucaia do Sul, respectively, showing ratios higher than those estimated
in others studies reported in several East Asian cities with contribution of diesel
exhaust particulate in [1-NP]/[Pyr] ratio.

The differences can be attributed, in part, to particle size; that has great
influence in concentration of NPAHs. PMj, a size closer to that from original
emission of incomplete combustion than the sizes reported by other authors
who studied PM_ s and PMo.

Lee et al.(2006) concluded that ultrafine particles PM; o are more indicative of
vehicle emissions than PM,s. The particles associated with diesel exhaust are
very small (<1.0 pm) and have a large surface area on which organic
contaminants present in the exhaust of diesel engines can adsorb. Ringuet et
al. (2012) showed predominance of one 1-NPyr in models of ultrafine particles
and accumulation at the site of traffic. The particles of this study are in this

range, with the origin of 1-NPyr being consistently emitted by mobile sources.

The ratio 6-NChr/Chr in the winter ranged between 1.73 and 1.30 for both
locations. These ratios were higher than those obtained in other sites reported
by Nassar et al. (2011), which can be explained by large volume traffic and

heavy traffic and the aging fleet of the study area.

Figure 4 show linear regression analysis with 6-NChr/Chr ratio as a function of
1-NPyr/Pyr ratio for Sapucaia do Sul and Canoas site. It can be inferred that a
linear relationship may exist between these ratios. Data show that for the lower
values of 6-NChr/Chr ratio there are low values of 1-NPyr/Pyr ratio (bottom of
the lines). This may indicate that at these times, values are marked by high
PAHSs concentrations and low NPAH concentrations, although, values of the two

ratios were similar. Also, as NPAHs concentrations increase, PAHs
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concentrations decrease. At these times, formation of the NPAH from their
parental PAH occurs. For Sapucaia do Sul site (with a lower slope value of the
correlation line) the production of NPAHs from parental PAHs is lower than in

Canoas site.

5.Conclusions

The method used to measure NPAHs in the environment reflected the
effectiveness of the procedure for sample preparation, which is suitable for the

determination of NPAHSs in low concentrations.

Sampler type and particle size influenced the NPAHs concentrations, the
sampler type may induce volatilization or an increase in NPAHs concentration

caused by the formation of this compound.

Quantitative values were obtained with good accuracy and precision for the
NPAHs of the SRMs studied, except for 1-NPyr. 3-NFlt and 6-NChr showed
higher concentrations in Sapucaia do Sul and Canoas, respectively, followed by
1-NNa, 1-NPyr, and 2-NFl. Ultrafine particles (PM;0) and NPAHs showed
higher levels in winter, especially in Sapucaia do Sul. This site has the highest
influence of heavy diesel vehicles.

The seasonal variations and diagnostic ratios of NPAHs in the atmosphere
showed that motor vehicles, especially, heavy diesel vehicles, had become one
of the major contributors of atmospheric NPAHs. This is confirmed by NPAHs
isomers that showed correlation significant with nitrogen oxides, mainly 1-NPyr,
3-NFIt, and 6-NChr. 1-NNa also showed correlation significant, due to the diesel
particles. The 1-NPyr/Pyr and 6-NChr/Chr ratios showed higher values than in

other studies, a fact that may be partly attributed to the ultrafine particles.

In the current study, the presence of NPAHs concentrations: 1-NPyr, 6-NChr,
and others isomers in ultrafine particles in the region are a sign of concern due
to the large volume of heavy traffic. Concentrations of organic compounds can
cause effects on human health. The 1-NPyr and 6-NChr concentrations have
been classified individually as possible carcinogenic to humans (Group 2B) by
the IARC (IARC, 1989), and can be causes of other relevant biological effects.
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Figure Captions

Fig. 1. Location of the sampling sites (Canoas and Sapucaia do Sul)

Fig. 2. Average NPAHSs concentrations in atmospheric ultrafine particles in
Canoas and Sapucaia do Sul stations.

Fig. 3. a,b. NPAHs seasonal variation in atmospheric ultrafine particles in the
Sapucaia do Sul (a) and Canoas (b) stations.

Fig. 4. 6-NChr/Chr ratio as a function of 1-NPyr/Pyr ratio of Sapucaia do Sul
and Canoas sites
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Table 1.

Results of calibration curve and statistical parameters of dispersion and quantification

. Conc. Range 2 DL QL
NPAH Tr (mMin) (pg_Ll) R SD (ug_Ll) (ug_Ll)
1-NNa 21.47 1-20 0.998 0.13 0.0010 0.010
2-NFlI 29.38 1-20 0.973 0.13 0.0004 0.004
3-NFIt 34.45 1-20 0.991 0.24 0.0010 0.013
1-NPyr 35.23 1-20 0.948 0.28 0.0010 0.010
6-NChr 37.98 1-20 0.968 0.07 0.0003 0.003

Tr = retention time; R2 = linearity of the curve, SD = standard deviation of the concentration between replicates.
DL = 3.3 x SD/a where a = slope of the curve.
QL = quantification limit (10 x DL).

Table 2
Recoveries of NPAHs and result of the SRM-1649b urban dust sample.
Certified value Measured mean value
NPAH X i Recovery (%
(ugkg™) (ugkg ") v )

1-NNa 7.20+0.1 6.81 94.6
3-NFIt 4,60 +0.1 4.37 95.1
1-NPyr 71.8+1.3 37.9 52.8
6-NChr 3.80+0.1 3.78 99.5
Table 3

Spearman's correlation coefficients between NPAHs and PAHs levels and daily values of
meteorological parameters.

Ambient Relative Wind Wind
Temperature Humity speed direction PMi,o > NPAH > PAH
_ (°C) (%) (ms ™) )

?fc‘;‘)b'e”t Temperature 4 559 432" 145  -013 047  -208"  -387"
Relative Humity (%) 1.000  -.177 199 -.028 117 292"
Wind speed (m-s ™) 1.000  -.326°  -.405  -124 = -227
Wind direction (°) 1.000 .088 129 169
PMy, 1.000 2797 395"
YNPAH 1.000  .444"
S PAH 1.000

**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).



Table 4

Spearman’s correlations of NPAHs with atmospheric pollutants in the MAPA

1-NNa 2-NFI 3-NFlt 1-NPyr  6-NChr NO NO, NO, 0s
1-NNa 1.000 631" .253" 455" 611" 635" 582" .258" -.001
2-NFI 1.000 514" 589" 644" .302" 281" 123 -.077
3-NFlt 1.000 578" 541" 211 272 255" -.208
1-NPyr 1.000 7297 .3307 .353" .205 -.246"
6-NChr 1.000 437" 438" 271 -.198
NO 1.000 .905” 441" -.148
NO, 1.000 708" -.158
NO; 1.000 -.074
O3 1.000

**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

Table 5

Comparison of mean diagnostic ratios of particle-associated nitro-PAHSs for different cities in the
world and for winter/summer

1-NPyr/Pyr 6-NChr/Chr NPAH/PAH
Canoas oM Winter 1.290 1.727 0.076
R 1.0
This study Summer 0.882 1.042 0.054
Sapucaia do Sul o Winter 1.635 1.303 0.074
H 1.0
This study Summer 1.362 1.052 0.066
Canoas
Teixeira et al. (2011) PM:s 11 B 0.49
Sapucaia do Sul
Teixeira et al. (2011) PMzs 0.47 B 0.65
Greater Cairo High-volume Winter 0.005-0.006 0.001 -
Nassar et al. (2011) air samplers Summer 0.03 0.01 -
Tokio High-volume Winter 0.13 0.02
Tang et al. (2005) air samplers Summer 0.09 0.01
China Low-volume Winter 0.003-0.014 - -
Tang et al. (2011) air samplers Summer 0.008-0.025 - -




