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ABSTRACT 15 

Increased industrialization and consumption of fossil fuels in the Metropolitan Region 16 

of São Paulo (MRSP), Brazil, have caused a growth of the particulate matter 17 

emissions to the atmosphere and an increase in population health problems. 18 

Particulate and gaseous phase samples were collected in different short campaigns 19 

(2015, 2016, and 2017) near an urban-industrial area. Organic carbon (OC), 20 

elemental carbon (EC), polycyclic aromatic hydrocarbons (PAH), and its derivatives 21 

(nitro and oxy-PAH), n-alkanes, hopanes, and pesticides were determined. The 22 

Salmonella/microsome test confirmed the mutagenic activity of these samples. 23 

Among PAH, benzo(a)pyrene was detected as one of the most abundant 24 

compounds. Benzo(a)pyrene equivalent concentrations for PAH and nitro-PAH, and 25 
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the associated risk of lung cancer showed values above those recommended in the 26 

literature. The profile of n-alkanes confirmed the predominance of anthropogenic 27 

sources. Pesticide concentrations and estimated risks, such as the daily inhalation 28 

exposure and hazard quotient, suggest that exposure to these compounds in this 29 

area may be dangerous to human health. 30 

 31 

1. Introduction 32 

The increase in morbidity and mortality in urban centers has been related to many 33 

human activities, including those that cause air pollution (Forman and Finch, 2018; 34 

Vallero, 2014).  35 

Once inhaled, atmospheric particulate matter (PM) can reach different levels of 36 

the respiratory tract, causing irritations, allergies, infections, and diseases, and 37 

contributing to increased acute cardiovascular morbidity, such as myocardial 38 

infarction and diseases such as diabetes (Weichenthal et al., 2016). According to 39 

the American Cancer Society, each 10 μg m-³ increase in fine particulate (PM2.5), 40 

was linked with a 6% rise in all-cause mortality, with a 9% intensification in the risk 41 

of cardiopulmonary mortality, and a 14% increase in the risk of lung cancer (Pope et 42 

al., 2002). 43 

Brazilian legislation recommends exposure limits for PM (CONAMA, 2018), 44 

which are less restrictive than those recommended by the World Health Organization 45 

(WHO, 2005). Focusing on these limits, it is always necessary to investigate the 46 

sources of pollution, the composition of the PM, and the health effects. In this 47 

context, the use of mutagenicity assays combined with chemical characterization in 48 

studies relating to the effects of exposure to PM are useful tools. 49 
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 Incomplete combustion processes release several compounds into the 50 

atmosphere, especially polycyclic aromatic hydrocarbons (PAH), which can be 51 

carcinogenic, mutagenic, and endocrine disruptors (Kim et al., 2013; Vasconcellos 52 

et al., 2011). When emitted, PAH can be adsorbed by the suspended particles and 53 

can react with oxidizing species to produce nitro and oxy derivatives, which can 54 

present even higher mutagenicity and/or carcinogenicity than their precursors 55 

(Andersson and Achten, 2015; Karavalakis et al., 2010). 56 

Emission marker species, such as n-alkanes and hopanes, are efficient to 57 

assess the contribution of emission sources (Andreou and Rapsomanikis, 2009). 58 

However, harmful effects of these compounds on humans are not clarify(Alves et al., 59 

2016). Due to their stability in atmospheric conditions, hopanes have been used as 60 

markers for the use of oil and lubricating oils in motor vehicles (Kleeman et al. 2008; 61 

Alves et al. 2017). n-Alkanes have also been used as tracers of anthropogenic and 62 

natural emissions. Their low reactivity and volatility make them interesting tracers for 63 

atmospheric transport and particle origin (Simoneit et al., 2004; Vasconcellos et al., 64 

2010). 65 

Other less studied pollutants in the particulate matter are pesticides. These 66 

are chemical compounds often used in agriculture to eliminate pests, and unwanted 67 

plants. They are also used in public health to eliminate vectors of diseases, such as 68 

mosquitoes (World Helath Organization WHO, 2018). Brazil is the world's largest 69 

consumer of pesticides, and over 526 different active products are used, from which 70 

30% of them are banned in the European Union and United States of America 71 

(ANVISA, 2017; Bombardi, 2017; Yera et al., 2020). The literature shows that the 72 

intensive use of pesticides has contaminated different environmental compartments, 73 
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and several studies correlate their exposure to the increase in diseases in rural and 74 

urban areas (Liu et al., 2018; Mostafalou and Abdollahi, 2013). 75 

To assess the impact of pollutants on biological matrices, some tests are 76 

documented in the literature (Roubicek et al., 2011; Zeiger, 2019). The 77 

Salmonella/microsome mutagenicity test, also known as the Ames test, is a short-78 

term in vitro test that detects the mutagenic properties of a wide spectrum of 79 

chemicals through reverse mutation of Salmonella enterica ser. Typhimurium 80 

strains. Auxotrophic mutant strains for histidine, an essential amino acid, are used 81 

in this assay. These strains have mutations in specific genes that prevent the 82 

synthesis of this amino acid, so they can only grow in a culture medium 83 

supplemented with histidine. However, the attack of chemical substances on specific 84 

sites of bacterial DNA can produce new mutations that re-establish biochemical 85 

processes and reverse the auxotrophy of bacteria (Ames et al., 1975; Ishikawa et 86 

al., 2016; Kado et al., 1983). 87 

Most studies aimed to access anthropogenic contribution to atmospheric 88 

pollution are conducted at sites influenced by urban-industrialized emissions or by 89 

agricultural emissions. However, the present work joined these both kinds of 90 

emissions, since the sampling site is exposed to vehicular and petrochemical 91 

emissions together with pesticides, used for the control of domestic pests in the 92 

region, or produced in the industrial complex, or transported from other regions. 93 

According to Word Health Organization (WHO), among deaths relating to air 94 

pollution per year, more than 90% of these deaths occur in low- and middle-income 95 

countries, 25% are caused by stroke, 43% by chronic obstructive pulmonary disease 96 

and 29% by lung cancer (WHO, 2018). As industrial activities contribute to  air quality 97 
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degradation, it is important to address this issue, and identify new ways to improve 98 

the situation. 99 

The current study aimed to determine the chemical profile and the toxic 100 

potential of PM samples collected between 2015 and 2017 in an area near an 101 

industrial complex located in the Metropolitan Region of São Paulo (MRSP), Brazil.  102 

 103 

2. Methodology 104 

 2.1. Sampling and site characterization 105 

 In this study (2015-2017 campaigns), aerosols were collected at a sampling 106 

station of the Environmental Agency of the São Paulo State (CETESB) (23º 38’ 107 

44.44” S and 46º 29’ 35.71” W). This site is located approximately 500 m from a 108 

complex that shelters fourteen industrial facilities of different chemical segments. All 109 

industries cover an area of 3.7 million square meters. Approximately 80,000 people 110 

live around this area.  111 

 A high-volume sampler (Thermo Fisher Scientific) (flow rate of 280 L min-1) 112 

was used to collect total suspended particles (TSP), in quartz fiber filters, and 113 

gaseous phase, in polyurethane foams (PUF), which is placed below the filter 114 

section. This equipment allowed the simultaneously sampling of PM and gaseous 115 

phase for 2015 and 2016 campaigns. In 2017, another high-volume sampler (flow 116 

rate of 1.13 m3 min-1) was used to collect only fine particles (PM2.5). For all the 117 

campaigns, twenty-four-hour samples were collected. Filters were previously heated 118 

in an oven at 600°C for 6 hours and were wrapped in aluminum foil and stored in the 119 

fridge after each sampling. The PM concentrations were determined by weighing the 120 

filters before and after sampling. The foams, which gaseous phase were collected, 121 
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were pre-cleaned in ultrasonic bath for 20 min for three times with 80 mL of acetone 122 

(adapted from Boonyatumanond et al., 2007). Table 1 shows the season, period, 123 

and PM size for each sampling campaign. 124 

 125 

 Table 1 - Season and period of sampling, and PM size for samples collected around the industrial 126 

complex in MRSP. 127 

Year Season PM size Period 

2015 Spring TSP + PUF October 16th – November 20th  

2016 Winter TSP + PUF July 26th – August 15th 

2017 Winter PM2.5 June 9th – July 12th  

 128 

 129 

2.2. Sample extraction and preparation  130 

2.2.1. PAH and derivatives, n-alkanes and hopanes  131 

 For PAH, derivatives, and n-alkanes, the methodology is described by Caumo 132 

et al. (2018). Briefly, the samples were extracted in an ultrasonic bath with organic 133 

solvent (dichloromethane for PM and acetone for PUF samples). Then, the extracts 134 

were concentrated by rotary evaporation and fractionated in a glass column with 135 

silica and alumina to separate the organic classes. The first fraction containing n-136 

alkanes and hopanes was eluted with hexane; the second fraction comprising PAH 137 

and their derivatives was obtained by eluting a mixture of hexane and 138 

dichloromethane (1:1).  139 

The aliphatic fractions were determined in a gas chromatograph coupled to a 140 

mass spectrometer (GC/MS - Thermo Scientific), according to the following 141 
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conditions: splitless mode, column ZB – 5MS (60 m × 0.25 mm × 0.25 µm), flow of 142 

1.2 mL min-1 of helium, as the carrier gas. The heating program was 60ºC for 1 min; 143 

60ºC until 150ºC (10ºC min-1); from 150ºC to 290ºC (5ºC min-1); 290ºC for 27 min. 144 

The interface and ion source temperatures were 290ºC; MS operated at scan mode, 145 

from 33 to 800 m/z (Alves et al., 2016). Standard solutions of n-alkanes (Sigma–146 

Aldrich) and a 17β(H),21β(H)-hopane solution (Fluka) were used to calibrate the 147 

GC/MS. Tetracosane-d50 and 1-chlorohexadecane (Aldrich) were used as internal 148 

standards. Fourteen hopanes were identified: tetracyclic terpane (5 Cyc Terp), (R + 149 

S) tetracyclic terpane (5 Cyc Terp (R+S)), 18α(H)-22,29,30-trisnorneohopane 150 

(C27Ts), 17α(H)-22,29,30-trisnorhopane (C27Tm), 17α(H),21β(H)-30-norhopane 151 

(C29αβ), 17β(H),21α(H)-30-norhopane (C29βα), 17α(H)-diahopane (C30D), 152 

17β(H)21α(H)-30-norhopane (C29βα M), 17α(H),21β(H)-hopane (C30αβ), 153 

17β(H),21α(H)-hopane (C30βαM), 17α(H),21β(H)-22S-homohopane (C31αβS), 154 

17α(H),21β(H)-22R-homohopane (C31αβR), 17α(H),21β(H)-22S-bishomohopane 155 

(C32αβS) and 17α(H),21β(H)-22R-bishomohopane (C32αβR). The relative response 156 

factors were determined individually for the majority of compounds. Compound 157 

identification was based on the GC-MS spectra libraries (Wiley and NIST), co-158 

injection with authentic standards and analysis of fragmentation patterns. 159 

Quantification was performed by both single ion monitoring (SIM) and total ion 160 

chromatogram (TIC) analysis, in two separate GC runs. 161 

 The qualitative and quantitative analyses for PAH and derivatives were 162 

conducted in a GC/MS (Agilent model 7820A) with a column VF – 5ms (30 m × 0.25 163 

mm × 0.25 µm) in splitless mode and helium as carrier gas at 1.3 mL min-1. The 164 

temperature programme was the following: 80°C for 4 min; increasing until 200°C 165 
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(20°C min−1); from 200 to 270°C (4°C min−1) and until 280°C (5°C min−1) (de Oliveira 166 

Alves et al., 2015). The temperature of the transfer line was 280°C and the ion source 167 

was at 200°C. MS worked in SIM mode, according to m/z of each compound. EPA 168 

525 PAH Mix A (48953-U, Sigma), benzo(e)pyrene (442475, Sigma), and coronene 169 

(27830, Fluka) were used to obtain calibration curves with correlation coefficients 170 

(R2) greater than 0.99. The methodology identified fifteen PAH: fluorene (FLU), 171 

phenanthrene (PHE), anthracene (ANT), fluoranthene (FLT), pyrene (PYR), 172 

benz(a)anthracene (BaA), chrysene (Chr, benzo(b)fluoranthene (BbF), 173 

benzo(k)fluoranthene (BkF), benzo(e)pyrene (BeP), benzo(a)pyrene (BaP), 174 

indene(1,2,3-c,d)pyrene (InD), dibenz(a,h)anthracene (DBA) and 175 

benzo(g,h,i)pyrene (BgP) and coronene (COR). 176 

 For nitro and oxy-PAH, the same CG/MS was used in splitless mode to 177 

determine all compounds simultaneously, based on the methodology developed by 178 

Santos et al. (2016). A VF–1ms (30 m × 0.25 mm × 0.25 µm) was used. The oven 179 

temperature program was the following: started at 70ºC, kept for 2 min, then it was 180 

raised to 200ºC at 30ºC min−1 and held for 5 min; lastly, the temperature was 181 

increased to 330ºC at 5ºC min−1 and maintained for 0.67 min. The carrier gas was 182 

helium with a flow rate of 1.0 mL min−1. The injector was operated at 310ºC. The ion 183 

source temperature was 250ºC, and the GC–MS transfer line temperature was at 184 

280ºC. A Standard Reference Material (SRM) with 16 nitro-PAHs (NIST-2265) and 185 

individual standards (Sigma-Aldrich) were used to determine the retention time of 186 

each compound and the respective calibration curve to quantify these compounds 187 

in the samples (R2 >0.99). The nitro-PAH identified and quantified were as follows: 188 

9-nitroanthracene (9-NAnt), 9-nitrophenanthrene (9-NPhe), 3-nitrophenanthrene (3-189 
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NPhe), 2-nitrophenanthrene (2-NPhe), 2-nitroanthracene (2-NAnt), 9-190 

nitroanthracene (9-NAnt), 2-nitrofluorene (2-NFlu), 3-nitrofluoranthene (3-NFlt), 2-191 

nitrofluoranthene (2-NFlt), 2-nitropyrene (2-NPyr), 1-nitropyrene (1-NPyr), 4-192 

nitropyrene (4-NPyr), 7- nitrobenz(a)anthracene (7-NBaA), 6-nitrochrysene (6-193 

NChr), 3-nitrobenzanthrone (3-NBaT) and 6-nitrobenzo(a)pyrene (6-NBaP). For oxy-194 

PAH determination, standards of 9-fluorenone (9-Fluo), 9,10-anthraquinone (9,10-195 

Antq), 2-methylanthraquinone (2-MAntq), benzo(a)anthracene-7,12-dione (BAntd) 196 

and 1,4-benzoquinone (1,4-Bzq) (Sigma-Aldrich) were applied in calibrations curves 197 

(R2 > 0.99). 198 

 199 

2.2.2 Pesticides  200 

The pesticide analysis was performed for the PM samples (TSP and PM2.5), 201 

since PUF samples were extracted and fractionated for PAH and derivatives, n-202 

alkanes and hopanes. The determination of pesticides was carried out with a method 203 

recently developed in collaboration with the Federal University of Bahia and was 204 

based on a previous methodology (Yera et al., 2020). As the extraction of PAH and 205 

derivatives, n-alkanes and hopanes was previously carried out, it was more feasible 206 

to adopt this innovative method for pesticides. Solvent and time reductions were key 207 

to develop the methodology. 208 

The technique consists of separating an area of 4.15 cm2 from the filter, then, 209 

transfer it to a micro extractor device of borosilicate glass chamber (Whatman Mini-210 

UniPrep G2), with a mixture of dichloromethane/acetonitrile (500 µL - 82%:18%). 211 

The samples were sonicated for 23 min, and the extracts were filtered. The analysis 212 

was carried out using a gas chromatograph coupled to a mass spectrometer (GC–213 
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MS 7820A Agilent Technologies). Separation of the compounds occurred in a NST-214 

5MS gas capillary column (30 m × 0.25 mm × 0.25 μm). The GC temperature 215 

program was: initial 90ºC, hold 5 min; rate 25°C min−1, until 180ºC; increasing 5°C 216 

min−1 to 280ºC, hold 3 min; raised at 10°C min−1 to 300°C, hold 3 min. Splitless 217 

injection conditions were adopted, and the mass spectrometer was operated in the 218 

electron impact mode (EI) using a voltage of 70eV. The total run time analysis was 219 

36.6 min. The pesticides determined were: diuron, λ-cyhalothrin, kresoxim-methyl, 220 

permethrin (isomers mix), atrazine, malathion, heptachlor, heptachlor-epoxide, α-221 

endosulfan, β-endosulfan, and ethion (Sigma-Aldrich). A mix standard solution 222 

containing all pesticides was prepared in dichloromethane and acetonitrile 223 

(82%:18%). Matrix-matching calibration curves were prepared for each compound, 224 

adding variables volumes of the mix solution in extracts of blank filters. All calibration 225 

curves presented suitable determination coefficient values (R2 >0.99). 226 

 227 

2.2.3 Quality assurance/quality control (QA/QC) 228 

The analytical standards and solvents used in the present study were of 229 

analytical grades and purchased from well-reputed suppliers such as SigmaAldrich. 230 

Blanks and spiked blanks were processed along with the samples for all organic 231 

groups analyzed. Spiked matrices (fiber filters and in polyurethane foams) with 232 

certified standard solution were analyzed to evaluate method accuracy and ensure 233 

that any procedural contamination accounted for. PAH, oxy and nitro-PAH, and 234 

pesticides fractions were stored using amber glassware to avoid photodegradation. 235 

Detection limit (DL) and quantification limit (QL) were calculated as the 236 

minimum detectable amount of analyte with a signal-to-noise ratio of 3:1 and 10:1, 237 
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respectively, for each compounds analyzed and was previously published (Caumo, 238 

2020). 239 

 240 

2.3. Elemental and organic carbon 241 

 Elemental carbon (EC), organic carbon (OC) were determined using a 242 

thermal-optical transmission technique (Alves et al. 2016). The equipment is 243 

composed of a quartz tube, a pulsed laser, and a non-dispersive infrared CO2 244 

analyzer. Two 9 mm punches of each filter are placed inside the quartz tube. The 245 

oven was first heated up until 600ºC in a nitrogen atmosphere to evaporate the 246 

organic fraction. After that, the oven was heated up to 850ºC in a N2 atmosphere 247 

with 4% of oxygen to vaporize the EC. The CO2 released from the volatilization and 248 

oxidation of different carbon fractions under controlled heating is measured by a non-249 

dispersive infrared (NDIR) analyzer. The blackening of the filter is monitored using 250 

a laser beam and a photodetector, which enables separating the EC formed by 251 

pyrolysis. 252 

 253 

2.4. Mutagenicity 254 

The extraction step consisted of three 20-minutes cycles in an ultrasonic bath 255 

using 80 mL of methylene chloride (DCM). The volume of the extract was reduced 256 

to 3 mL on a rotary vacuum evaporator and filtered using polycarbonate membranes 257 

(Nucleopore™). The material was then dried with a stream of pure nitrogen gas. 258 

The total extracts were tested for mutagenicity using using the microsuspension 259 

protocol of the Salmonella/microsome test (Kado et al., 1983) with Salmonella 260 

Typhimurium strain TA98 (hisD3052, rfa, Δbio, ΔuvrB, pKM101), with and without in 261 
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vitro metabolic activation (S9 – Moltox Inc., Boone, NC) . Different doses were 262 

tested, varying between 5 µg and 240 µg equivalent of particulate matter per plate; 263 

the analyzes were performed in duplicate, in the tests, negative control was dimethyl 264 

sulfoxide (DMSO) and as a positive control for TA98-S9, 4-nitro-o-quinoline (4NQO) 265 

with a concentration equal to 0.5 µg / plate and for TA98 + S9, 2-aminoanthracene 266 

(2AA) at 2.5 µg / plate. 267 

The extracts were resuspended in DMSO. At the time of testing, 50 µL of strain 268 

suspension, 50 µL of 0.015 M sodium phosphate buffer, or 50 µL of S9 mix (S9 + 269 

cofactors), and 5 µL of the particulate matter extract were added to a tube and 270 

incubated at 37°C for 90 minutes. After incubation, 2 mL of agar was added, and the 271 

mixture was transferred to a Petri dish (diameter = 90 mm) containing an appropriate 272 

culture medium. Colony counting was performed after 66 hours of incubation at 37ºC 273 

using an automatic counter. 274 

The data were analyzed by the SALANAL software, kindly provided by Integrated 275 

Laboratory Systems, Research Triangle Park, NC., using Bernstein statistical model, 276 

(Bernstein et al., 1982). They were considered positive when the analysis of variance 277 

(ANOVA) showed significant differences between the tested doses and the negative 278 

control. The dose/response relationship was statistically significant. The 279 

mutagenicity ratio (RM - mean number of revertants in the test plates divided by the 280 

average of the spontaneous reversals of the control plates) was higher than or equal 281 

to 2.0. When only one of the criteria was met, the sample was considered to have 282 

evidence of mutagenicity (Maselli et al., 2019). 283 

 284 

 285 
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2.5. Risks assessment and inhalation exposure 286 

In order to assess the health risks and exposure to inhalation of pollutants, some 287 

calculations to evaluate the risk assessment were conducted for PAH and pesticides 288 

separately, which are described below. 289 

Through the PAH determination, the equivalent carcinogenicity of PAH relative 290 

to benzo(a)pyrene (BaPEq) was calculated. This is achieved by multiplying the 291 

concentration of the eight PAH classified as carcinogenic species by the 292 

carcinogenic equivalent factors (TEF) for each compound (Nisbet and Lagoy, 1992). 293 

BaPEq was calculated as follows:  294 

 295 

BaPEq = [BaA] x 0.1 + [Chr] x 0.01 + [BbF] x 0.1 + [BkF] x 0.1 + [BaP] x 1 + [InP] x 296 

0.1 + [DBA] x 5 + [BgP] x 0.01                (1) 297 

 298 

This parameter can also be calculated considering the nitro-PAH toxicity 299 

(BaPEq Nitro-PAH). It was determined from relative potency factors (RPF) of four nitro-300 

PAH (de Oliveira Galvão et al., 2017). 301 

 302 

BaPEq Nitro-PAH = [1-NPyr]x0.10 + [4-NPyr]x0.10 + [6-NChr]x10 + [2-Nflt]x0.01    (2)303 

  304 

The lifetime lung cancer risk (LCR), a parameter to estimate the hazard of 305 

exposure to humans, was obtained by the multiplication of the BaPEq or BaPEq Nitro-306 

PAH by the unit risk (UR) (Callén et al., 2014). The UR value for lung cancer, 307 

according to the WHO, for a lifetime exposure to BaP, is 8.7 × 10−5 (ng m−3)−1. This 308 
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value means an incidence of 87 cases of lung cancer per 100,000 people subjected 309 

to chronic exposure to  1 ng m−3 BaP along 70 years of their lifetime (WHO, 2000). 310 

 311 

  LCR = UR x BaPEq         (3) 312 

 313 

For pesticides determination, the equations proposed by Coscollà and Yusà 314 

(2016) calculate the daily inhalation exposure (DIE) (Eq. 4), the risk assessment (Eq. 315 

5) and the cancer risk (Eq. 6) three different populations: infants (6 months to 1.5 316 

years), children (1.5 to 6 years) and adults (> 12 years). 317 

 318 

DIE (mg kg-1day-1) = Σ (C x IRinh x ED) / BW                                          (4)  319 

The DIE refers to the amount of pesticides that a given population is daily 320 

exposed to; C (mg m-3) is the total concentration (gas + particulate phase) of each 321 

pesticide; IRinh (m3 h-1) is the inhalation rate per hour. The IRinh applied was 8 m3 322 

day-1 for infants, 10 m3 day-1 for children and 20 m3 day-1 for adults; ED is the 323 

exposure duration for the three groups of individuals; 24 hours of exposure were 324 

considered; BW is the body weight (kg), which was assumed as 10 kg for infants, 15 325 

kg for children and 70 kg for adults. 326 

The total concentration of pesticides is the sum of the concentrations in the 327 

gaseous and particulate phases. In the present study, only pesticides in the 328 

particulate matter were determined. The corresponding gas-phase concentrations 329 

were estimated using the Koa model (Harner and Bidleman, 1998). The Koa model 330 

uses equations 5 and 6 to calculate the potential distribution of pesticides in the 331 

particulate phase. 332 
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Φ = (Kp CTSP) / (1 + Kp CTSP)                                                    (5) 333 

Log Kp = log Koa + log fOM – 11.91                                                  (6) 334 

Φ is the fraction of pesticides in the particulate phase. Kp is the gas/particle 335 

partition coefficient. CTSP (µg m-3) is the concentration of total suspended particles in 336 

the air. 337 

The risk assessment was calculated using the Hazard Quotient (HQ) as a 338 

descriptor of the risk. 339 

 340 

                                   HQ = DIE / HBRV                                                  (7) 341 

HBRV represents the Health-Based Reference Values. It was calculated 342 

using the AOEL, defined as the Acceptable Operator Exposure Levels  for a chronic 343 

inhalation exposure, considering the absorption of the compound, the body weight 344 

and the days of exposure (Coscollà and Yusà, 2016). AOEL values for the studied 345 

compounds are tabulated in (Yera et al., 2020). HQ values higher than 1 mean that 346 

the populations are more exposed to the pesticides than the operator (person who 347 

works directly with the compounds). 348 

 349 

The cancer risk for pesticides exposure was calculated by Equation 8. It refers 350 

to pesticides classified by the Environmental Protection Agency as “likely to be 351 

carcinogenic to humans” and/or “possible human carcinogen”. 352 

 353 

Cancer risk = DIE x PF                                                         (8) 354 

 355 
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PF (potency factor) is the factor that estimates the potency of the carcinogenicity. 356 

In general, these values range from 10-3 to 10-1. Some values of PF for specific 357 

pesticides were not found, and 0.1 was assumed for all pesticides (the situation with 358 

major potency). 359 

 360 

3. Results 361 

3.1. PM, OC and EC concentrations 362 

Wind roses (Figure 1) were generated by WRPLOT software (Lakes 363 

Environmental). For the first (2015), second (2016) and third (2017) sampling 364 

periods, the software used 864, 528 and 720 observations, respectively. The 365 

industrial complex covers an area from southeast to northeast in the wind roses. 366 

During the 2015 campaign, which showed the highest TSP concentration (Table 2), 367 

the dominant wind was from the south, where an important road is located. The 2016 368 

and 2017 samples had a higher contribution from winds coming mostly from the 369 

southeast and northeast, where the petrochemical complex is situated. These 370 

findings may highlight the differences in composition and concentration of 371 

compounds determined in this study, in order to better understand the contribution 372 

to risk assessment of a predominant vehicular emission scenario (2015 campaign) 373 

versus a majority industrial emission scenario (2016 campaign and 2017). 374 
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 375 

 376 

Figure 1 - Wind roses for the three sampling campaigns 377 

Table 2 shows the mean PM concentrations for each campaign. The 378 

samplings took out one or two months for each year, so these concentrations values 379 

could be not representative for the current year of the campaign. However, these 380 
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results were relevant to evaluate the risk of exposure to the population living around 381 

the petrochemical complex. 382 

In São Paulo, winter is often the season with the highest levels of air pollutants 383 

in São Paulo due to thermal inversion layers that provide unfavorable conditions for 384 

the dispersion of pollutants (Pérez-Martínez et al., 2017). The TSP samples 385 

collected in 2016, during the winter season, presented a lower concentration range 386 

(17 – 55 µg m-3) than the TSP campaign conducted during the spring, in 2015 (26 –387 

99 µg m-3), which may be attributed to the predominance of vehicle emissions 388 

(Figure 1). These two ranges were comparable to that obtained previously in a study 389 

conducted 6 km far from the major smokestack of a petrochemical area in the South 390 

region of Brazil (8 to 92 µg m-3) (Coronas et al., 2008). There is no limit value 391 

recommended by the Brazilian legislation. 392 

The PM2.5 mean concentration (21 µg m-3, Table 2) was below the level 393 

recommended by WHO (25 µg m-3) (WHO, 2005). A previous study conducted in 394 

winter in an industrial area in Ostrava (Czech Republic) (Mikuška et al., 2015), which 395 

is included among the worst air quality regions in the European Union, presented 396 

higher PM2.5 variation (33 - 288 µg m-3) than the current study. Besides that, PM10 397 

concentration at Houtem, an industrialised city in Belgium, ranged between 13 and 398 

27 µg m-3 (mean = 18 µg m-3) (Maenhaut et al., 2012). These lower results may result 399 

from a tighter air quality legislation in the Europe Union (Fuzzi et al., 2016) 400 

 401 

 402 
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Table 2 - PM, OC, and EC concentrations (µg m-3) for each year of sampling. 403 

Year 
PM 

size 

PM OC EC 

Mean Range Mean Range Mean Range 

2015 TSP 49 26 – 99 9 3 – 21 4 1 – 9 

2016 TSP 39 17 – 55 6 2 – 12 3 1 – 5 

2017 PM2.5 21 7 – 48 0.8 0.3 – 2 0.3 0.03 – 1 

 404 

OC and EC followed the same pattern as the PM concentrations. TSP 405 

samples collected in 2015 showed the highest values (OC = 9 µg m-3 and EC = 4 µg 406 

m-3). On average, OC and EC accounted for TSP mass fractions of 15-18% and 8%, 407 

respectively. The fine aerosol samples presented the lowest values between three 408 

samplings (OC = 0.8 µg m-3 and EC = 0.3 µg m-3, Table 2). EC is emitted directly by 409 

sources such as fossil fuel or biomass burning and is an important component that 410 

absorbs light in the atmosphere. On the other hand, OC may be emitted by primary 411 

sources or secondarily formed in the atmosphere through photochemical reactions 412 

(Brito et al., 2013). 413 

The OC/EC ratio is applied as an indicator of carbonaceous aerosol sources, 414 

especially to separate primary and secondary sources contributing to PM (Pio et al., 415 

2011). OC/EC ratios in the present work were 2.2, 2.0, and 2.7 for 2015, 2016, and 416 

2017, respectively. According to the literature, values between 2 and 5 are often 417 

found in urban background areas, where a higher contribution of secondary aerosol 418 

formation is observed. Values lower than 1 are found in roadway tunnels due to fresh 419 

traffic emissions (Castro et al., 1999; Na et al., 2004; Pio et al., 2011). 420 
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3.2. PAH and derivatives  421 

PAHs have been investigated over the years, and many studies have 422 

stressed the importance of these compounds, even in low concentrations, due to 423 

their toxicological behavior in different biological assays (He et al., 2012; Ravindra 424 

et al., 2008a). Besides that, the BaP equivalent carcinogenic concentration (BaPEq) 425 

is a useful tool to estimate the toxic fraction of these compounds (Pereira et al., 2017; 426 

Schoeny and Poirier, 1993; Zhang et al., 2012). 427 

 The percentage contribution of each PAH used to calculate BaPEq to the total 428 

PAH concentration is showed in Figure 2. BaP, a compound carcinogenic to humans 429 

(IARC, 2012), presented the highest concentration for fine particles, in 2017 (23 ng 430 

m-3), when winds contribution came mostly from the petrochemical complex (Figure 431 

1), while the lowest value was registered for PUF samples collected in 2015 (0.7 ng 432 

m-3), when dominant wind was from a road. According to He et al. (2012), BaP might 433 

affect embryonic neuron development as well as neuron cell survival and recovery.  434 

DBA, a marker for stationary emissions (Ravindra et al., 2008b), showed a 435 

higher share in PM samples than in PUF samples (Figure 2). The total PAH 436 

concentration was higher in the fine fraction (2017, 80 ng m-3) than in TSP (2016, 35 437 

ng m-3 and 2015, 5 ng m-3). This finding confirms the wind roses (Figure 1) since 438 

2017 showed a high influence of winds from the petrochemical area. 439 

The physicochemical behavior of gaseous and particulate PAH plays an 440 

important role in their distribution in the atmosphere, since the low molecular weight 441 

compounds (LMW: PAH with three or four aromatic rings) have been found 442 

frequently to shift the gas–particle partitioning due to the seasonal change in ambient 443 

temperature (Kishida et al., 2011). 444 
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For gaseous phase compounds collected in 2015 and 2016, the LMW-PAH 445 

were dominant. Among the eight PAH adopted in BaPEq calculation BaA showed a 446 

mean of 0.1 and 1 ng m-3 for 2015 and 2016, respectively, whereas mean values of 447 

0.2 and 4 ng m-3 were obtained for Chr in 2015 and 2016. Despite the 2015 campaign 448 

showing the higher PM mean concentration (Table 2) and a dominant wind from a 449 

roadway, BaA and Chr were higher in 2016 samples, when the influence from the 450 

petrochemical region was dominant (Figure 1). 451 

Other LMW-PAH, associated with fossil fuel emissions (Karavalakis et al., 452 

2010), such as anthracene and phenanthrene, presented the same behavior as that 453 

observed for BaA and Chr: higher mean concentration in  2016 (mean = 20 ng m-3) 454 

compared to 2015 (mean = 1 ng m-3). Total PAH concentrations in the gaseous 455 

phase presented large differences, with  low concentration (2 ng m-3) in 2015 456 

samples, and a much higher mean concentration (52 ng m-3) in 2016. Although the 457 

same sources are considered, meteorological conditions and wind roses might 458 

explain the difference in concentrations between these years, since the 2015 459 

campaign was conducted in the springtime, with predominant wind from a road, while 460 

the 2016 campaign was carried out in wintertime, with dominant winds blowing from 461 

the petrochemical area.  462 
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 463 

  464 

 465 

 466 

 467 

 468 

 469 

Figure 2- Percentage e contribution of each PAH used to calculate BaPEq to the total PAH concentration in PM 470 

samples. 471 

With respect to nitro-PAH, for the 2015 campaign, fourteen compounds were 472 

determined in TSP and PUF samples, while in 2016 and 2017, only seven nitro-PAH 473 

could be quantified. TSP samples presented the highest concentration for 4-474 

nitropyrene (0.3 ng m-3), in 2015. This compound was reported as more carcinogenic 475 

in newborn mouse assays than its precursor, BaP (OEHHA, 2011). 6-Nitrochrysene 476 

(1 ng m-3) was the nitro-PAH most abundant in TSP samples collected in 2016. It is 477 

known to raise DNA adducts in lung and liver cells (Delclos et al., 1989). 478 

In the gaseous phase, the most predominant nitro-PAH was 7-479 

nitrobenzo(a)anthracene (0.2 ng m-3), observed in samples collected in 2015 during 480 

spring. In 2016 winter samples, nitro-PAH in the gaseous phase were higher than in 481 

the particulate phase. The most abundant in PUF samples was 2-nitrofluorene (7 ng 482 

m-3). This compound developed forestomach tumors in rat assays (OEHHA, 2011). 483 

For PM2.5 samples, nitro-PAH presented significant concentrations of 2-484 

nitrofluorene (2 ng m-3), when winds blew predominantly from the petrochemical 485 
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complex. In a previous study conducted in Porto Alegre, southern Brazil, in an urban 486 

site surrounded by different industries, such as oil refinery and steel mills, the 2-487 

nitrofluorene concentration was much lower (0.5 ng m-3) than that of the present 488 

study (Teixeira et al. 2011). 489 

1-Nitropyrene, a compound known to be mutagenic (IARC, 2016), was 490 

determined in the three campaigns. 6-Nitrobenzo(a)pyrene and 6-nitrochrysene, 491 

which showed significant concentrations in 2016 (TSP + PUF = 5 ng m-3 and 3 ng 492 

m-3, respectively) and 2017 (= 1 ng m-3 and 1.5 ng m-3), are considered markers of 493 

diesel-burning (Guttenplan et al., 2007). 2-NFlt and 2-NPyr, formed by 494 

photochemical reactions and considered mutagenic (Ciccioli et al., 1996), were 495 

identified in several samples. 496 

Table 3 shows the mean and range concentration of the various pollutants 497 

determined. The total concentration of nitro-PAH in both TSP and PUF samples was 498 

higher in 2016 (7 ng m-3) than in 2015 (1 ng m-3). Meteorological factors may 499 

contribute to the variability of these species in the atmosphere. As already stated, 500 

the 2015 sampling campaign occurred in the spring, a wet season in Brazil, while 501 

the 2016 campaign happened in the winter, dry season when pollution events are 502 

more observed. Wind roses (2015) indicated winds coming mainly from major 503 

avenues (vehicular emissions), whilst in 2016, winds blew mostly from the industrial 504 

area. 505 

Total nitro-PAH concentrations ranged between 1 and 24 ng m-3 for the 2017 506 

campaign. In a work conducted in the Araraquara region, countryside of São Paulo, 507 

during winter, the nitro-PAH concentration was from 1 to 15 ng m-3 (Souza et al., 508 

2014). In a work conducted in São Paulo city, nitro-PAH mean concentration was 509 
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much lower (479 pg m-3) (Vasconcellos et al., 2008) than that of the 2017 campaign 510 

(6 ng m-3). 511 

 512 

Table 3 – Mean and range concentration of nitro-PAH, oxy-PAH, n-alkanes and hopanes in samples 513 

collected around the industrial complex in 2015, 2016 and 2017. 514 

  ∑nitro-PAH ∑oxy-PAH ∑n-alkanes ∑hopanes 

2015 

TSP+PUF 

Mean 1 2 716 6 

Range 0.4 – 9 0.2 – 4 40 – 963 1 – 12 

2016 

TSP + PUF 

Mean 7 9 586 5 

Range 0.5 - 31 1 – 11 20 – 942 2 – 6.5 

2017 

PM2.5 

Mean 6 1 190 5 

Range 1 – 24 0.2 – 3 50 – 360 0.4 – 22 

 515 

Four oxy-PAH were determined in 2015 and 2016, while three compounds 516 

were quantified in 2017. 9,10-Anthraquinone, which can be either directly emitted or 517 

produced in situ (Souza et al., 2014), was predominant in 2015 samples (TSP + PUF 518 

= 0.7 ng m−3). Benzo(a)anthracene-7,12-dione, attributed to secondary formation 519 

(Huang et al., 2014), was also present in this campaign (TSP + PUF = 0.5 ng m−3). 520 

In 2016, 2-methylanthraquinone, which was proved to be toxic to aquatic organisms 521 

(Gori et al., 2009), was dominant in both phases (TSP + PUF = 2 ng m−3). This value 522 

is comparable to those found in Queensway Road Tunnel in Birmingham (1.7 ng m-523 

3) (Keyte et al., 2016). 524 

For fine particles collected in 2017, 2-methylanthraquinone (0.4 ng m−3) 525 

showed the highest abundance, followed by 9-fluorenone (0.3 ng m−3). This 526 
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compound has been identified as a marker of diesel combustion (Nocun and 527 

Schantz, 2013), and it is formed from the oxidation of fluorene, a PAH with low 528 

molecular weight, usually prevalent in the gas phase. In a previous study conducted 529 

at a French alpine valley, 9-fluorenone mean concentration for PM10 was 4.1 ng m-3 530 

(Albinet et al., 2008). 531 

For 2015, the sum of oxy-PAH was equal to 2 ng m-3, while for 2016, the total 532 

concentration was 9 ng m-3. For PM2.5, the total concentration was 1 ng m-3. Large 533 

differences in the concentrations are observed in the samples despite the same 534 

emission sources. Meteorological conditions can affect the concentrations, 535 

especially radiation, which intervenes to the secondary formation of compounds.   536 

In a study conducted in Mount Tai, China, with a large impact of biomass 537 

burning, the total concentration of oxy-PAH (4 ng m-3) for fine particles was four times 538 

higher than that of the current study. 539 

Toxic equivalent factors were used to calculate BaPEq in an attempt to 540 

evaluate how dangerous the inhalation of PAH is to humans in this region (Nisbet 541 

and Lagoy, 1992). According to IARC (2010), values higher than 1.0 ng m-3 represent 542 

carcinogenic risks to humans. Mean values of 21 ng m-3 (2017), 22 ng m-3 (2016, 543 

TSP + PUF) and 2.1 ng m-3 (2015, TSP + PUF) were obtained. Although the total 544 

concentration of PAH have fluctuated considerably over the years, all campaings 545 

presented potential carcinogenic risks to human health. The maximum value in this 546 

work was up to thirty times higher than the results obtained for aerosols collected in 547 

an industrial area located in Rio Grande do Sul, Brazil (0.64 ng m-3) (Agudelo-548 

Castañeda and Teixeira, 2014).  549 
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The lifetime lung cancer risk based on BaPEq (LCR - BaPEq) is a parameter to 550 

evaluate the incidence of lung cancer through chronic exposure. This value is 551 

obtained by multiplying BaPEq and a unit risk (UR) (Callén et al., 2014) of 8.7 × 10−5 552 

(ng m−3). Results of this study are 18 × 10−5 for 2015, i.e., 18 cases of lung cancer 553 

per 100,000 people by chronic exposure; for 2016 it was 197 × 10-5, (197 cases of 554 

lung cancer per 100,000 people); in 2017, this value was 159 × 10-5 (159 cases of 555 

lung cancer per 100,000 people).  556 

The BaPEq was also estimated for nitro-PAH (BaPEq Nitro-PAH). Considering 557 

TSP and PUF samples, the BaPEq Nitro-PAH was 1 ng m-3 for 2015 and 16 ng m-3 for 558 

2016. For fine particles, BaPEq Nitro-PAH showed a high value over 14 ng m-3. These 559 

values exceed that one found for PM10 samples collected at an Amazonian site 560 

during the biomass burning period (0.8 ng m-3, de Oliveira Galvão et al. 2017). In 561 

addition, in the 2016 and 2017 campaigns, when the high values were observed, the 562 

winds were predominant from the petrochemical area. 563 

For the lung cancer risk (LCR) related to nitro-PAH, the values were 11 x 10-5 564 

(2015), 140 x 10-5 (2016) and 122 x 10-5 (2017), which mean 11, 140 and 122 cases 565 

of lung cancer per 100, 000 people.  566 

 567 

3.3. Aliphatic compounds  568 

The n-alkane mean concentrations are shown in Table 3. The total 569 

concentration for 2015 samples, for which the homologous series ranged from C11 570 

to C31, was 716 ng m−3 (PM + PUF). In 2016, homologues from C11 to C32 presented 571 

total mean concentrations of 586 ng m−3 (PM + PUF).  For PM2.5, the total n-alkane 572 

concentration was 190 ng m−3. A study conducted in the Czech Republic (Mikuška 573 
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et al. 2015), in one of the most polluted areas in Europe, the total concentration for 574 

PM2.5 samples was 307 ng m−3. 575 

n-Alkanes can penetrate tissues, causing damages in humans (Alves et al., 576 

2016). The homologues lower than C25 have been related to anthropogenic sources 577 

(Simoneit et al., 1995). In 2015 samples, the sum of n-alkanes lower than C25 578 

accounted for 75% (TSP + PUF) of total n-alkanes. In 2016, this contribution was 579 

higher, representing 86% for TSP and PUF. In 2017 samples, homogues lower than 580 

C25 contributed to 40%. These percentages highlighted the importance of the 581 

compounds emitted by anthropogenic sources. 582 

 The carbon preference index (CPI), a parameter to infer the anthropogenic 583 

versus biogenic contribution in the samples, was calculated using the ratio between 584 

n-alkanes with odd carbon numbers and even carbon numbers (from C18 to C33). 585 

Values close to one have been associated with incomplete combustion of fossil fuel, 586 

while values far beyond one are attributed to biogenic emissions (Oros and Simoneit, 587 

2001). In this study, the CPI values were around 1 for all samples (Table 4), and 588 

Cmax was below C25 for the 2015 and 2016 campaigns, indicating a higher 589 

contribution of anthropogenic emissions (Simoneit et al., 1995). With the purpose of 590 

evaluating the biogenic contribution for n-alkanes, the percentage of wax n-alkanes 591 

(WNA) has been adopted (Simoneit et al., 1990). WNA values were calculated 592 

following the equations:  593 

 594 

WNA = Cn [(Cn-1 + Cn+1) / 2]           (9) 595 

%WNA = % (∑WNA / ∑NA)           (10) 596 

 597 



28 
 

Table 4 – CPI values, WNA contribution, and Cmax for each year of sampling. 598 

 TSP PUF PM2.5 

 2015 2016 2015 2016 2017 

CPI 1.3 0.9 1.2 0.8 0.9 

%WNA 8 9 4 - - 

Cmax C11 C15 C19 C20 C30 

 599 

Hopanes, which are emitted by the high boiling fraction of crude petroleum, 600 

are not easily degradable and have been used as markers to identify emissions 601 

related to petrochemical processes. Besides that, the stereochemical configurations 602 

of hopanes are helpful to determine the geological maturity of the petroleum (Alves 603 

et al. 2016). This class of compounds showed a lower contribution among all the 604 

classes identified in the present study. Figure 3 shows the mean concentration of 605 

hopanes for the three years. The highest concentrations were found in samples 606 

collected in 2015 (TSP + PUF=15 ng m−3, Table 4). A much higher concentration (45 607 

ng m−3) was found for PM10 in a previous study conducted in a road tunnel with 608 

intense traffic located in São Paulo city (Alves et al., 2017). Tunnels present poor air 609 

circulation, high traffic, and high PM concentrations are expected. 610 

The 17β(H),21β(H) configurations are found in hopanes emitted by immature 611 

petroleum, 17β(H),21α(H) are moderately mature, and 17α(H),21β(H) are 612 

completely mature (Bost et al., 2001; Omar et al., 2001). In the tree sampling 613 

campaigns, the highest concentrations were observed for the 17α(H),21β(H) 614 

configuration, indicating that the same source that used completely mature 615 

petroleum was dominant in the region over the campaigns. Zakaria et al. (2000) 616 



29 
 

reported that a (C31–C32)/C30 ratio from 0.41 to 2.30 is linked to crude oil emissions. 617 

In this work, this ratio varied between 0.6 and 1.7 for all samples in the particulate 618 

and gaseous phases. 619 

 620 

Figure 3 – Average concentration of hopanes determined in this study between 2015 and 621 

2017. 622 

Another parameter adopted by previous studies is the C29αβ/C30αβ ratio, 623 

which indicates the origin of petroleum. In 2015 this ratio was 5.6, while for 2016 and 624 

2017, the values were lower (0.6 and 0.5, respectively) for PM samples. Han et al. 625 

(2015) documented values of C29αβ/C30αβ between 0.4 and 0.6 for vehicle 626 

exhausts. Ratios higher than 1 were previously described for residential and 627 

industrial coal burning (Boonyatumanond et al., 2007; Zakaria et al., 2000). 628 

Residential heating is rare in Brazil; the input from other different sources should be 629 

taken into account. 630 
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3.4. Pesticides 631 

 Eleven pesticides were determined in PM samples between 2015 and 2017. 632 

This analysis can highlight relevant information about the use and behavior of 633 

pesticides in the petrochemical area. Some compounds such as heptachlor, α and 634 

β endosulfan, classified as persistent organic pollutants (POP) (Stockholm 635 

Convention, 2017), were banned some years ago in Brazil (ANVISA, 2017), , 636 

sugesting atmospheric transport from other regions. Many of these POPs evaporate 637 

in hot climates, travel long distances through the atmosphere and settle in other 638 

receptor locations. Other compounds, such as diuron, atrazine, and permethrin, can 639 

give an indication of the frequency of use of these classes of compounds. Table 5 640 

shows the detection frequency, ranges, and average concentrations for each 641 

pesticide. 642 

 643 

Table 5 - Detection frequency and concentration range of the pesticides determined. 644 

 
Detection frequency 

(%) 
Concentration range (pg m-3) 

Pesticides 2015 2016 2017 2015 2016 2017 

Diuron 100 100 - <LQ - 65 <LQ - 61 - 

Atrazine 13 - 100 ND - 40 - <LQ - 52 

Heptachlor 87 67 100 <LD - 56 <LD - <LQ <LQ - 54 

Malathion 100 100 92 74 - 360 35 - 161 ND - 537 

Heptachlor 

epoxide 

- - 50 - - <LD - <LQ 
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Kresoxim 

methyl 

- - 8 - - 45 

Ethion - 7 83 - 25 <LD - 750 

β-endosulfan 93 73 67 ND - 62 ND - 53 ND - 534 

λ-cyhalothrin - - 17 - - ND - 84 

Permethrin I 93 40 100 ND - 464 ND - 67 35 - 518 

Permethrin II 93 40 100 ND - 536 ND - 81 25 - 625 

<LD: below limit of detection; <LQ: below limit of quantification; ND: not detected 645 

 The average concentrations of pesticides found across the sampling years 646 

are showen in Figure 4. Permethrin I and permethrin II were detected in all samples, 647 

showing similar concentrations in 2015 and 2017. These compounds are isomers 648 

and principal components of permethrin formulation, a well-known pesticide. This 649 

formulation is generally used for the control of domestic pests. Thus, it is frequently 650 

found in higher concentrations in urban areas. In recent years, Brazil has presented 651 

outbreaks of dengue, zika, chikungunya, and yellow fever. According to the 652 

Government of São Paulo State (2018), SPMR presented a growing number of 653 

cases of dengue (100,000 cases reported), which resulted in a massive application 654 

of insecticides composed by permethrin to mitigate the situation that could explain 655 

these high concentrations of the isomers in the area. 656 

 Malathion showed high detection frequency and concentration in samples, 657 

presenting mean concentrations of 165 pg m-3, 91 pg m-3, and 215 pg m-3 in 2015, 658 

2016, and 2017, respectively. This compound has been used for mosquito control, 659 
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such as permethrin. An increase in the applications of some insecticides to fight the 660 

vector was observed. 661 

 662 

Figure 4 - Average concentrations (pg m-3) of pesticides found in 2015, 2016 and 2017. 663 

Heptachlor and endosulfan were banned in the European Union, some years 664 

ago. Endosulfan is composed of α and β isomers and was banned in Brazil, in 2013. 665 

These compounds have low vapor pressures. For this reason, they are usually 666 

detected in the gaseous phase (Weber et al., 2010). α-Endosulfan was not detected 667 

in the collected samples. On the other hand, β-endosulfan was found with high 668 

frequencies. In 2017, this compound reached a maximum concentration of 116 pg 669 

m-3. 670 

 Heptachlor was used in Brazil for wood preservation until 2016 (ANVISA, 671 

2017). Generally, the presence of this compound is accompanied by heptachlor 672 

epoxide, one of its major degradation products (Secretary of Health of São Paulo 673 

State, 2003). Samples collected in 2015 showed the highest concentration of 674 
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heptachlor (56 pg m-3), while heptachlor epoxide was not detected in this campaign, 675 

suggesting a recent application of the precursor pesticide. In 2016, heptachlor and 676 

heptachlor epoxide were not detected in the samples. 677 

  In the 2017 campaign, when heptachlor was no longer being used, the 678 

lowest concentration was found (19 pg m-3), and differently from previous years, 679 

heptachlor epoxide was detected in 50% of the samples. However, it was below the 680 

quantification limit. The detection of heptachlor and heptachlor epoxide does not 681 

point to illegal use. In contrast, the concentrations of the degradation product have 682 

growth, whereas the heptachlor concentrations decreased over the years.  683 

 The Daily Inhalation Exposure (DIE) for infants, children, and adults was 684 

calculated to determine the risk of exposure through inhalation of concentrations 685 

found at the petrochemical site. There are no standard values to establish a safe 686 

limit of exposure. Still, it is possible to infer from these results the compound to which 687 

inhabitants in the study area are mostly exposed. 688 

 In 2015, the highest DIE values were related to malathion: 1 x 10-4 mg kg-689 

1day-1 for infants, 9 x 10-5 mg kg-1day-1 for children and 4 x 10-5 mg kg- 1day-1 for 690 

adults. These results are attributed to the high malathion concentrations found in the 691 

samples. In addition, considering the high vapor pressure of this compound (4 x 10-692 

5 mmHg at 25° C) (Sergi, 2019), malathion concentration in the gaseous phase can 693 

be much higher than those observed in PM samples. On the other hand, permethrin, 694 

which also showed similar concentrations to those of malathion, presented the 695 

lowest DIE values: 1 x 10-7 mg kg-1day-1 for infants, 8 x 10-8 mg kg-1day -1 for children 696 
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and 4 x 10-8 mg kg-1day-1 for adults. The vapor pressure of permethrin  (2 x 10-8 697 

mmHg at 25° C) (Toynton et al., 2009) indicates that its distribution is predominantly 698 

in the particulate phase. The gaseous phase contribution tends to be insignificant for 699 

permethrin. 700 

 Previous studies highlighted the harmful effects of malathion on human 701 

health, related to acute and chronic exposure, mutagenicity, as well as 702 

carcinogenicity. Moreover, the most critical tumors in humans are classified as non-703 

Hodgkin lymphomas, with a positive association with malathion exposure (Sergi, 704 

2019). Permethrin is considered a low toxicity compound for mammalian (Toynton 705 

et al., 2009). However, it is classified by EPA as likely to be carcinogenic for humans 706 

(US EPA, 2017). 707 

 In 2016, DIE values were lower than those observed in the previous year. 708 

The highest values for this campaign correspond to malathion, being 9 x 10-6 mg kg-709 

1day-1 for infants, 8 x 10-6 mg kg-1day-1 for children and 3 x 10-6 mg kg-1day-1 for 710 

adults. While lowest values correspond to ethion, 4 x 10-9 mg kg-1day-1 for infants, 3 711 

x 10-9 mg kg-1day-1 for children and 1 x 10-9 mg kg-1day-1 for adults. 712 

 In other cities, DIE associated with malathion showed lower results than 713 

those obtained in the present study: 5 x10-8 mg kg-1day-1 in Salvador, an urban town 714 

in northern Brazil with the influence of crop areas (Nascimento et al., 2018), and 6 x 715 

10-7 mg kg-1day-1 in Valencia, Spain, a region strongly influenced by agricultural 716 

activity (López et al., 2017). 717 
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In the 2017 samples, heptachlor presented the highest levels of DIE: 2 x 10-4 718 

mg kg-1 day-1 for infants, 1 x 10-4 mg kg-1day-1 for children and 6 x 10-5 mg kg-1day-1 719 

for adults. These results were higher than those reported for 2015 and 2016. The 720 

lowest DIE values were obtained for λ-cyhalothrin: 2 x 10-8 mg kg-1day-1 for infants, 721 

1 x 10-8 mg kg-1 day-1 for children and 6 x 10-9 mg kg-1day-1 for adults. 722 

The Hazard Quotient, HQAOEL, measures the daily inhalation value versus the 723 

highest amount of  chronic exposure to an operator (US EPA, 2009) during a labor 724 

day . According to the literature,  values higher than 1 indicate a risk to human health 725 

(Coscollà and Yusà, 2016). Comparing to results relating to the presented work, 726 

HQAOEL  was calculated for each campaign, even with a 24 hours of the sampling 727 

period. The highest value of HQAOEL in 2015 was for malathion (3 x 10-3 in infants) 728 

and the lowest for permethrin II (2 x 10-6 in infants). In 2016, lowest values were 729 

registered, ranging from 7 x 10-4 for β-endosulfan to 8 x 10-7 for permethrin I, both 730 

for infants. The highest values of HQAOEL in the three years were observed in 2017 731 

when the value for β-endosulfan reached 0.02 for infants. All the values found in this 732 

work are below 1.0, indicating that there is no significant risk to human health by 733 

inhalation exposure to these compounds. 734 

Cancer risk was calculated for pesticides. Table 6 shows the values obtained 735 

for infants for all campaigns. Pesticides classified by the EPA as “likely to be 736 

carcinogenic to humans” and “possibly carcinogen to humans” showed that high 737 

concentrations of these compounds increase cancer risk in the population (Table 5). 738 

The maximum acceptable value for cancer risk is 1x10-6 (Yusà et al., 2014).  739 

 Considering compounds classified as likely carcinogenic and possible 740 

carcinogenic, values above the recommended were observed for heptachlor. For 741 
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2015, the values were 1 x 10-5 in infants, 8 x 10-6 in children and 3 x 10-6 in adults, 742 

while in 2107, the values surpassed those of 2015, being 2 x 10-5, 1 x 10-5 and 6 x 743 

10-6 in infants, children, and adults, respectively. Malathion, a compound classified 744 

as “suggestive evidence of carcinogenicity, but not sufficient to assess human 745 

carcinogenic potential” (US EPA, 2017), presented in 2015 and 2017 similar results 746 

to those observed for heptachlor. The values for 2015 were 1 x 10-5 in infants, 9 x 747 

10-6 in children, and 4 x 10-6 in adults. Another compound that presented higher 748 

values in 2017 was β-endosulfan (5 x 10-6 in infants), but this compound is classified 749 

as “not likely to be carcinogenic to humans” (US EPA, 2017). Therefore, their 750 

concentrations should not influence the risk of cancer. An environment strongly 751 

impacted by vehicle emissions and near a large industrial park can be harmful to 752 

human health. 753 

 754 

Table 6 - Cancer classification and cancer risk for pesticides in 2015, 2016, and 2017. 755 

Pesticides    Classification*   2015  2016 2017 

Diuron Likely Carcinogenic 2x10-7 3x10-8 - 

Heptachlor Possible 1x10-5 - 2x10-5 

Malathion No Evidence 1x10-5 9x10-7 8x10-6 

Ethion Evidence - 5x10-9 4x10-7 

β-endosulfan Not Carcinogenic 2x10-7 1x10-7 5x10-6 

Atrazine Not Carcinogenic 2x10-8 - 4x10-8 

Kresoxim-methyl Likely Carcinogenic - - 1x10-8 
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 756 

 757 

 758 

*Not Carcinogenic (Not likely to be carcinogenic to humans), Likely Carcinogenic (Likely to be 759 

carcinogenic to humans), No Evidence (Suggestive evidence of carcinogenicity, but not sufficient to 760 

assess human carcinogenic potential), Evidence (Evidence of no carcinogenicity in humans), 761 

Possible (Possible human carcinogen), Not Classifiable (Not Classifiable as a Human Carcinogen). 762 

   763 

3.5. Mutagenicity  764 

The Salmonella/microsome test was used to investigate the mutagenicity of the 765 

PM collected in this urban-industrial area. After extraction, the extract mass obtained 766 

was as follows: 2361 µg from the filters collected in 2015 (TSP); 2253 µg from those 767 

collected in 2016 (TSP) and 1302 µg from those filters collected in 2017 (PM2.5). The 768 

selected strain was Salmonella Typhimurium TA98 that detects frameshift 769 

mutations. This strain was found to detect the majority of environmental mutagens 770 

(Maselli et al., 2019; Umbuzeiro et al., 2008). The tests were conducted in the 771 

presence and absence of metabolic activation in vitro, to verify the mutagenic 772 

potencies of compounds and/or their bioproducts (Maselli et al., 2019; Umbuzeiro et 773 

al., 2008).  774 

 Table 7 showed the number of revertants induced by the extracts of PM without 775 

S9 mix (-S9) and with S9 mix (+S9) in the present study and other cities, expressed 776 

in revertants per cubic meter. The organic extracts of TSP and PM2.5 showed 777 

λ-cyhalothrin Not Classifiable - - 8x10-9 

Permethrin I Likely Carcinogenic 1x10-7 1x10-8 2x10-7 

Permethrin II Likely Carcinogenic 2x10-7 1x10-8 2x10-7 
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mutagenic activity under test conditions. The strain TA98 of Salmonella Typhimurium 778 

in the presence of metabolic activation (+S9) responded more weakly than in the 779 

absence (-S9), demonstrating the presence of compounds capable of interacting 780 

directly on the genetic material. The occurrence of mutagenic compounds in air 781 

particles with direct action on the genetic material was widely demonstrated in urban 782 

samples collected in different cities, showing the contribution mainly of nitro-PAH 783 

and oxy-PAH (Feretti et al., 2019; Ishikawa et al., 2016). 784 

 785 

Table 7 - Mutagenic activity (rev m-3) for the sites analysed in this study and comparison with other 786 

sites that used Salmonella/microsome test in micro-suspension 787 

Site 
Salmonella Typhimurium (rev m-3) 

References 
TA98-S9 TA98+S9 

CAP2015 5.7 5.4 

This work CAP2016 5.5 4.7 

CAP2017 3.7 3.0 

São Paulo, Brazil 88 19 
(Umbuzeiro et al., 

2008) 

Rio de Janeiro, 

Brazil 
5.7 n.d. 

(Ramos De 

Rainho et al., 

2013) 

Brescia, Italy 1.2 1.4 
(Feretti et al., 

2019) 
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Limeira, Brazil 160.0 18.0 
(Maselli et al., 

2019) 

Zelzate, Belgium 17.0 15.5 
(Du Four et al., 

2005) 

n.d. = mutagenicity not detected under test conditions 788 

 In general, the highest mutagenic potencies were obtained in the absence 789 

of S9 (-S9) for the three campaigns. It means that polar fractions of the samples, 790 

which typically contain nitro compounds (e.g., nitro-PAH), were more mutagenic.  791 

These compounds have shown high mutagenic influences in the absence of S9 792 

(Umbuzeiro et al., 2014) than the less polar fraction, which contains unsubstituted 793 

PAH and are reactive with DNA only in the presence of S9. 794 

 Likewise, these results are in accordance with the chemical composition of 795 

the samples since the decreases of the mutagenic response observed in the 796 

presence of S9 for all campaings are a typical of PM with high concentrations of 797 

nitroaromatic compounds (Claxton et al., 2004), confirming the greater mutagenic 798 

activity observed in the assays without metabolic activation. Umbuzeiro and 799 

collaborators (2008 and 2014) demonstrated the high contribution of nitroaromatics 800 

to the total mutagenic activity registered with the TA98 strain of S. Typhimurium, 801 

reinforcing the inference of this study that nitro-PAH are important contributors to the 802 

mutagenicity detected in the analysed extracts. 803 

The samples collected in the three campaigns showed similar results to those 804 

of  urban sites with intense vehicular traffic, such as Rio de Janeiro, Brazil (Ramos 805 
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De Rainho et al., 2013). In contrast, the values were lower than those in samples 806 

collected in Limeira, city in the countryside of São Paulo, which was impacted by 807 

heavy traffic, industrial emissions, and biomass burning associated with ethanol 808 

production (Maselli et al., 2019) and São Paulo city (Table 7) (Umbuzeiro et al., 809 

2008), because, at that time, a massive aerosol contribution of sugarcane burning  810 

from rural cities reached the metropolitan area summing to vehicular and industrial 811 

emissions. According to the literature, the predictability of a compound being positive 812 

for the Salmonella/microsome test and also for a carcinogenicity test is 813 

approximately 90% (Zeiger, 2019). Another study, conducted in Zelzate, Belgium, 814 

showed higher results to the test with the absence of S9 (Table 3). This sampling 815 

site was located near a petrochemical factory in the Flanders region (Du Four et al., 816 

2005). 817 

 The tested PM samples demonstrated their ability to induce genetic 818 

damage. Both the TSP particles and the fine particles showed evidence for 819 

mutagenic activity. The detected effects were constant over time and did not show 820 

significant variability in relation to the different seasons. The emission sources did 821 

not change, whilst the profile of the pollutants showed interesting differences.   822 

 823 

4. Conclusion 824 

Atmospheric particulate matter collected in three campaigns in a site with 825 

strong anthropogenic influence was characterized. TSP samples collected in 2015 826 

presented the highest PM, OC and EC concentrations, and the wind roses indicating 827 
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strong contribution from roadway and traffic. The 2016 and 2017 samples, collected 828 

during winter, presented low PM values comparing to 2015 samples. Twenty-three 829 

percent of the fine particles samples (2017) presented PM concentrations above that 830 

recommended by WHO.  831 

The 2017 samples showed the highest total PAH concentration, including 832 

benzo(a)pyrene, as well as high levels of the pesticide ethion, the wind rose for this 833 

campaign showed that the sampling site was under the influence of prevailing winds 834 

blowing predominantly from the industrial area. The 2016 campaign presented the 835 

maximum for nitro and oxy-PAH total concentrations. 9-Fluorenone and 1-836 

nitropyrene, markers of diesel combustion, were detected in several samples.  837 

Regarding exposure risk for PAH (BaPEq and LCR) and nitro-PAH (BaPEq Nitro-838 

PAH and LCR), samples from the three campaigns presented much higher values 839 

than those showed in different sites, evidencing the hazardous to human health 840 

related to aerosol inhalation in this region. 841 

The predominance of homologues below C25 for the n-alkanes, low carbon 842 

preference indexes, and low percentage of biogenic compounds, stressed a major 843 

input from anthropogenic sources for these aliphatic compounds. The 844 

stereochemical configurations of hopanes suggest the same source over the years, 845 

in which the emissions were associated with completely mature petroleum. 846 

Compounds such as permethrin and malathion, also used in the control of domestic 847 

pests, presented the highest concentrations in all campaigns due to their extensive 848 

use in this area for mosquitoes’ control. 2017 was the year for which the highest 849 

values of daily inhalation exposure, hazard quotient, and cancer risk were obtained, 850 
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with malathion and heptachlor being the ones that contributed most to these results, 851 

suggesting that exposure to these compounds can be dangerous. 852 

The results of the Salmonella/microsome test in the absence of metabolic 853 

activation suggest that some compounds in the samples are directly mutagenic. 854 

Even though the remarkable contribution of petrochemical industries and oil 855 

refineries to air pollution worldwide, there is a lack of scientific knowledge about the 856 

potential adverse health effects for the population living in their neighborhood. 857 

Therefore, studies on the atmospheric chemical composition around a petrochemical 858 

complex can present a tremendous impact in an attempt to reduce the levels of air 859 

pollutants and, consequently, reduce the risks to human health. Thus, the present 860 

study contributed to this purpose, expanding the field understanding. 861 
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