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Abstract: This study presents the emission profiles of n-alkanes for different vehicular sources in
two Brazilian cities. Atmospheric particulate matter was collected in Sao Paulo (Southeast) and in
Salvador (Northeast) to determine n-alkanes. The sites were impacted by bus emissions and heavy
and light-duty vehicles. The objective of the present study is to attempt to differentiate the profile of
n-alkane emissions for particulate matter (PM) collected at different sites. PM concentrations ranged
between 73 and 488 g m 3, and the highest concentration corresponded to a tunnel for light and heavy
duty vehicles. At sites where diesel-fueled vehicles are dominant, the n-alkanes show a unimodal
distribution, which is different from the bimodal profile observed in the literature. Carbon preference
index values corresponded to anthropogenic sources for most of the sites, as expected, but Cpax
varied comparing to literature and a source signature was difficult to observe. The main sources to air
pollution were indicated by principal component analysis (PCA). For PCA, a receptor model often
used as an exploratory tool to identify the major sources of air pollutant emissions, the principal
factors were attributed to mixed sources and to bus emissions. Chromatograms of four specific
samples showed distinct profiles of unresolved complex mixtures (UCM), indicating different
contributions of contamination from petroleum or fossil fuel residues, which are unable to resolve by
gas chromatography. The UCM area seemed higher in samples collected at sites with the abundance
of heavy vehicles.

Keywords: atmospheric particulate matter; fossil fuel burning; n-alkanes; tunnel measurements;
principal component analysis

1. Introduction

The Brazilian fleet corresponds to about 50 million vehicles [1] and, since 2003, a new generation
of vehicles, known as flexible fuel vehicles, has been introduced in the country. Their flexible engines
are adapted to use gasohol (gasoline with anhydrous ethanol) as well as pure ethanol [2]. In addition,
diesel and biodiesel are also being used. The combustion of all these fuels leads to the rise of species
in both gaseous and particulate phases in the atmosphere and their composition has not yet been
elucidated in detail [3].

Particulate matter emitted by anthropogenic activities might cause many environmental problems,
including climate effects, and also impacts human health [4]. Among the compounds emitted by fossil fuel
burning, the organic fraction is predominant, and organic pollutants as r-alkanes are often present [5,6].

Despite the fact that aliphatic hydrocarbons do not present significant adverse effects on biological
systems, as polycyclic aromatic hydrocarbons and their nitro- and oxy-derivatives, their role in
atmospheric chemistry is important. Aliphatic hydrocarbons contribute to a significant portion of the
total organic fraction which is present in the atmospheric particulate matter, besides containing several

Atmosphere 2020, 11, 643; d0i:10.3390/atmos11060643 www.mdpi.com/journal/atmosphere


http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0002-8234-1129
http://dx.doi.org/10.3390/atmos11060643
http://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/2073-4433/11/6/643?type=check_update&version=3

Atmosphere 2020, 11, 643 2 of 19

important markers, which can provide important information about sources that may be acting at a
site [6,7]. Their homologous distribution may indicate different pollution sources [8].

Depending on the ambient temperature, aliphatic hydrocarbons in the particulate phase might
volatilize and increase in concentration in the gaseous phase. The initial reaction of the aliphatic
hydrocarbon in the atmosphere is generally with hydroxyl radicals, producing water and an alkyl
radical, via hydrogen abstraction. The reaction rates at room temperature are in the range between
—3 571, increasing with growth in chain size and structural complexity of
the aliphatic hydrocarbons [9,10]. Once formed, alkyl radicals are converted through reactions into
alkyl peroxy (ROO-) and alkoxy (RO-) radicals which, in sequence, will act as formation precursors of

10715 and 107! molecule cm

ozone, alkyl nitrates, and carbonyl compounds. These compounds can influence the vapor-to-particle
distribution [11]. The toxic effects of these photochemical oxidants are widely recognized in the
literature [12,13]. When it is inhaled, they produce reactive oxygen species, which may induce cellular
oxidative stress and consequently become the first step in the development of many diseases including
respiratory diseases such as asthma and cardiovascular problems [9,12].

Studies performed in smog chambers demonstrated that the organic fraction of aerosol-containing
nitro groups, produced when aliphatic and aromatic hydrocarbons are exposed to NOx and solar
radiation in the atmosphere, can be potentially mutagenic to organisms [14]. Considering that, the
atmospheric reactions occurring with some of the emitted compounds may significantly increase the
genotoxic potential of the ambient air particles [15].

Sicre et al. [16] suggested that n-alkanes emitted by higher plants are found predominantly in larger
particles and, on the other hand, those originating from anthropogenic sources, such as incomplete fuel
combustion, lubricating oil volatilization, tire debris and road dust [17-19], are major sources of fine
particles. Regarding origin and distribution, natural n-alkanes can be derived from biological sources
such as plant wax, soil, marine bacteria, phytoplankton, and biomass burning and often present an odd
carbon chain prevalence in relation to the odd/even distribution [7]. In urban areas the homologues
emitted by anthropogenic sources do not present a characteristic distribution. Therefore, the observed
n-alkane profiles can contribute to the identification of emission sources [20].

Sao Paulo and Salvador are big cities with approximately 12 million and 3 million inhabitants,
respectively [21], and have ongoing problems concerning air pollution. Local emissions are considered
as the major contributors of organic aerosols [22,23]. According to previous studies, Sao Paulo presented
a total concentration of 36 ng m~2 for n-alkanes [22], while Salvador showed an even higher value,
62 ng m~3 [23].

In an attempt to differentiate the emissions from different engines, measurements were undertaken
in three tunnels, in a bus station, in an urban area impacted mostly by heavy vehicles, and in a
truck parking depot. In this study n-alkanes in aerosols were identified and quantified; the samples
were collected in two different Brazilian states strongly affected by vehicular emissions in their most
populated cities, Sao Paulo and Salvador.

2. Experiments

2.1. Sampling Site Descriptions

Sampling was conducted in two cities located in two different Brazilian states. The first one was
Sao Paulo city (Southeastern Brazil, Figure 1) where five places were chosen: three tunnels, one road
site and one truck shipping corporation site. The first tunnel, Janio Quadros (JQT), is located in the
southwest area/region and is 1900 m long. The traffic is only permitted in one direction and the
movement of diesel-fueled vehicles is restricted. Thus, light vehicles are predominant at this site.
JQT presented intense traffic during weekdays. The second tunnel, Maria Maluf (MMT) is located
in the south area and is 800 m long, connecting with important highways. In MMT, the emission
varied between gasohol, ethanol and diesel vehicles [24]. The third tunnel, Rodoanel (ROD) is 1700 m
long. It is an important road for heavy-duty vehicles, especially heavy trucks transporting loads. It is
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a beltway with a radius of approximately 23 km from geographical center of the city downtown.
Sampling at the three sites was conducted as follows: at JQT in 2001 and 2011, at MMT in 2001, at ROD
in 2011.

The fourth sampling site in Sao Paulo is located inside the campus of the University of Sdo Paulo
(ARN) near city center, at the intersection of two roads with intense traffic of buses and cars during
weekdays. The samples at ARN were collected in 2012.

The fifth sampling in Sao Paulo was conducted at a truck shipping company (TRA) in 2015.
This site is used for mechanical repair and fuel supply for trucks. It is located in the North region of the
city, close to several important highways. As road transport is the most important way of trading goods
in Brazil, companies specialized in the transport of payloads predominantly use heavy trucks, which
are fueled with biodiesel (B5% = blend volume of 5% of pure biodiesel and 95% of diesel) and diesel.

The second city was Salvador, capital of the Bahia State (Northeastern Brazil, Figure 1). The sampling
was conducted at Lapa Bus Station (LAP), located in the downtown area (Figure 1), a region with heavy
commerce and service activities, in close proximity to several office buildings, stores and a big shopping
mall. Sampling was conducted at the underground level, where ventilation is very poor, thus impairing
air circulation. The site is impacted by emissions from buses of a fleet of about 510 vehicles operating at an
average frequency of 325 buses per hour and with a daily circulation of approximately 300,000 people.
The samplings were conducted in 2010 (LAP10) and in 2013 (LAP13).
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Figure 1. Map of Brazil showing the location of sampling sites in Salvador and Sao Paulo.

2.2. Aerosol Collection and Chemical Analysis

Before sampling, quartz fiber filters were pre-heated at 600 °C for 6 h. Samples were obtained
with a high-volume sampler at a flow rate of 1.13 m® min~!, collecting total suspended particles
(TSP) (Energgética, Brazil and Thermo Scientific, USA), PM;g or PM; 5 (Thermo Scientific, USA) on
quartz fibers.

In the tunnels of Sao Paulo, 15 samples were collected for a period of 6 h, during the day [2,24]
between 2001 and 2011. Owing to the expected high loads of PM inside the tunnels that could
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overcharge filters, sampling periods were shorter than at the other sites. At TRA and ARN, 11 samples
were collected during a 24-h sampling period. Fifty-two samples were collected in Salvador at the
Lapa Bus Station, for eight hours during the daytime in 2010 and 2013. After sampling, the filters were
kept at 4 °C in a refrigerator. Table 1 summarizes the size of particles, numbers of samples, sampling
durations, months and years for each campaign.

Table 1. City, particulate matter (PM) size, number of samples (N), sampling durations (in hours),
number of sampling days, and months and years for each sampling campaign.

Sampling

City Site PM Size N Duration (h) Days of Sampling Month Year
JQTO01 TSP 3 6 2 August 2001

MMT TSP 2 6 2 August 2001

- JQT11 PM; 5 6 6 3 May 2011
SaoPaulo  "pop PM, 5 4 6 2 July 2011
ARN PM,5 7 24 7 September 2013

TRA PM; 5 4 24 4 May 2015

LAP10 PMyg 27 8 9 April-May 2010

Salvador yap13  pmy, 25 8 8 October 2013

As the chemical analyzes were conducted in different periods by different research groups,
the methodology chosen for the samples from Sao Paulo and Salvador was not the same. However,
analytical parameters related to these methodologies have been published previously [22,23,25].
Furthermore, all samples were analyzed close to the collection period. Samples collected in Sao
Paulo were extracted by an ultrasonic bath (Q335D2, Quimis, Brazil) with 80mL of dichloromethane,
three times, and concentrated to 1 mL in a rotatory evaporator with N (Air Liquide) flux. A column
packed with silica and alumina was used to separate n-alkanes from the other organic compounds [26].
The eluent used to obtain n-alkanes was n-hexane.

Gas chromatography coupled with a mass spectrometry (GC-MS) analyzer (GC-7820A/MS-5975,
Agilent, Palo Alto, CA, USA) was used to identify the compounds, with helium as the carrier gas.
The chromatographic conditions were: 60 °C for 1 min, up to 150 °C for 6 °C min~!; next to 280 °C
at 5 °C min~!, holding for 15 min. The splitless mode was used to make the injections (1 uL) and the
injector temperature was set to 300 °C. The standard used for the calibration curve was purchased
from Sigma-Aldrich (C;—Cyg alkanes standard).

For samples collected in Salvador, the extraction method of the n-alkanes from the filters was based
on the work of Pereira et al. [3]. Briefly, samples from atmospheric particulate matter were placed in
amber glass vials and 5 mL of a dichloromethane/methanol (1:1 v/v) mixture was added. The vials were
then closed and placed into an ultrasonic bath for 10 min. After that, each sample was filtered through
a 0.45 pm polytetrafluoroethylene membrane (PTFE); 500 pL aliquot was dried in a gentle nitrogen
stream. The dry extract was completed with 50 pL of dichloromethane, for the subsequent GC-MS
analysis. The quantification was based on external standard calibration curves using stock solution of
500 mg L~! C19—Cy9 mixture of n-alkanes (AccuStandard, New Haven, CT, USA). The analyses were
performed with a GC-MS system (Varian 431/200, Walnut Creek, CA, USA) with an auto sampler
(Varian CP-8410, Palo Alto, CA, USA). The column used was BPX5 MS (30 m X 0.25 mm ID X 0.25 um;
5% phenyl/95% polydimethylsiloxane) with helium as the carrier gas at a 1 mL min~! flow rate.
The oven temperature program was: 60 °C for 1 min; increased up to 90 °C at 4 °C min~?; up to
140 °C at 12 °C min™%; up to 180 °C at9 °C min~1; and up to 330 °C at 6 °C min~?, remaining at this
temperature for 6 min and finishing with a total run time of 48 min. Injections (1 pL) were made in the
splitless mode and the injector temperature was set at 300 °C. Recovery tests were conducted in both
experiments, the values ranging between 80% and 98%.
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2.3. Data Analysis

Information on the source index used in this study for data analyses are described hereafter.
The carbon preferential index (CPI) is a diagnostic tool that represents a relation of proportionality
between alkanes with odd and even carbon chains (Equation (1)) [7]. While the contribution of
petrogenic sources leads to CPI values close to 1, values greater than 3 are indicative of contributions
from biogenic sources [6,27].

CPI =Y Codd + ) Ceven 6))

Two CPI parameters were adopted in the present study to discriminate between petrogenic and
biogenic influences, and they include [28]:
Whole range of n-alkanes (Equation (2)):

29 30
CPL =) G+ ) G @)
i=17 k=16
Petrogenic n-alkanes (Equation (3)):
25 24
CPL =) G+ ) G ®)
i=17 k=16

Another parameter that can be used to indicate the source is called average chain length (ACL),
especially for lipid components produced by plants. ACL is calculated as a mean number of carbon
atoms per molecule based on the abundance of odd high homologs (C, > Cp3, Equation (4)) [27]:

ACL = (n X [Co] + (n +2) X [Crip] + ... + (0 + M) X ([CosmD/Cnl + [Crs2] + ... +[Coam])  (4)

The percentage of petrogenic n-alkanes (%PNA, Equation (5)) was deduced from the percentage
of WNA (wax n-alkanes), which is used to estimate the biogenic contribution of wax n-alkanes and was
calculated by subtracting the concentration of next higher and lower even carbon-numbered homologs
from the average (Equation (6)) [5,28]:

%PNA =100 — %WNA (5)

L[Ch = (Cpy1 4+ Cyo1) /2]
Z Ctotal

The equation derived for computing the ratio of homolog concentrations is called odd-to-even
predominance (OEP). It has been adopted as a tool to confirm CPI values, but OEP is calculated for each
individual n-alkane, while CPI is calculated for the whole range. Thereby, mathematical improvements
have made it possible for OEP to eliminate the limitations found in CPI, as previous studies have
reported [29]. This parameter can bring more realistic information about the sources than CPI [30].
The OEP ratios were calculated according to Equation (7). Kavouras et al. [31] suggested adopting the
range between Cy4 and Cs4 for this calculation.

%WNA = x 100 (6)

Cn_z + 6 X Cn + C'rl+2 (_1)(n—1)

EP =
© 4xCyuq1+4%xCyyq

@)
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3. Results and Discussion

3.1. Particulate Matter and n-Alkane Concentrations in the Tunnels and at the Truck Depot

Table 2 shows minima, maxima and mean concentrations, standard deviations and sampling
numbers for all sites. The samples collected in 2001 at JQT and MMT presented mean concentrations of
TSP of 488 and 253 pg m~2 (Table 2), respectively. The truck traffic was allowed in this area and the fleet
was constituted by a mixed of gasohol, ethanol and diesel fueled vehicles until 2008 [1]. At this time,
flex vehicles were not circulating and biodiesel was not added to the diesel; this addition is often related
to better fuel burning and smaller emissions of particulate matter [32,33]. The limits defined in the
Brazilian Atmospheric Standards for TSP are related to 24 h of exposure, however, even with sampling
time below 24 h, the average concentrations in both tunnels was higher than the limit of 240 g m=3
established in Brazil. A large difference in traffic characteristics between the tunnels MMT and JQTO01
was observed. An intense traffic of heavy-duty vehicles (HDV) occurred in MMT during the afternoon
and light-duty vehicles (LDV) circulation was constant during the morning and afternoon. In the JQT,
the LDV were predominant and the vehicle density increased from morning to afternoon [34].

In JQT11, where LDV were predominant, the PM; 5 mean concentration was over 52 ug m~3,
and at ROD, where the particulate sources are LDV and HDV, the mean concentration was over
233 pg m~2 (Table 2). ROD is approximately 23 km from Sao Paulo’s city downtown and it is an
important route for HDV that circulate with diesel and biodiesel, especially for trucks transporting
shipments to the entire state. Besides that, these values are comparable to the Standard establish by the
Sao Paulo Environmental Agency, CETESB, for 24 h of exposure (60 pg m~23) [35]. JTQ11 had a mean
value below the legislation value. On the other hand, ROD presented a mean concentration almost
four times higher than the CETESB standard.

Comparing the results obtained in Sdo Paulo tunnels with other studies, the values obtained in the
JQT11 and ROD were lower than the concentration found in a tunnel in Lisbon (Portugal) characterized
by the predominance of gasoline vehicles (58%) followed by diesel cars (42%). The PM, 5 concentrations
ranged from 450 to 1061 pg m~2 in October 2008 [36]. For PM;, samples collected in Shanghai, China
at a road tunnel with intense traffic of gasoline-powered vehicles (91-98%), between October 2011 and
May 2012, the mean concentration was 670 pg m~2 [37], much higher than the values obtained in the
tunnel samples in the present study.

The TSP concentration at JQT for the samples collected in 2001 was 488 pg m~> (JQTO01) and for
those collected 10 years later at the same site (JQT11), the PM, 5 mean concentration was over 52 pug m3,
The restriction of truck circulation, implemented in 2008 by local government, might have influenced
this PM reduction [1], since HDV are known to significantly contribute to the PM emissions [38].

The mean concentrations of the homologues found in the tunnel samples in 2001 (JQT01) were over
767 ng m~2 and even much higher 1680 ng m3 (Figure 2) at MMT. The Cpax, carbon number of the most
abundant n-alkane [39], was Cy1 for JQTO01 and Cy4 for MMT. According to the literature, this parameter
can be used for a relative source input [28,39]. Cpax lower than Cys is characteristic of anthropogenic
emissions, more specifically by fossil fuel burnings [6,40]. Simoneit et al. [40], reports n-alkanes emitted
by diesel vehicles and auto engine exhausts (species not burned) maximizing at C;—Cp3. Among the
sites impacted by diesel burning emissions (ARN, TRA, JQT, LAP, MMT, and ROD), only JQT and MMT
presented Cpax (Table 3) similar to that reported for areas impacted by diesel burning [40].

For the samples collected at tunnels 10 years later, JQT11 (PM;5) presented an n-alkane mean
concentration higher (1670 ng m~3) than ROD (1276 ng m~3) (Figure 2). This value was higher than
obtained at JQTO1 (767 ng m~3) 10 years before. In 2011, JQT11 registered 1806 vehicles/hour, while ROD
recorded 1152 vehicles/hour [2].

Comparing tunnel results with strong contributions from heavy duty-vehicles, ROD (1276 ng m~3)
presented a smaller n-alkane mean concentration than MMT (1680 ng m~3), probably due to a smaller
number of vehicles, because according to Vasconcellos et al. [41], the traffic volume in MMT was
2917 vehicles/hour.
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The TRA site is a place where a truck company offers maintenance services and is an open area
used for parking, located in an industrial neighborhood of Sao Paulo. This site presented PM, 5 average
concentrations of 92 p1g m~3 almost four times higher than the value recommended by World Health
Organization for PM;5 (25 ug m~3) [42] and higher than the standard established for Sao Paulo State [35].
The total n-alkane mean concentration at TRA was 90 ng m~>. These samples showed a predominant
distribution between Cpq and Csy. The Cpax was Cpg, showing the influence from engine exhausts
(lubricating oil emissions) in addition to the fossil fuel burning [7].

3.2. Particulate Matter and n-Alkanes Concentration in Bus Station (LAP) and Bus Corridor (ARN)

The PM;, concentrations at the LAP13 bus station (Table 2), were lower than those found three
years before (LAP10), considering either the weekday or the day period of sampling. The average
concentrations in the morning, afternoon and night for 2010 samples were 162, 171 and 85 pg m3,
while for samples collected three years later (2013) the values were 91, 127 and 56 j1g m~3, respectively.
These results are consistent with previous studies at the same site by Pereira et al. [43] in 2005
(123 pg m=3; 140 ug m =2 and 63 ug m~2), confirming that in 2010 the concentrations were higher than
in 2005. This can be explained partly by an increase in the bus fleet; while in 2005 an average of
482 vehicles circulated daily in the bus station, in 2010 this number increased to 519 vehicles. In addition,
there were changes in station architecture after 2005, when the air exhaust system was removed for
repair, resulting in a lessening of air circulation through the station. The decrease in concentration in
2013 was probably due to new arrangements in the station; after 2012, a new bus platform was added,
providing air circulation at the underground floor. Other factors could be associated with this, such as
fleet renewal and improvement of fuel quality (diesel) [43].

Table 3 and Figure 2 presented the n-alkane distributions for all sites studied. The Cpax, the most
abundant species, was Cz; for LAP10 and Cy9 for LAP13, which can be related to biogenic contributions [5].
For these samples, it was possible to identify and quantify the homologous series that was distributed
between the Cj4 and Cs3. It was observed that the average concentrations did not differ significantly
between the two sampling years (1.5-14 ng m~ and 1.3-17 ng m~2 in 2010 and 2013, respectively).
In addition, there was a greater contribution of n-alkanes of high molecular mass (Cp4 to C33). In the same
place, a previous analysis by Pereira et al. (2007) with samples collected in 1998 showed concentrations
of total n-alkanes ranging between 300 and 580 ng m~3, values above those found in 2010 (range:
72-210 ng m~3) and 2013 (range: 105-202 ng m~3).
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The total concentrations of n-alkanes found in this study for LAP10 (160 ng m~>) and LAP13
(180 ng m~3), are comparable with values obtained in other studies, which reported concentrations
of samples collected in roadway regions and in urban areas, as by Omar et al. [6] (Kuala Lumpur,
Malaysian, 103 ng m~2), Wang et al. [44] (Beijing, 137 ng m~3) and Vasconcellos et al. [45] (Sdo Paulo,
106 ng m=3).

The ARN site, an important road close to Sao Paulo’s main avenues, receives a strong influence
of bus and car emissions; besides there are many public hospitals around this area. The mean PM; 5
concentration at ARN was 79 ug m~>, this value is also three times higher than that recommended for
24 h of exposure by the World Health Organization (WHO) [4]. Regarding n-alkanes at ARN, the total
concentration was 201 ng m~>,and a predominance of species ranging from Cy4 to Cy9 was observed;
the Cinax was Cyg, which indicates the contribution of mixed sources [40].

Table 2. Means, minima, maxima and standard deviation for PM mass concentrations (ug m?) of
samples collected at each site.

Site Mean Min Max SD
LAP10 ** 141 82 171 37.0
LAP13 ** 91 56 127 29.0

JQTO1 *** 488 419 571 62.1
MMT *** 253 199 308 445

JQT11* 52 49 59 42
ROD * 233 202 282 329
TRA * 92 46 145 40.5
ARN * 79 44 124 32.7

* PM, 5 mass concentration; ** PM7y mass concentration; *** TSP; SD: Standard Deviation.

3.3. Species Contribution

Four chromatograms were chosen to illustrate the difference in profiles according to the site
variations (JQT11, ROD, ARN, TRA—Figure 3). The hump areas shown in two chromatograms are
chracterized as unresolved complex mixtures (UCM), a term used as one indicator of petroleum or
fossil fuel-burning contamination, which represents the area of compounds unable to be resolved by
simple gas chromatography. The combination of the two-dimensional gas chromatography technique
coupled to time-of-flight mass-spectrometry (GC-TOF/MS) has been reported as a solution to resolve
and identify these hydrocarbons individually [46].

Many studies presented similar humps characterized by petroleum contributions in different
environmental matrices, such as sediments, rivers, and road dust [20,46]. The hydrocarbons that
originate in the UCM hump are predominantly products of biodegraded crude oil and refined fractions,
such as lubricating oils. Booth et al. [46] have shown that most of the compounds contained in the UCM
area were derived from cyclic hydrocarbons such as alkylbenzenes and tetralins that are potentially
toxic to humans.

Comparing the four chromatograms, ROD and JQT exhibited similar distributions and negligible
unresolved complex mixture areas while the chromatograms regarding ARN and TRA, two open areas,
contain large UCM areas (Figure 3). ARN and TRA showed higher contributions of heavy molecular
weight hydrocarbons unresolved by gas chromatography than ROD and JQT.

Another calculation adopted by previous studies [27] is the ratio between the unresolved area
of chromatogram to the total resolved area. This ratio describes the degree of contamination by
hydrocarbons emitted by heavy fraction of petroleum [36]. ROD and JQT presented ratios equal to
1.7 and 1.6, while ARN and TRA obtained values of 17 and 5, respectively. With these values, it is
possible to infer that ARN and TRA sites have different sources of pollution that can contribute
significantly to this unresolved mixture.
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Figure 3. Chromatograms of four different sites (ROD, JQT, ARN and TRA) analyzed by gas
chromatography coupled to flame ionization detection (GC-FID).

A large bus corridor is surrounded by five important hospitals at ARN. The municipal legislation
requires hospitals to have their own power generator [47] which uses fossil fuels to produce energy.
These emissions can add particulate matter containing organic compounds.

At the TRA site, an industrial neighborhood where most of the commercial buildings are for
transportation but chemical and plastic industries are also present as well as one of the largest Brazilian
airports that is over 4 km away from the sampling site. Masiol and Harrison [48] reported that jet
fuel burning emits normal paraffin, iso-paraffin, cycloparaffin, aromatic and alkene classes. The PM
emitted by these sources may contain species impacting the atmosphere and air quality.

There are different n-alkane ranges that can be selected to calculate the carbon preference index (CPI),
which can show the biogenic versus anthropogenic predominance or petrogenic contribution [49,50].
Considering the CPI; (Table 3), which indicates the impact of biogenic and anthropogenic sources [49],
all the sites demonstrate a strong influence of anthropogenic sources, since the values are close to 1.
These results are similar with the CPl; (mean = 1.3) obtained during the winter in 2005 for PM; 5
collected at the Chinese megacity Nanjing, at a typical urban site [51].

The CPI, shows the contribution of petrogenic hydrocarbons [49]. According to the literature, the
smaller values represent a higher contribution of anthropogenic activities [52]. In this study, the smaller
values were for JQT11 (mean = 0.3) and ROD (mean = 0.4), indicating again, the high impact of
petrogenic emissions.

Table 3 also shows average chain lengths (ACL) at all sites, according to calculation previous presented
in Section 2.3 Data Analysis. ACL is a source index relative to lipids, for n-alkanes. The ACL values ranged
from 26 (MMT) to 29 (JQT11). According to previous studies, in tropical climates, ACL values between
Cpy and Cyg were indicative of mixed source contributions [28,53]. Additionally, ACL is a parameter that
can be used as an ambient temperature indicator, by the fact that higher values were observed during
warm seasons and lower values in cold periods [54]. However, this parameter must be used sparingly,
since cloistered places may show different behavior. The samples collected during the warm season were
from LAP13 and ARN site, the other samplings were conducted during cold season.
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Table 3. Carbon preference index (CPI), average chain length (ACL) values and Cax for the n-alkanes
at all sites.

Site CPI; CPI, ACL  %PNA  Cmax
LAP10 1.1 12 27 97 Cs
LAP13 0.9 1.1 28 97 Cao
JQTO1 13 1.2 28 75 Cx
MMT 1.0 1.0 26 9% Cos
JQT11 0.2 0.3 29 99 Cso

ROD 0.2 0.4 28 99 Cso
ARN 1.1 12 28 93 Cae

TRA 0.9 14 28 97 Cso

The percentage of petrogenic n-alkanes (%PNA) falls between 75% (JQT01) and 99% (ROD).
Comparing JQT results obtained in the 2001 and 2011 samples, the %PNA was lower in 2001 (75%)
than in 2011 (99%). This difference could be attributed to the increase in the number of vehicles in
the city over time. In 2001, there were over 4 million vehicles running in Sao Paulo, while by 2011 the
number increased to 7 million [1], representing an increase of 78%.

It is worth noting that, while the CPI values and Cnax (Table 3) point to the prevalence of
petrogenic sources (LAP10, MMT, JQT11, ROD, ARN, TRA), other sources may have minor roles,
such as emissions from activities around the sites, parks (JQT), food commerce (LAP, ARN) and
industries (ROD and TRA).

The OEP ratio is an odd-to-even calculation, which is a measure of the local odd-even ratio [29].
It is a useful tool that can provide information about the variety of sources of n-alkanes [55]. The OEP
measure was established to eliminate mathematical limitations found in the CPI ratio, as mentioned
before in Section 2.3. Data analysis. Although the CPIratio is the most popular calculation for n-alkanes,
high oscillations in the concentration observed for odd/even carbon could appear and the errors
of this parameter can increase as the number of carbon chains decreases [56]. In an attempt to use
distinguishing running ratios for correlation determinations, the OEP function was established to
avoid these fluctuations.

In previous studies, OEP values were plotted against carbon chain length to make the OEP curves.
Tunnels sites (JQT01, JQT11, and ROD) showed a similar flat profile, with the largest variation values
(ranging from 0.3 to 2.9), and the highest values were below Cys5 (Figure 4), which provides evidence
for the predominance of the anthropogenic contribution [19]. The other sites (MMT, TRA, ARN, LAP10,
and LAP13) also presented a shape of OEP curves similar to those for urban sites (Figure 4) reported
by previous literature studies conducted at sites highly impacted by vehicular emissions [30,55].
Despite this, the range of values was smaller (between 0.1 and 1.6) than the three tunnel samplings,
which may indicate one major source for each site [56].

Figure 5 shows the ratio between individual n-alkane concentrations and the sum of n-alkanes for
each tunnel ranging from Cyg to C3; in an attempt to evaluate the specific contribution of each compound
to the total concentration. It was expected that n-alkanes below Cy5 showed higher contributions
relating to the sum of concentrations than the compounds above Cys, since the first range (<Cps) is
attributed to anthropogenic sources, which is dominant inside tunnels [5,18]. It was observed that
the percentage of even homologs from Cy to C3p was similar to those of the JQT11 and ROD tunnels.
In fact, JQT11 prioritizes LDV during the peak period, prohibiting HDV during this period [56]. For the
samples collected 10 years before, MMT and JQTO1, at a time when Brazilian legislation allowed HDV
circulation at both sites, n-alkanes lower than Cy5 were predominant in these locations, indicating a
high contribution of diesel burning [19].
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Figure 4. Odd-to-even predominance (OEP) curve of the homologues series of n-alkanes.

Since 2008, the percentage of alcohol in Brazilian fuels has increased to 25% [32]. Pacheco and
collaborators [57] reported that the addition of ethanol to gasoline may increase the emissions of
aldehydes, acetic acid and unburned alcohol, negatively affecting the air quality. For the samples
collected at JQT in 2001, Cp1, Cp4 and Cpy were the most abundant homologs as opposed the samples
collected in 2011, where Cpg, Cpg and Cag presented the highest concentrations. The change in Brazilian
fuels between these years resulted in reducing PM concentrations in the urban areas, but the non-exhaust
vehicular emissions such as tire, brake, and road surface wear increased [58], which can be attributed
to different profiles observed for JQT01 and JQT11 (Figure 5).
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Figure 5. Ratio of n-alkanes and sum of total n-alkanes concentrations for the tunnels studied.

The homologous distributions presented for the samples collected in tunnels with the predominance
of diesel-burning emission, presented distinct shapes. The results show that for MMT samples from
2001, Cpp, Cp3 and Cyy were the most abundant homologs, whereas for ROD collected in 2011 the most
abundant were Cpg, Cpg and Csy, showing different contributions.

According to the literature, the most abundant n-alkane can be used with respect to the relative
source input. Cmax lower than Cys is characteristic of anthropogenic emissions, more specifically by
fossil fuel burnings [6,40]. The present study shows different profiles from the studies conducted in
other countries; it may be due to the large variety of fuels burned in the Brazilian fleet (Crax varied from
Cp1 to Cgp). Besides the fuels commonly used in other countries, in 2004, a governmental program was
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implemented in Brazil and biofuels were added to diesel [59]. It is expected that this implementation
will change the species contribution.

3.4. Statistical Correlations

Pearson’s correlations were also calculated using the n-alkanes concentrations. The results showed
that samples collected at sites with the influence of biodiesel burnt in buses (LAP10, LAP13 and ARN),
were strongly correlated with the homologues ranging from Cy; to C3; (R = 0.62-0.99). For samples
collected at the ROD and TRA sites where the trucks are fueled with biodiesel, the correlations were
also stronger, from Cj5 to C3; (R = 0.57-0.99).

On the other hand, low correlations were found for JTQ samples collected during different years.
The prohibition of HDV traffic in this tunnel after 2008 may have affected the n-alkanes distribution.
Results from both tunnels with similar characteristics (ROD and MMT) presented high correlations
(R =0.54-0.99) between Cy5 and Cos.

Rogge et al. [18] reported that the profile of n-alkanes emitted by fossil fuel burning presented a
bimodal distribution with higher emission rates between Cpy and Cyp and Cy4 and Cy;. LAP10 and LAP13
showed a bimodal distribution between C19 and Cy1 and from Cy4 to Cpg. In general, the samples collected
at tunnels (TJQ, MMT and ROD) presented a unimodal distribution with even carbon n-alkanes higher
than odd carbon n-alkanes. The TRA and ARN samples exhibited a unimodal profile from Cyj to Cpg.
At a site with a predominant emission of fossil fuel, an increase of lower molecular weight n-alkanes
(£Cyp) reflects the presence of fossil fuel burning [40].

Hierarchical cluster analysis (HCA) is an unsupervised agglomerative technique that examines
inter-point distances between all samples in the data set and represents this information in the form of
a two-dimensional graph, the dendrogram. Through the dendrogram, it is possible to visualize the
groupings and similarity between the samples and/or variables. Figure 6 outlines grouping tendencies
of n-alkanes that showed high connections for all sites. In this way, three groups of n-alkanes with
good correlation were observed, they are: (1) Cy7, C1g, C19 and Cyy; (2) Caz, Ca3, Cas, Cay, Cp9, C31, Cap,
Cs3 and Cz4 and lastly (3) Cy4, Cag and Csp.
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Figure 6. Cluster analysis for all sampling sites.

According to a previous study, 95% of n-alkanes emitted by diesel burning have carbon numbers
less than Cy9 [18]. By comparison, group 1 might be associated mostly with diesel burning.
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Group 2 contains more compounds than the other groups, which is consistent with results obtained
previously by Pearson correlation, where compounds from Cy; to C3; showed great associations.
Similar results were obtained by independent mathematical methods. This group can be attributed
mainly to anthropogenic emissions since the biogenic contribution tends to be small at all sites.
According to a previous study, plant wax concentrations were attributed to high-molecular-weight
n-alkanes (from Cp4 to C35) [59]; however, the waxes of n-alkanes are presented in the rubber material
which produces tires, as antiozonants, to protect it from ozone attack [18]. Therefore, compounds
grouped in this cluster with long carbon chains (Cyg, C31, C3p, C33) can be attributed mostly to tire
wear particles generated during the rolling shear of the tire tread against the road surface.

The third group contained three even n-alkanes which can be attributed to different sources,
since these even compounds have carbon long chains that can be emitted by a source mixture with
anthropogenic and biogenic contribution.

3.5. Principal Component Analysis (PCA)

PCA is a useful tool for understanding emission sources. To define the principal sources of
n-alkanes, enrichment factors associated with aerosols sources were calculated for all sites. Due to a
large range of concentrations, PCA was calculated in two ways: one for large value concentrations
(JQT01, MMT, JQT11 and ROD) and the other for small-value concentrations (LAP10, LAP13, ARN and
TRA). Table A1l (Appendix A) shows the scores of the two principal components for large and small
values. Principal component 1 accounts for 56% of the total data variance, while the principal component
2 explained 32% for the data with large values. In contrast, for small values, PC1 corresponded to 80%
and PC2 to 10%.

For large-value concentrations (JQT01, MMT, JQT11 and ROD), most of n-alkanes were explained
by factor 1 (Figure 7a). This factor ranged from Cig to Cyg, (except to Cy4 and Cyg). The range from
C19—Cys is often attributed to fossil fuel emissions, as this carbon range is predominant in anthropogenic
activities [60]. Rogge et al. [18] showed that vehicular tires have higher n-alkanes in their compositions,
revealing different compositions with additional pyrolysis products. Therefore, this factor presents
mixed sources.

It seems that the samples collected at JQT11 (Figure 7a) presented a higher contribution to factor 2,
due to the predominance of even n-alkanes (Cyg, Ca6, Cag and Czp). As described earlier, this tunnel is
characterized by light-duty vehicles.

To permit easier graphical visualization, the following nomenclatures were adopted: JQTO01 as
TQ, MMT as MM, JQ is JQT11 and RD is ROD (Figure 7a).
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Figure 7. Score graphs of the two principal components for each site with (a) large concentrations and
(b) small concentrations.
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For the sites with lower concentration values of n-alkanes (LAP10, LAP13, ARN and TRA) factor 1
was attributed predominantly to buses emissions (combustion of diesel plus biodiesel) since this cluster
is well correlated (Figure 7b). On the other hand, for TRA samples, different sources besides truck
emissions, such as industrial emissions, as expected, can impact this site. Factor 2 with n-alkanes
(Cpo and Cyq) well correlated can be attributed to unknown sources.

4. Conclusions

The present study reports particulate matter and n-alkane concentrations at different sites impacted
by vehicular emission in Brazil. Regarding PM size and concentrations, samples collected at tunnels
in 2001 presented higher levels since TSP samples were collected; the addition of biodiesel was
implemented years later. The massive difference between the samples collected at JQT in 2001 and 2011
was attributed to PM size and, especially, to the restriction of truck circulation implemented in 2008
by the local government of Sao Paulo city. The bus station in Salvador (LAP) presented a decrease in
PM concentration between 2010 and 2013 probably due to a change in the station’s architecture which
provided better air circulation at the site.

Despite the fact that PM concentration has decreased in smaller aerosol fractions, the n-alkanes
concentrations increased, highlighting the predominance of organic compounds in the fine PM
fraction. The n-alkane concentrations were characterized mostly by anthropogenic emissions at all sites,
as expected for areas strongly impacted by vehicular emissions. The chromatographic profiles were
different for samples collected at tunnels that showed a low contribution of an unresolved complex
mixture when compared to the samples collected at urban sites (ARN and TRA). This difference can be
attributed to other possible PM local sources, such as power generators and industries.

The CPI values suggest the prevalence of petrogenic sources at LAP10, MMT, JQT11, ROD, ARN
and TRA. The OEP values were typical of urban areas and the profiles were similar in spite of different
site characteristics. Among the sites, Cax varied from Cpq to Csp, showing the complexity of emissions
of different fuels.

Pearson’s correlations indicated the different site characteristics. The sites affected by buses
emissions (LAP10, LAP13 and ARN) were strongly correlated; also well correlated were the samples
collected in the ROD and in TRA, impacted by diesel emissions. JTQ01 and JQT11 samples presented
poor correlations, probably due to truck restriction after 2008.

PCAs were calculated in two ways: for large and small concentrations. In sites with large
values, most of n-alkanes were explained by factor 1, attributed to mixed sources (vehicular and tires
emissions), whereas factor 2 was more affected by light-duty vehicles emissions. PCA for small values
were attributed to bus emissions (factor 1) and for unknown sources (factor 2).

The use of alternative fuels such as those used in the Brazilian fleet can lead to cleaner
emissions, but this should be further studied. It would be interesting if the legislation were more rigid,
recommending lower concentrations of particulate material, consequently reducing the concentrations
of many pollutants.
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Appendix A

Table A1. Factors of principal components analysis.

Large Values Small Values

PC1 PC2 PC1 PC2
Cyy - - Ciy -0.931 -
Cis 0.472 0.781 Cis -0.931 -
Cyo 0.757 0.444 Cyo —0.864 0.324
Cyo 0.761 0.481 Cyo -0.672 0.716
Cyy 0.870 —0.394 Co1 —0.545 0.768
Cop 0.964 - Cxp —-0.892 -
Cos 0.968 - Cos -0.923 -
Cos 0.952 - Cos -0.926 -
Cos 0.964 - Cos —-0.873 -0.303
Coe - 0.961 C26 -0.970 -
Cyy 0.976 - Cyy -0.984 -
Cos - 0.967 Cos —0.984 -
Cao 0.913 - Cag -0.980 -
Cao -0.328 0.925 Cso -0.910 -
Cs - 0.634 Cs; —0.966 -

Values lower than 0.250 in module are omitted; values higher than 0.700 in module are in bold.
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