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During the period from June 2012 to June 2013, the concentrations and chemical composition
of PM,; and PM, ; , (particulate matter with a diameter of 2.5 um or less and between 2.5 and
10 pum, respectively) were monitored at four sampling points in the Rio de Janeiro metropolitan
area, and two of the points were in close proximity to the 2016 Olympic Games facilities with a
total of 122 samples at each sampling point. At all four sampling stations, the annual mean value
of PM,, was above the World Health Organization (WHO) air quality guideline, although frequent
violations of the 24 h guideline were observed at only two of the points, Duque de Caxias and
Taquara. On the other hand, PM, 5 concentrations at the four sampling points met both the annual
and 24 h WHO PM, ; air quality guidelines. The vehicular contribution to PM, 5 ranged from 48
to 70%, with a mean value of 59 + 9%. Considering that the Brazilian market already has fuel
quality that is comparable to international standards (gasoline S50 and diesel S10), further air
quality improvements are expected with investments in a public transport network, urban mobility
programs and fleet renewal, which are considered a legacy of the 2016 Olympic Games.

Keywords: air pollution, aerosol, 2016 Olympic Games, Rio de Janeiro, source apportionment

Introduction

After the 2008 Beijing Olympic Games, several
restrictions to vehicular traffic and industrial activity were
imposed due to poor air quality. Regional air quality was one
of the local organization’s priorities and a compromise with
the International Olympic Committee, as fine particulates
and ozone were two parameters of concern due to their
relationship with respiratory diseases.!” Several studies
have shown that these restrictions had a limited effect
on air quality during the 2008 Olympic Games because
other factors, such as weather conditions, also contribute
to air quality.' In particular, the particulate matter with
a diameter of 2.5 um or less (PM, ;) levels exceeded the
World Health Organization (WHO) 24 h guideline® during
the entire period of the 2008 Olympic Games.'?

In contrast to Beijing, Godoy et al.” demonstrated
that for PM, s, the air quality measurements conducted
close to future Olympic facilities met the WHO annual
and 24 h guideline. Since this study, this region has dealt
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with substantial changes in new roads and buildings,
which have caused a dramatic increase in the number of
vehicles traveling through the area over the last few years.
The present work was developed at two sampling stations
that were located close to the 2016 Olympic Games
facilities, and the results demonstrated that levels remain
in agreement with the PM, s WHO guidelines.® However,
the impact of the ongoing infrastructure interventions was
clearly observed on the particulate matter with a diameter
between 2.5 and 10 um (PM, 5 ,,) fraction.

In addition to the two sampling stations, two other
sampling locations were included in the present study:
one representing a residential neighborhood with heavy
vehicular traffic and the other representing one of the
most industrialized regions neighboring the city of Rio
de Janeiro.

Experimental
Ambient aerosol sampling was performed

simultaneously at 4 sites distributed in different locations
of the Rio de Janeiro metropolitan area (Figure 1) using
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Figure 1. Locations of the four sampling sites and the 2016 Olympic
Games region.

a one-in-three day schedule from June 2012 to June 2013
and provided a total of 122 sampling days.

The aerosol was collected at a flow rate of 17 L min'".
The sample volume was obtained with gas volume meters,
and they were individually calibrated with the Gilibrator
(Gilian Instruments Corporation), which is a primary
standard airflow calibrator. At each site, two integrated
24 h ambient aerosol samplers were mounted.

The first aerosol sampling system was used to collect
fine and coarse aerosol particles to determine aerosol mass,
black carbon (BC) and elemental concentrations. The
aerosol was collected in two Nuclepore® filters on stacked
filter units (SFU) from NILU (Norwegian Institute for Air
Research) after passing through an Environmental Protection
Agency (EPA) design PM, inlet from BGI Mesalabs (http://
bgi.mesalabs.com/accessories), which removes aerosol
particles greater than 10 um. The SFU collects coarse
mode particles (2.5 < particle diameter (dp) < 10 um) on
a 47 mm diameter, 8 um pore size Nuclepore filter while
a 0.4 um pore size Nuclepore filter collects the fine mode
particles (dp < 2.5 pm). The sum of both size fractions
provides PM,, that refers to aerosol particles smaller than
10 pm aerodynamic diameter.

The aerosol mass concentrations were obtained
through gravimetric analysis using an electronic
microbalance with 1 pg sensitivity (Mettler MTS5). The
samples were kept under a controlled temperature of
24 + 2 °C and a relative humidity of 55 + 3% for 24 h
prior to weighing. The limit of detection (LOD) for the
aerosol mass concentration is approximately 0.6 ug m=,
whereas the precision is estimated to be lower than 5%.
Equivalent BC concentrations in the aerosol fine mode
were measured using a reflectance technique (smoke
stain reflectometer, diffusion system, model M43D)
and calibrated using BC gravimetric standards.® To
determine the water soluble fraction and the elemental
concentrations of the aerosol collected on the filters, the
samples were divided into two pieces using a stainless
steel blade and by splitting the filter into a one-quarter
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piece and a three-quarter piece.

Ion chromatography was performed using the one-
quarter filter fraction and after extracting the water soluble
ions from the filter with 10 mL of Milli-Q® water by
ultrasonication for 30 min. Subsequently, it was applied to a
two column Dionex Thermo D-5000 ion chromatographer,
which allows for the simultaneous determination of cations
(NH,*, Na*, K*, Mg*? and Ca*?) and anions (F, CI', Br, NOy,
S0O,2, PO,?, formate, acetate and oxalate) and thus reduces
the time for analysis and consumables. The operational
conditions are presented in Table S1 (in the Supplementary
Information (SI) section).

For the three-quarter filter fraction, elemental
concentrations were determined after total chemical
dissolution of the filter with high purity nitric acid (HNO,)
and fluoridric acid (HF) using inductively coupled plasma
mass spectrometry (ICP-MS). Filter dissolution was
performed by microwave heating in closed Teflon® vessels
(CEM Mars 5). After the addition of boric acid to eliminate
excess HF, the solution was evaporated to dryness under a
vacuum and by microwave heating, and then, the residue
was dissolved with 10 mL of 2% HNO,.’

Mass spectrometric analysis was performed using two
PerkinElmer ICP-MS instruments using a quantitative
method that had an external calibration that applied In and
Tl as internal standards. A PerkinElmer Nexion 300D with
an Aridus II desolvating nebulizer was used to determine
41 trace elements (Li, Be, Mg, Ca, Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Nb, Mo, Ag, Cd,
Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Dy, Ho, Yb, W, Pb, Bi, Th
and U), and the PerkinElmer ELAN 6000 with a cross-flow
Ryton nebulizer was used to determine 3 major elements
(Na, Al, and K). The operational conditions are presented
in Table S2 in the SI section.

The use of Aridus II, which incorporates one aspire
principal factor analysis (PFA) microconcentric nebulizer
with a heated microporous polytetrafluoroethylene (PTFE)
tubular membrane desolvator, increases the sensitivity,
reduces the achieved detection limit and consumes the
sample at a rate of only 100 uL min™' in comparison with
the previous results obtained from an ultra-sonic nebulizer
with a membrane desolvator (CETAC U-6000AT+). The
achieved detection limits are shown in Table S3 in the SI
section for all species analyzed.

National Institute of Standards and Technology (NIST)
standard reference materials 2783 (air particulate on filter
media) and 1648 (urban particulate matter) were used to
verify the analytical procedure including sample dissolution
and ICP-MS analysis.

The second aerosol sampling system was used to collect
fine aerosol for organic and elemental carbon determination.
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After passing through the PM,, inlet, the aerosol passes
through a very sharp cyclone inlet that removes particles
greater than 2.5 um. Both inlets were from BGI Mesalabs.
The volatile organic compounds were absorbed in a sunset
carbon denuder to avoid measured values higher than the
actual values of organic carbon.!” The aerosol was then
absorbed onto a quartz-fiber filter, which was pre-heated in
air to remove any residual carbon contamination.

A thermal/optical method was performed for the
determination of organic and elemental carbon (OC/EC)
on the quartz-fiber filters using a sunset laboratory carbon
aerosol analyzer by NIOSH method 5040."

The data quality was assessed using a variety of
techniques. Histograms, normal and lognormal distributions
were generated for each variable to validate the data and
to remove outliers. For each variable, a stepwise linear
regression was performed on the validated data set to
analyze outliers that were greater than 3 standard deviations.
The variables that could not be significantly predicted by
the other variables were not used in the data analysis. As
a general rule, it is desirable to have at least five times the
number of cases than variables to obtain reliable results of
a multivariate model in environmental applications.'” To
reduce the number of variables included in the analysis,
additional criteria were used to exclude variables with high
similarity from the analysis, which included variables that
had a significant number of missing values and variables
that could not be associated with any known air pollution
sources. After the data validation, 121-122 cases and 27-30
variables were included in each data set (fine and coarse
mode aerosols for each sampling site).

Receptor models were used to identify and evaluate
the contribution of the pollutant sources in the fine and
coarse particle fractions in the metropolitan area of Rio de
Janeiro.” A multivariate statistical approach was applied,
including PFA, absolute principal factor analysis (APFA)
and hierarchical cluster analysis.'#¢

Multivariate analysis is a tool that allows the
interpretation of a database with many variables by
means of a statistical treatment. The methods that use this
type of analysis lead to results such as: reduction of the
database without compromising the value of information,
identification of groups of similar variables, identification
of relationships among variables, determination of how
variables correlate, knowledge of relationships between
variables and prediction of some variables in function of
others. Applied to the study of particulate matter in the
air, the multivariate analysis allows to identify the sources
without necessarily knowing their signatures, allowing
to estimate the composition of the same, having only
measurements in the receptor.
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The PFA aims basically to explain the variance or
covariance of an extensive data set.'>!® Considering a
database constituted by the elemental concentration of
(p) elements, called variables, and by (n) samples. The PFA
model reduces the database of (p) variables to a smaller
number (k) of principal factors that contains as much
information as possible in the original database, obtaining
a reduced matrix that is easier to interpret.

The principal factors are the new variables that were
constituted from the correlation between the original
variables. Each factor groups variables that have
the highest correlation. Variables that have the same
variability in time indicate that they come from the same
source, the same formation or transport process. In the
PFA the identification of the factors indicates qualitatively
the composition of the main sources that contribute to the
pollution of the region.

There are some assumptions that need to be verified
before a PFA."S It starts from the principle that:
measurement errors are randomic and uncorrelated,
the variability of concentrations is due to source
emission variations and not to uncertainty variations in
measurement, the number of samples must be greater than
the number of variables.

The APFA quantifies the sources identified by the PFA,
that is, determines the percentage of emission per source
and the responsibility of each source identified to the total
emission of pollutants.

Cluster analysis is a widely applied multivariate
technique for interpreting analytical data. The main purpose
of this analysis is to identify groups of objects with similar
properties within a large data set. Starting from the space
of (N) dimensions (number of variables or samples), the
distances between all points (objects) of this space are
calculated. From there, the objects with smaller distances
are grouped. From this group, distances between them are
calculated again, forming a second level of grouping, and
so, successively, levels are created until one has a last level
grouping all the objects. This structure is represented in the
form of a dendogram which promotes an easy interpretation
of the data.

Results and Discussion

With regard to the WHO air quality guidelines® for fine
particles (PM, ), Table 1 shows that only a few violations
were observed. In particular, at Taquara and Barra da
Tijuca, which were close to the Olympic Games facilities,
the highest daily measured concentrations were 21 and
19 ug m3, respectively. Furthermore, comparing the current
results with those obtained ten years ago at Barra da Tijuca,’
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it is possible to conclude that they are statistically equal
(95% degree of confidence). The local environmental
authority Instituto Estadual do Ambiente (INEA) has
published the results of its air quality monitoring program
from 2013-2015,"7 which includes PM, ; data at the Barra
da Tijuca sampling point; the obtained mean values were
13,16 and 11 pg m?in 2013, 2014 and 2015, respectively.
Comparing both 2013 results, the INEA automatic station
presented results 40% higher than the gravimetric method
adopted during the present work (8 ug m).

A large number violations of the daily WHO air quality
guidelines for PM,, were observed at sampling points
Duque de Caxias and Taquara, but only two violations
were observed for the two sampling points at Tijuca and
Barra da Tijuca (Table 1). However, the annual WHO
air quality guidelines for PM,, were exceeded at all four
sampling stations. The ratios PM, s/PM,, and PM, ;/PM, 5 |,
also show the influence of soil and truck movement on air
quality (Table 2).

In the vicinity of the sampling point at Tijuca, no
major construction activity was taking place during the
June 2012-June 2013 sampling period; therefore, the coarse
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fraction of the 65% should be taken as the expected ratio
for Rio de Janeiro as it fits within the range observed in
a previous study of 62-72%.” Similarly, for the sampling
point at Barra da Tijuca, the main landscape modification
began at the end of the sampling period, and the observed
impact on the PM, ,, fraction was not significant even
though higher mean and maximum values were observed
when compared to the 2003-2005 results.

On the other hand, due to the intense flow of trucks
and soil work as a consequence of the construction activity
for the Olympic Games, the coarse fraction (PM,5 )
at Taquara, where an express bus corridor was under
construction, constituted up to 82% of the particulate
matter. A similar observation was made close to the
sampling point at Duque de Caxias, where coarse PM
constituted 76% due to the construction of a metropolitan
arc, which is meant to connect the main roads in the vicinity
of Rio de Janeiro and thereby reduce the traffic of heavy
trucks throughout the city.

During the present work, the BC content on the PM, 5
fraction varies between 18% (Barra da Tijuca) and 35%
(Taquara) (Table 2), whereas the observed values about ten

Table 1. Descriptive statistics and the number of observations higher than the WHO air quality guidelines; the mean values in bold represent an annual

mean value higher than the guideline

All stations/  Duque de Caxias / Tijuca / Taquara / Barra da Tijuca/  Barra da Tijuca (2003-2005) /
(ng m?) (ng m”) (ng m™) (ng m?) (ng m?) (ng m?)

PM, 5

Mean value 10 12 10 10 8 8
SD 4 4 4 3 4 5
RSD 42 39 44 30 45 64
Minimum 1 1 2 4 1 0.1
Maximum 26 24 26 21 19 26
Values > 25 1 0 1 0 0 1
N 488 122 122 122 122 80
Mean value 34 42 18 56 17 14
SD 26 21 6 34 7 6
RSD 78 51 35 61 39 40
Minimum 5 8 5 12 7 6
Maximum 201 140 33 201 39 30
PM,,

Mean value 43 54 29 66 25 22
SD 28 23 9.7 35 10 9.5
RSD 64 43 34 53 40 43
Minimum 5 15 10 16 5 8.2
Maximum 214 153 52 214 53 53
Values > 50 142 61 2 77 2 1

SD: standard deviation; RSD: relative standard deviation.
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Table 2. Observed fine to coarse particle ratio, fine and coarse particle to PM,, ratio and black carbon to fine particle ratio

Sampling site PM, /PM, 5 ,, PM, /PM,, PM, . ,/PM,, BC/PM, 5
Duque de Caxias 0.33 0.24 0.76 0.28
Tijuca 0.57 0.35 0.65 0.22
Taquara 0.23 0.18 0.82 0.34
Barra da Tijuca 0.45 0.30 0.70 0.18

PM: particulate matter; BC: black carbon.

years earlier’ ranged from 18 to 31% and, therefore, were
close to the observations reported in the present study.
At Barra da Tijuca, the relative contribution of BC to the
fine mode of 18% from the current study 18% remains
consistent with the previous findings of 21%.”

At the sampling points of Duque de Caxias and
Tijuca, there was an automatic air quality station that
determined PM,, by applying a beta attenuation monitor,
which allowed a comparison between the gravimetric
results obtained from the present work and the 24 h mean
values from these monitors (Figures 2a and 2b). A good
correlation was observed between both methods for the
two stations; however, for the Tijuca stations, the beta
attenuation monitor presented systematic values that were
30% lower than the gravimetric results, which indicated
the necessity for an improvement in the calibration of
the monitor.

The correlations between the PM, 5 mass concentration,
elementary carbon (EC), organic carbon (OC) and BC were
tested. No significant correlation among these parameters
was observed at the Duque de Caxias and Taquara sampling
points, which may be due to the existence of relevant sources
other than the vehicles, such as industries, at these sampling
points. On the other hand, correlations were statistically
significant for PM, s and BC, PM, 5 and OC, and BC and EC
at the Tijuca and Barra da Tijuca sampling points.

Tables S4 and S5 in the SI section show the number of
samples, the mean concentration and the standard deviation
of the variables observed in the fine and coarse particle
fractions for each sampling site. Observations showed that
elements associated with sea-spray, such as Na, Mg and
Cl, and elements associated with soil dust, such as Al and
Fe, are mainly present in the coarse mode aerosol fraction.
On the other hand, volatile elements, such as As, Cd, Sb
and Pb, and secondary aerosol components, such as NH,*,
non-seawater sulfate and nitrate, predominantly occur in
the fine mode. Elevated Pb and Zn concentrations in both
fractions were observed at the Duque de Caxias sampling
point and reached up to 340 ng m™ for PM,,, which was
lower than the WHO PM,, reference value of 500 ng m™ for
lead. A strong association was found between both elements
(R?=0.686, N = 118, F = 257), and a potential source is

160

(a) Duque de Caxias
140
@_ 120
€
2
2 100 A
)
T
g 80
]
=)
8 60 A
o
[N
= 40 A
L ° ) o
20 4 ° Automatic = (0.990+/-0.075).Gravimetric
° R?=0.675,N =86
0 T T T T T
0 20 40 60 80 100 120
MP,, (gravimetric) / ug m™
60
(b) Tijuca
50 4
@
£
Q 40+
<
©
g 30
]
=]
s
o 204
o
=
10 A
Automatic = (7.3+/-1.7) + (0.683+/-0.056).Gravimetric
R?= 0,669, N =76
0 T T T T T T

0 10 20 30 40 50 60 70
MP,, (gravimetric) / ug m?

Figure 2. Comparison between PM,, mass results from our gravimetric
results and the beta attenuation results obtained for (a) Duque de Caxias
and (b) Tijuca.

a zinc plant, which is located 2 km from the sampling
station. The zinc plant produces and purifies zinc oxide
and metallic zinc and is the most likely source of lead and
zinc in the local area.

Initially, the comparison with the existing literature
was restricted to articles involving the city of Rio de
Janeiro, long term monitoring, PM, 5 sampling and the
determination of total elemental concentration. Only two
articles were found, which include our previous work” and
the results published by Andrade et al.'® The data are shown
in Table S6 in the SI section along with the current results.
For sampling point 4 (Barra da Tijuca), a large difference



504 Fine and Coarse Aerosol at Rio de Janeiro prior to the Olympic Games

can be observed between the present work and the work
from ten years ago’ for nitrate, which was a factor of two
greater than the previous work, whereas sulfate, which is
also a component of secondary aerosol related to vehicular
traffic, did not exhibit a similar increase. This finding may
reflect that larger and heavier vehicular traffic is associated
with lower sulfur content in diesel fuel (from S-500 to S-50
during 2012 and S-10 during 2013). In Santiago (Chile),
Jhun er al.*® observed a 32% decrease in particulate sulfate
as a consequence of the diesel sulfur reduction from 1500
to 50 mg kg

Comparing the results obtained by Andrade ef al.'® and
the current work for the same sampling region (Duque de
Caxias), several parameters differed by a factor of two. In
general, for the components related to secondary aerosol,
such as ammonium, nitrate, and sulfate, as well as mass
concentration, the results reported by Andrade et al.'
were two times higher than the current results, may be a
consequence of the diesel fuel quality improvement. On
the other hand, elements such as aluminum, iron and zinc
exhibited the opposite tendency in which the present results
were more than two times higher than those reported by
Andrade et al."® This may be due to the metropolitan arc
development during the current sampling period and the
existence of this zinc facility about 2 km away from the
actual sampling point.

To permit a better comparison with the existing literature,
the search was expanded to other Brazilian and South
American large cities (Table S7 in the SI section). It can be
observed that the measured values at the Barra da Tijuca
sampling point during the present work are lower than those
of the other cities. The second lowest values are those related
to Recife (Brazil), which is also a city located at the coast
and allows a better dispersion of atmospheric pollutants.

The relationship between PM, 5 and the occurrence of
rain events is shown in Figure S1 and shows a decrease
in PM,; concentration after a rain event, although not
every reduction corresponded to a rainy day. However, it
was not possible to show a clear correlation on a monthly
basis between total precipitation and the mean PM,
concentration (Figure S2 in the SI section). A similar effect
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was observed for the PM, 5, concentration (Figure S3 in
the SI section) and for some of its main components, such
as aluminum, but not for chloride, which is probably due
the consistent effect of sea spray throughout the year. On
the other hand, Gioda et al.,® based on a 50 year database,
showed the existence of a seasonal effect on the PM,,
concentration for the Rio de Janeiro metropolitan region
with a higher concentration during the winter months,
June-August, which also corresponds to the period with
lower precipitation.

A very strong correlation between ammonium and
sulfate in the PM, s fraction was observed at all four
sampling points (R? = 0.880-0.950) with an angular
coefficient close to 0.375 and equivalent to that of
ammonium sulfate ((NH,),SO,), which can range from
0.321 to 0.375. On the other hand, this correlation was not
observed for the PM, s ,, fraction, which could be explained
by a deficiency of ammonium related to secondary sulfate.
For example, the medium molar ratio at Duque de Caxias
was 0.66.

The measured carboxylic anions of acetate, formate
and oxalate represented 5.6-12% of the OC present in the
PM, 5 fraction. In contrast to the results observed at the
two other Brazilian cities,?'?*> acetate was found to be the
main carboxylic acid instead of oxalate, which is consistent
with the use of ethanol and gasohol (25% ethanol) as fuel.
It is interesting to note that a small variation was observed
among the four sampling points, especially for formate
and oxalate. Table 3 shows a comparison between acetate,
formate and oxalate concentrations obtained from the
present work with those observed by these two authors.

According to Tsai et al.,® both oxalate and K are
biomass burning markers, therefore, the correlations of
non-seawater K between oxalate and OC were tested.
For oxalate, the correlation coefficient ranged from 0.591
(Barra da Tijuca) to 0.740 (Tijuca), whereas for OC, it
varied from 0.540 (Duque de Caxias) to 0.741 (Tijuca).
However, biomass burning is not expected at Tijuca, which
represents a highly urbanized region; however, Italian
restaurants with wood ovens are quite common in the Tijuca
neighborhood. Biomass burning occurs mainly at Barra da

Table 3. Average concentrations of water soluble carboxylic acid anions and comparison with other Brazilian cities

Sampling site Formate / (ng m™) Acetate / (ng m?) Oxalate / (ng m™) Reference
Duque de Caxias 61 +32 198 + 74 131 £62 this work
Tijuca 66 +41 220 + 100 135+58 this work
Taquara 65 +43 171 £ 60 122 + 63 this work
Barra da Tijuca 59 +34 160 = 45 111 +55 this work

Sdo Paulo, SP 78 +39 250 + 94 Vasconcellos et al.*!
Londrina, PR, urban area 120 470 Freitas et al.”?
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Tijuca where the correlation coefficients were 0.737 (OC)
and 0.591 (oxalate).

The acetate to formate ratio (A/F) can be applied as an
indicator of their relative sources, primary or secondary
sources: where an A/F > 1 indicates the predominance
of primary emission sources while A/F < 1 indicates
a relatively higher importance of secondary formation
processes.?** The observed median value was quite similar
for the four sampling points, 2.8-3.4, which indicated the
predominance of primary emission sources as biogenic
emissions, biomass burning and vehicular emissions.

A multivariate statistical approach was applied to study
the inter-relationship between the measured compounds
and the elements. A combination of PFA, APFA and
hierarchical cluster analysis was used to investigate the
relationship between the elemental concentrations and their
possible sources. PFA was applied individually to each
sampling site, and the factor loading matrix was obtained.
Only factors with eigenvalues higher than 1 were retained.
The statistically significant factor loadings higher than
0.40 were used to interpret the possible aerosol sources
associated with each factor retained by the model.>

In contrast with the previous work,” when it was
possible to identify only three PM, s aerosol sources, soil
dust, oil combustion and vehicular traffic, due to analytical
improvements as lower detection limits and additional
parameters as elemental and organic carbon, a range of
4 to 6 factors were identified for the fine particles in the
sampling sites, during the present work, and they explain
approximately 79-84% of the data variability for each site.
In general, the communality, which expresses the adequacy
of the factor model, was high for most of the elements, and
this indicated that the identified factors explain most of the
data variability of these elements.

A range of 3 to 4 factors were identified for the coarse
particles in all of the sampling sites, and they explain 84-87%
of the data variability. Additionally, for the coarse particles,
the communality was high for most of the elements.

One of the factors was identified as soil dust based on
the presence of elements such as Al, Ti and Ce. High factor
loadings for BC, Ba and Mn were used to characterize the
vehicular traffic factor. The presence of Ni and V together
with NH,* and SO, ions is an indication of diesel fuel,
residual oil combustion sources plus secondary aerosols.
The Na and Mg association in a factor is an indication
that it represents the influence of sea-spray; the K and Rb
association in a factor is an indication of biomass burning.
An industry factor was characterized when elements such
as Pb, Cu, and Zn are associated.

The distribution in accordance with the higher factor
loading of each variable by PFA and by the sampling site

Godoy et al. 505

is summarized in Figures 3a (for the fine mode aerosol)
and 3b (for the coarse mode aerosol).
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Figure 3. Distribution according to the largest factor loading of each
variable by PFA and by each sampling site for the (a) fine mode and (b)
coarse mode.

To verify the orthogonality of the identified factors, the
factor scores that represent the individual identification of
each sample to each factor were added as new variables
to each database. A hierarchical cluster analysis was then
conducted, and a dendrogram of the clusters was obtained.
Each cluster contains one of the factor scores, and a
similar pattern of elements was obtained in the PFA, which
showed a consistency between the independent multivariate
procedures and is shown in Figure S4 in the SI section for
the fine and coarse mode aerosol for sampling site 1.

To perform a quantification of the factor structure, a
source apportionment based on APFA was conducted.”® The
absolute amounts apportioned to the different sources in
the fine and coarse mode for each sampling site are shown
in Figures 4a and 4b, respectively.
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Figure 4. Mass concentration distribution according to the absolute
principal factor analysis results for each sampling site for the (a) fine
mode (FPM: PM, ), (b) coarse mode (CPM: PM,, ;) and (c) fine mode
after the road dust deconvolution.

According to the results of this study, in Duque de
Caxias and Taquara, six aerosol sources, including soil
dust, secondary/oil combustion, vehicle traffic, sea spray,
biomass burning and industry, were observed in the fine
mode mass concentration. In Barra da Tijuca, the industry
source was not determined, and the soil dust and the
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vehicular traffic sources were not orthogonal but mixed into
one factor. In this case, we named this source road dust. In
Tijuca, the burning of biomass and industry sources were
not present. Andrade et al.,"® during their six Brazilian
cities work, have obtained five PM, 5 aerosol sources for the
Duque de Caxias sampling point, being the main difference,
to the present work, the absence of the sea spray source,
despite of the proximity to the Guanabara Bay.

To split the road dust factor into soil dust and vehicular
traffic factors, the surface soil was sampled around the
Barra da Tijuca station, and its elemental composition was
determined. Based on the aluminum content of the soil, the
aluminum concentration (ug m~) of the road dust factor
according to the APFA results and the mass concentration
(ug m?) contributed to this factor. This was calculated
based on the soil dust concentration subtracted from the
road dust concentration, which determined the vehicular
traffic contribution (ug m) to the fine mode at this sampling
station. The results are presented in Figure 4c.

Table 4 summarizes the fine mode composition for each
sampling station where the vehicular component represents
the secondary aerosol and the traffic components together.
The vehicular contribution to PM, 5 aerosol ranged from
48% in Duque de Caxias to 70% in Tijuca with a mean
value of 59%. This suggests a continuous improvement
in the public mass transport system where the fuel quality
and the vehicular fleet are key actions that could be adopted
to improve the existing air quality in the Rio de Janeiro
metropolitan region.

Similarly, five sources were responsible for the coarse
mode mass concentration, which includes soil dust, vehicle
traffic, sea-spray, secondary aerosols and industry. For the
Tijuca site only, the contribution of soil could be separated
from the contribution of vehicle traffic. For the other
sampling sites, both sources appeared together as road dust.
The industry source was observed only in Duque de Caxias.
This source appeared together with the secondary aerosol
factor in the Taquara sampling station but it was absent in
the Tijuca and Barra da Tijuca sampling stations, which
was consistent with the results of the fine mode.

Figures S5a-d and S6a-d in the SI section show the
relative contribution of each identified source to the
parameters involved on the APFA and according to each

Table 4. Calculated source contribution for the fine mode particles where the vehicular source represents traffic and the secondary aerosol together

Sampling site Soil Traffic Secondary Vehicular Sea-spray Biomass Industry
Duque de Caxias 18.6 19.1 28.5 47.6 12.4 15.1 6.4
Tijuca 19.8 57.5 13.0 70.5 9.7 - -
Taquara 13.5 36.5 225 59.0 7.7 18.8 1.0
Barra da Tijuca 15.0 23.0 36.2 59.2 14.4 11.7 -
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sampling station. For Cu, Pb and Zn, metals attributed
to industrial sources in Duque de Caxias, the industry
contribution for the concentration of these elements on the
fine mode was of 60% for Pb and 40% for Cu and Zn, and
the remaining fraction was attributed to vehicular traffic and
oil combustion. In the other three sampling stations, these
elements were almost 100% related to vehicular traffic and
oil combustion. In the coarse mode, the presence of Cu in
Duque de Caxias was attributed mainly to road dust while
30-35% of Pb and Zn were related to industrial sources,
and the road dust and the vehicular traffic were the main
sources of these metals on the coarse mode.

These relative contributions can also be applied to
compare the attributed source profile with the expected
one using, e.g., the US EPA SPECIATE data bank.?”
Figures S7a-d in the SI section show two examples for
the fine mode, biomass burning and vehicular traffic, and
two for the coarse mode, road dust and sea spray. To more
adequately apply a vehicular source profile to the Brazil
situation where the vehicles are fueled with ethanol and
gasohol (75% gasoline:25% ethanol), particulate samples
were collected during car tests performed according to
the FTP75 protocol®® at Petrobras Vehicular Emission
Testing Laboratory, and the obtained profile is shown in
Figure S7b in the SI section (Fontes-Leves). In general, the
reconstructed source profile fits with the expected one. The
sea spray sulfate on sampling point 1, Duque de Caxias, was
the main deviation and may be due to its characteristics,
a region highly industrialized and with heavy traffic and
with a large non-seawater sulfate contribution.

Conclusions

For all four sampling stations, the annual mean value
for PM,, was above the WHO air quality guideline,
although frequent violations of the 24 h guideline were
verified for only two of the sites, Duque de Caxias
and Taquara. The main reason for the PM,, violations
was related to express road construction activity in the
vicinity of the two sampling points, which was reflected
by a PM, 5 ,, contribution of 82% at the Taquara sampling
station. On the other hand, data from the four sampling
points met both the annual and 24 h WHO PM,, 5 air quality
guidelines, which indicates that the air pollution due to
fine particulates did not present a concern for the 2016
Olympic Games in Rio de Janeiro.

Four to six fine particle sources and three to four
course particle sources were identified. The presence of
an industrial source was identified only at the Duque de
Caxias and Taquara sampling stations, and biomass burning
was absent in Tijuca.
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The vehicular contribution to the PM, 5 aerosol ranged
from 70% in Tijuca to 48% in Duque de Caxias with a mean
value of 59 + 9%. Consequently, the implementation of a
more efficient mass transport network, an Olympic Games
legacy, and the modernization of the fleet are actions that
will have a major impact on the reduction of the PM,
concentration.

In Duque de Caxias, the industrial sources were
identified as the origin of 60% of the Pb on the fine mode
and 40% of Cu and Zn. On the other hand, this contribution
to the coarse mode was of 30-35% for Pb and Zn, whereas
Cu was attributed mainly to road dust. Road dust, soil
resuspension and vehicular traffic were identified as the
sources of these elements on the fine and coarse mode in
the other three sampling stations.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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