Journal Pre-proof

A
1

GEOSCIENCE
RRONTIERS

Geochemical study of submicron particulate matter (PM1) in a

metropolitan area "

\a

Ismael L. Schneider, Elba C. Teixeira, Guilherme L. Dotto, Diana,
Cheng-Xue Yang, Luis F.O. Silva

PII: S1674-9871(20)30270-X
DOI: https://doi.org/10.1016/.gs£.2020.12.011
Reference: GSF 1130

To appear in:

Received date: 24 September 2020
Revised date: 28 October 2020
Accepted date: 16 December 2020

Please cite this article as: I.L. Schneider, E.C. Teixeira, G.L. Dotto, et al., Geochemical
study of submicron particulate matter (PM1) in a metropolitan area, (2020), https://doi.org/
10.1016/5.gs£.2020.12.011

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2020 Published by Elsevier.


https://doi.org/10.1016/j.gsf.2020.12.011
https://doi.org/10.1016/j.gsf.2020.12.011
https://doi.org/10.1016/j.gsf.2020.12.011

Geochemical study of submicron particulate matter (PM;) in a metropolitan area

Ismael L. Schneider®®, Elba C. Teixeira®®, Guilherme L. Dotto? , Diana Pinto® , Cheng-Xue

Yang®, Luis F. O. Silva* "

? Postgraduate Program in Remote Sensing and Meteorology, Universidade Federal do Rio

Grande do Sul. Av. Bento Gongalves, 9500, Porto Alegre, RS, Brazil

® Department of Civil and Environmental, Universidad de la Cc~a, CUC, Calle 58 # 55-66,

Barranquilla, Atlantico, Colombia

¢ Research Department, Fundagdo Estadual de Protecén » mbiental Henrique Luis Roessler,

Av. Borges de Medeiros, 261, Porto Alegre, RS, Brazi

9 Chemical Engineering Department, Fed=rai * Iniversity of Santa Maria, 97105-900, Santa

Maria, Brazil

® School of Earth Sciences and Reso Irces, China University of Geosciences Beijing,
Beijing 100083, PR China

: Corresponding author:

E-mail address: felipegmz2nt nail.com (Luis F.O. Silva)

Abstract

Air pollution has become a major problem in urban areas due to increasing industrialization
and urbanization. In this study ambient concentrations of PM; and metal concentrations as
well as source contributions were identified and quantified by using Positive Matrix
Factorization (PMF) in receptor modeling in the Metropolitan Area of Porto Alegre, Brazil.
The PM; samples were collected on PTFE filters from December 2012 to December 2014

in two sampling sites. Major ion and trace element concentrations were assessed. The



average concentrations were 12.8 and 15.2 pg/m® for Canoas and Sapucaia do Sul sites,
respectively. Major ion contributions of PM; were secondary pollutants such as sulfate and
nitrate. Trace elements, especially Cu, Pb, Zn, Cd, and Ni also made important
contributions which are directly associated with anthropogenic contributions. Our results
show significantly higher levels in winter than in summer. Most of the PM; and the
analyzed PM species and elements originated from anthropogenic sources, especially road
traffic, combustion processes and industrial activities, whicti are grouped in 7 major
contributing sources. A back-trajectory analysis showed tha. the long-range transport of
pollutants was not relevant in relation to the contributiu.» to PM; and metal concentrations.
This work highlights the importance of urban planniny tu reduce human health exposure to
traffic and industrial emissions, combined v.iin awareness-raising actions for citizens
concerning the impact of indoor sources

Keywords: PM3, Trace elements, So.-ce apportionment, PMF, Back trajectory.

1. Introduction

Urban air pollution is ane of the most serious environmental issues confronting
modern civilization in u. 1ace of rapid economic development (Fuertes et al., 2020). In
2016, particulate matte. (PM) in ambient air was classified as a group 1 contaminant by the
World Health Organization (WHO) and the International Agency for Research on Cancer
(IARC) (Feng et al., 2016). The actual health effects of PM depend on its chemical
composition and the ability of the respiratory tract to remove inhaled PM, which depends in
turn on its size (Li et al., 2020). Atmospheric particulate matter (PM) originates from a
variety of emission sources, including natural and anthropogenic ones. Moreover, PM may

be emitted directly into the atmosphere (primary PM) or formed in the atmosphere from



gaseous precursors (secondary PM) (Pey et al., 2009; Schneider et al., 2015). Among
emission sources, heavy industries are considered to be a major anthropogenic trace metal
source (Zheng et al., 2010; Zhou et al., 2014; Silva et al., 2020), although traffic emissions
can also be considered an important source of PM and metal concentrations in urban
atmospheres (Lough et al., 2005; Birmili et al., 2006; Johansson et al., 2009). Particles
emitted from combustion process can be formed through transfer of inherent mineral matter
into PM with minor phase changes (mostly coarse particles in the range of 1 to 10 um PM;.
10), With the exception of diesel soot, with a mode at aro''"u °.J4-0.06 um, and through
nucleation and condensation of gaseous precursors anu 2ggiomeration of nanoparticles (in
this case, yielding ultrafine and fine particles) (Ninciya et al., 2004; Yoo et al., 2005;
Saarnio et al., 2014, Oliveira et al., 2021). Hovzver, modern municipal waste incinerators
have extremely low nanoparticle emissi‘ins ' Buonanno et al., 2009; Ragazzi et al., 2013).
Atmospheric PM is one of the most important pollutants of the atmosphere and has
highly variable undergoes a hioh v riability concerning levels and composition (Nazir et
al., 2011). Different compo:.>nts of PM may have diverse health impacts and, although
increased PM-mass concei.r=¢ion is associated to increased mortality and morbidity, it is
still unclear which sp>ciiic components should be abated to diminish health effects from
ambient aerosols (WHO, 2013). The traditional geochemical methods used in hazardous
elements determinations are relatively complex, time-consuming and expensive, requiring
more cost-efficient approaches are needed (Li et al., 2020). In recent years, machine
learning models have been applied to predict the concentrations of airborne-pollutants such
as SOx, NOx, O3, CO, PM;s, airborne heavy metals, and atmospheric nitrogen as well as
the air quality index, because the necessary input variables are more easily accessed, in

contrast to numerical forecast models. However, only few studies have focused on the
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potential use of easily obtained atmospheric pollutants and meteorological factors to
characterize atmospheric hazardous elements statistically (Leng et al., 2017).

Chemical composition of PM is particularly important for environmental assessment
of specific source contributions to ambient air (Almeida et al., 2006). There is a wide range
of known sources contributing to the increase of metal levels, such as Na, Ca, K, Al, Fe,
As, Se, Ti and heavy metals in the finer PM fractions (Sanderson et al., 2014).
Concentrations of metals with lower boiling point (As, Cd, Zn) w ~re found to decrease with
particle size, whereas those with higher boiling points (Co. ©t, =2, Sb, Sc, Sm, Th, Eu, Yb)
to increase with particle size. The more volatile eleme:.*s emitted in gaseous form at high
temperatures nucleate or condense during cooling (ho'ule, 2000; Sanderson et al., 2014),
whereas less volatile elements remain in the snl < pt.ase (Buonanno et al., 2011).

Particles with different aerodyrami_ diameters have different impacts on human
health because fine particles may pe. otrate more deeply into the respiratory system. Fine
particles contain higher concentraticne of toxic metals, such as Pb, Cd, and Ni (Kauppinen
and Pakkanen, 1990; Lin et al., 2005; Yoo et al., 2005; Tao et al., 2012; Cheng et al.,
2014). Studies identifving trace elements to fingerprint specific emission sources to
particulate matter (ba.~a on receptor source profiles) based on air quality data are relatively
scarce due to the fact that (1) it is difficult to establish a direct connection between markers
and specific emission sources for some elements; and (ii) tracers are generally not unique
and source profiles may change over time (Querol et al., 2007 as an example). Some of
these studies focus on road traffic emissions, whereas others present tracers of industrial
sources, mostly from combustion processes, smelters, and other high temperature
processes. Nevertheless, only few data are available on specific tracer elements for specific

industrial processes. Adults have been the main targets of personal exposure assessment;
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nevertheless, children have distinct time-activity patterns and are more vulnerable to the
harmful effects of air pollutants. Children have higher breathing rates, since they are
generally more physically active, they inhale a higher volume of air per body weight and
their defense mechanisms are still evolving. Moreover, PM; personal measurements are
scarce in the literature and to the authors’ knowledge, personal exposure to sized-fractioned
PM, s among children has not yet been assessed in detail.

Receptor modeling is one of the most commonly tools usod to identify and quantify
the contribution of individual emission sources to ambient '~ 's of atmospheric particulate
matter. It helps to achieve this purpose by measuring ti.» concentration of pollutants at the
sampling site (Hopke, 1991). One type of receptor mc ¢l is the multivariate model, which
was recently improved in a significant manr.> cde to a new approach called Positive
Matrix Factorization (PMF), developec by laatero and others (Paatero and Tapper, 1994;
Paatero, 1997), and to the leas\-quares approach. PMF is an advanced source
apportionment method which s'iccsefully assesses particle source contributions and is
applied in many different places aiound the world (Aldabe et al., 2011).

As a consequenra £ t'e growing interest of the scientific community in submicron
particulate matter anu 7 the lack of PM; data (Caggiano et al., 2010), especially in Latin
America, this study focuses on a temporally extended evaluation on this fraction to obtain
statistically significant data from the Metropolitan Area of Porto Alegre, Rio Grande do
Sul, Brazil. The study included the following aspects: (1) a chemical characterization of
PM; samples, (2) source apportionment analysis of source contributions, and (3) a cross-
correlation analysis of major and trace elements, and calculation of the enrichment factors
to support source attributions. The results of this study represent an important contribution

to the knowledge of submicron particles measured at ground level and evaluate the impact
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of these particles on environment and human health in the study area. The results obtained
may be useful for programs to reduce air pollution and can motivate future studies on metal
distribution, source contribution and enrichment factor on the clean atmospheric
background.

2. Material and methods

2.1. Study area

The Metropolitan Area of Porto Alegre (MAPA), locatcu in southern Brazil, is the
most urbanized area of the state of Rio Grande do Sul. Thi: vegion is characterized by
different types of industries, including some statioi.~ry sources such as the Alberto
Pasqualini Refinery (REFAP), steel mills which u~ not use coke, Il Petrochemical
Industrial Complex, coal-fired power plants, an ¥ a cament grinding mill (Fig. 1). Besides, it
is estimated that there is a significan’ co'itribution of mobile sources due to the large
number of vehicles in circulation n. the region (Teixeira et al., 2008, 2010; Agudelo-
Castafieda et al., 2014). The gas~lin>-r,owered vehicles use a mixture of gasoline and 20%
of ethanol, and the diesel-pc vered vehicles usually contain 500 ppm of sulfur and 5% of
biodiesel is added (Mattin.* <t al., 2012; PETROBRAS, 2012). Even if the diesel fleet in
the region is less tha. 140, the environmental impact in the air caused by this source is
elevated and responsible for most particulate matter and NOx emissions (Teixeira et al.,
2012).

The two sampling sites evaluated in this study (Sapucaia do Sul and Canoas) are
located to the north of Porto Alegre, as shown in Fig. 1. The Sapucaia do Sul sampling site
has a greater industrial (oil refinery and steel mills) and vehicular influence than Canoas,
and it is near a highway where there is heavy vehicle traffic of light and heavy fleet, with

daily traffic congestion. However, in spite of Canoas site being located alongside the same
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highway and being opposite to Sapucaia do Sul, the prevailing winds are downstream. The
traffic in Canoas is also influenced by daily traffic congestion, as well as the Canoas air
base and industries (oil refinery).

2.2. Sampling and analysis

Sampling of atmospheric PM; followed the criteria established by the USEPA
(1994), using a sequential automatic particle sampler model PM162M of the Environment
S.A.. PM; sampler used the EN 12341 method (LECES, n°® RC,. 9826) and included a set
of two holders that act as support for the filters. Samp!~s ~~ PTFE filters of 47 mm
diameter for a continuous period of 72 hours with a flov. rate of 1.0 m*h were collected. In
order to evaluate different seasonal conditions, from L ~cember 2012 to December 2014, 38
samples of PM; for Sapucaia do Sul and 40 san r.es for Canoas were selected.

PM mass concentrations were det:rmined by standard gravimetric procedures.
Thereafter, half of each filter was aciu digested (HF:HNO3:HCIO,) for the determination of
major elements (Al, Ca, Fe, K, Na, [ 4r, S, Ti, P) and trace elements (Li, Ti, V, Cr, Mn, Co,
Ni, Cu, Zn, As, Se, Rb, Sr, Cd, Sn, Sh, Ba, rare earths, Pb, Bi, Th, U) by Inductively
Coupled Plasma Atomic =riission and Mass Spectrometry (ICP-AES and ICP-MS).
Another quarter ot ea " niiter was water leached to determine soluble ion concentrations by
ion chromatography (SO,*, NOs and CI) and ion selective electrode (NH,"). More
analytical details can be found in Querol et al. (2001).

2.3. Data analysis
2.3.1. Enrichment Factors

Enrichment Factors (EF) were calculated to identify the contribution of

anthropogenic sources on the levels of a specific element in PM; airborne particles. This

information is very useful to identify the anthropogenic origin of the different elements, not
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only at the urban scale, but also at a regional extent. In previous studies performed on
atmospheric PM, several elements have been suggested as reference elements of the natural
crust (for instance, Al, Ti, and Fe) (Moreno et al., 2013). In this study, Ti was chosen as the
reference element. To obtain such factors, it is necessary to compare the concentration of
the element in a sample to its concentration in the Upper Continental Crust (UCC),
calculated by Equation (1):
EFpi(X;) = Xi/TDpm/ Xi/ T crust (1)

where, (Xi/Ti)crust 1S the average ratio of the element ol interests (X) and crustal
representative element (Ti) (Mason, 1966), and (Xi/Ti, ~ 1S the same ratio in particulate
matter.

The degree of enrichment of trace m=t.’s v/ith respect to the Earth’s crust can be
ranked in various levels: an EF close to « w il suggest a natural origin for a certain element,
whereas higher values will indicate t. he a more probable anthropogenic source. However,
despite a low EF be an indi~ative of its ‘‘crustal’’ origin, this cannot exclude the
involvement of anthropoger..~ pirocesses, such as resuspension of rock-forming mineral
dust caused by agricult''re, ~onstruction works or traffic. Several authors indicate that a
significant non-crusta. source is assumed to be predominant when EF > 10, natural sources
when EF < 1, and mixed sources when 1 < EF < 10 (Wu et al., 2009; Witt et al., 2010; Niu
etal., 2015).

2.3.2. Source apportionment

A Positive Matrix Factorization (PMF) model was applied to the chemical dataset
(78 samples) obtained through the chemical analysis to investigate the temporal variability
of the main PM; sources. PMF is a multivariate factor analysis tool that decomposes the

data matrix into two matrices: factor contributions and factor profiles (Paatero and Tapper,
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1994; Paatero, 1997) with a residual matrix (Vestenius et al., 2011). The fundamental
principle of source/receptor relationships in receptor models is that mass conservation can
be assumed, and a mass balance analysis can be used to identify and apportion sources of
airborne particulate matter in the atmosphere (Hopke, 2003), as equation(2) :

Xij=Yh_ gufatoy  i=12..m j=12,..,n @)
where X;; is the j™ species concentration measured in the i sample, gi is the contribution of
the k™ source to the i" sample, fix is the concentration of the j" spories in the k™ source and
aij Is the residual associated with the j™ species concentrrzian ieasured in the i™ sample.
The task of PMF is to minimize the sum of the squares ~f the residuals weighted with the
estimated uncertainties. The uncertainties were esu.mated according to the following
equations (3)and (4):

o; = o/ + 0.05 * x; if x;, > DL, (3)

0; =2 DL, if x; < DL, (4)
where x; is the concentration c¢* the i species, ¢% is the analytical error calculated for the i
species and DL; is the detec..an limits calculated for each species calculated following the
three-sigma criterion. “herical species were selected based on the signal to noise ratio, the
percentage of values 2';ove detection limits and on the database size requirements. Based
on these criteria, only 25 species were selected as strong species.

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

2.3.3. Back trajectory analysis



In order to interpret the variation of PM; levels over time and the possible
contribution of long-range transport, the origin of air masses reaching the study area was
investigated by means of meteorological back trajectories. The Hysplit model (Draxler and
Rolph, 2003; Stein et al., 2015) was used to calculate daily back-trajectories, ending at
12:00 UTC for 5 days at 100 m and 1000 m above ground level. These heights were chosen
as they are within the boundary layer where most interactions affecting aerosols occur and
they represent mid to high layers of the boundary layer, respec.’vely. Height different air
mass scenarios were considered for this study according to the >=:dinal and collateral points
of the initial position of each trajectory. To determine the pollutant sources, all air mass
back trajectories were clustered into eight types tha. wvere manually identified by visual
analysis. The proportions of air masses assoric*ted with each track and the corresponding
concentrations of PM; and chemical ele nen.s associated to each receptor model factor were
calculated.

3. Results and discussion
3.1. PM; levels and elementa: concentrations

Table 1 shows tha N, average concentration levels obtained in the two sampling
sites. The average cu centrations were 12.8 +8.1 and 15.2 +10.3 pg/m® for Canoas and
Sapucaia do Sul sites, respectively. Higher PM; average concentration level in Sapucaia do
Sul than in Canoas was observed. As stated above, Sapucaia do Sul site has a stronger
vehicular influence by dense traffic of passenger cars, but also of light and heavy-duty
vehicles, frequent traffic congestion and slow vehicle speed. This site has also the industrial
influence (oil refinery and steel mills that do not use coke) upstream from the prevailing
winds, as reported in other studies (Teixeira et al., 2012, 2013; Agudelo-Castafieda and

Teixeira, 2014). Compared to other studies, PM; average concentrations display similar
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values to other cities, except for Wuhan (China) (Cheng et al., 2014) where the
concentrations were close to 10 times higher than those observed in the present study.
These higher PM; average concentrations, mainly in China, are a result of being a highly
polluted area impacted by intense emission of particle sources such as traffic and coal
combustion.

Average elemental concentrations in PM; measured at Canoas and Sapucaia do Sul
sites compared to other studies are also reported in Table 1. Mgyar components of PM; are
S04% and NO3, followed by NH4" and CI', and some crusta, ~!:ments. Moreover, crustal
elements and major ions do not show much variation w, en compared to other studies, with
the exception of Ca, for which high levels were obtau.>= in the present study, together with
Tito Scalo (Italy) and Tiang Hong (China). Titc Scelo (Italy) was the site that presented the
highest level of Ca (1.0 pg/m®), prob wlv due to larger emissions of fine mineral dust
particles (Caggiano et al., 2010).

The SO,* and NOs concentiations in Canoas and Sapucaia do Sul sites were found
to be lower than Broechem-," ntwerp (Belgium), Tito Scalo (ltaly), Barcelona (Spain) and
especially Wuhan (Chir2) (~72.0 pg/m®) (see references in Table 1). The latter site shows
significant difference. in relation to other sites, influenced by major pollution sources as
coal combustions (SO,) and vehicles (NOs). Some studies related the NO3/SO,* ratio to
different anthropogenic sources (Cheng et al., 2014). The NO3/SO4? ratios of Canoas and
Sapucaia do Sul were 1.2 and 0.8, respectively. For Canoas, the ratio suggested higher
vehicular influence (>1.0), and for Sapucaia do Sul, stationary sources (<1.0) as dominant
sources. However, the influence of vehicle exhausts in Sapucaia do Sul site should not be
neglected due to the rapid increase in numbers of motor vehicles, confirmed by other

studies (Teixeira et al., 2008; Agudelo-Castafieda and Teixeira, 2014).
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Trace element concentrations were compared with those reported from other cities
around the world. PM; shows enriched levels of Cu, Zn, Mn and Pb for Canoas and
Sapucaia do Sul, although different in comparison with other cities. Concentrations of Zn
differs from mostly all the cities, although levels were higher than Brisbane (Australia),
Tito Scalo (ltaly), Helsinki (Finland) and similar to Barcelona (Spain) and Broechem
(Belgium) (see references for these sites in Table 1). The Cu mean concentration for
Canoas (19 ng/m®) is different from most of the other countriec, *vith higher values except
for Iran (Tehran) and Australia (New South Wales and Wh:+a,!~}. For Sapucaia do Sul, Cu
mean concentration (10 ng/m®) is similar to Frankfurt /Germany) and Barcelona (Spain),
and higher than the other studies, except for the vaic~s reported from Iran (Tehran) and
Australia (New South Wales and Whyalla) 7iica show higher values than the results
obtained in this study. The Pb levels ar- al-o low as compared to those of other countries,
except for Iran (see references in Tacle 1). The Ti and Sn show similar or higher levels,
except for Iran. The Sb content :h)yws higher concentrations than all the compared
countries, as shown in Table :

In this study, the Co %n, Sb and Zn, may be emitted from road traffic and mainly,
from break wear (Fu: 'ta et al., 2005; Gugamsetty et al., 2012; Hassanvand et al., 2015).
The Cu and Zn commonly occur as submicron particles (Sanderson et al., 2014), as
observed in our study. For both sites, Zn was found the most abundant trace element (33
ng/m® for Canoas and 59 ng/m* for Sapucaia do Sul). Sapucaia do Sul shows higher
concentrations because of the presence of steel mills, smelters, and more vehicular traffic,
that characterize the study area. However, Zn concentration (59 ng/m®) in Sapucaia do Sul
was smaller than in Tehran/Iran (Hassanvand et al., 2015). Moreover, variable amounts of

Pb, Fe, Cu, Zn, Ni and Cd, in the sampling sites, can be observed due to contribution of
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both sources, from industrial processes and from traffic (Vecchi et al. 2004; Hassanvand et
al., 2015). Correlations between elements are shown in Table 2 and these findings are
discussed in detailed later.

As explained above, the elements ananlysed in this study are associated with
submicron particles, mainly in the fraction PM;. This not only results in large areas that are
available for reaction with fluids within the human body, but also allows these to be
transported over distances of hundreds of kilometers. Although e studies shown in Table
1 were carried out at different periods and have used diffeiont experimental procedures
(sampling techniques and methodologies - analytic tecnniques), there is an overall
correlation, especially with regard to the type of sourc. «nd common element.

3.2. Enrichment Factors (EFs)

Fig. 2 shows the mean EFs of ""M. samples for Canoas and Sapucaia do Sul sites.

For both sites, less than only 1 EF ‘vas observed for Mg and Sr, showing that their
compositions were very close *. thot of the upper continental crust indicating a natural
origin. Other elements such .~ Al, Ca, Fe, K, Na, V, Mn, Ni, Rb and Ba presented EFs
between 1 and 10, indircu*ny wne contribution of both natural and anthropogenic sources.
The EF >10 we. observed for K and Rb (Sapucaia do Sul site) and Cr (both sites),
which indicates some anthropogenic contributions. However, the highest EF, i.e., EF >100
and in some case EF >>100 for both sites, were observed for Cu, Zn, As, Cd, Sn, Sb and Pb,
indicating very high anthropogenic contributions. These elements are usually derived from
road traffic and industrial emissions, as will be discussed below in the source
apportionment analysis. Other major anthropogenic sources in the study area are the

combustion of petroleum products, non-ferrous metal production and coal combustion. The
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enrichment of these elements in the particles affects the air quality of the study region and
results in high anthropogenic emissions and low renovation of the air masses at the regional
scale which leads to an elevated proportion of low dispersive conditions.

3.3. Source apportionment

PMF was performed based on the assembled dataset of PM; samples from both
Canoas and Sapucaia do Sul. Samples of the two sites were examined together after a
previous analysis that indicated a similar source contribution in vnth sites. Fig. 3 shows the
source profiles whose columns and square represent the ma=s c~+tribution of species to the
factor (ng/m®) and the percentage of species in the faci.*. respectively. Seven factors were
identified and are discussed below.

Factor 1 was characterized by high co.*.ibitions of NO3™ (89%) and NH," (60%)
and was assigned as secondary nitrate (" 1g. ;). These contributions correspond to secondary
pollutants and result from the transfoi.mation of their precursors NOy and NHs, respectively,
and are probably related to emis icns from road traffic, high temperature industrial
processes, power generatior, ana biomass burning (Drechsler et al., 2006; Cheng et al.,
2014). As indicated in Fig. 4, Factor 1 represents 35% of the average contribution in the
PM; samples in an cnnual basis, with lower contributions being observed during the
summer, what can be attributed to the ammonium nitrate (NH4;NO3) thermal instability
(Querol et al., 2001; Mariani and Mello, 2007; Cusack et al., 2013a,b). For summer, the
mean concentration observed was 0.13 pg/m®, while for winter the mean concentration was
3.14 pg/m?. This can be seen in Fig. 4 where the contribution to the mass increases to 50%
in winter and decreases to only 4% in summer. Significant positive correlation (Table 2) of

NH," with secondary NO3 was observed in winter (p = 0.81). However, these compounds
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do not show any correlation during summer, which can be explained by their volatilization
in the atmosphere in warmer conditions (Parker et al., 2008).

Factor 2 represents 4% of the average contribution to the PM; samples (Fig. 4).
This factor presents higher contribution of Al and Mg, 90% and 78%, respectively (Fig. 3).
These elements in general are defined to be of crustal origin (Vecchi et al., 2004; Park and
Kim, 2005; Perez et al., 2008; Caggiano et al., 2010; Sanchez de la Campa et al., 2010;
Crilley et al., 2014). The low concentrations of metals associcted with crustal mineral,
average of 0.18 pg/m?® (Fig. 4), can be explained as the > generally accumulated in
coarser particles (Pakkanen et al., 2003; Perez et al., 208; Buczynska et al., 2014; Crilley
et al., 2014). Factor 2 does not show a clear seasonai ‘ariation. Its average contribution of
concentration was 0.15 pg/m® (5%) and 0.°% ug/m® (3%) for summer and winter,
respectively (Fig. 4). In addition, signif.car. positive correlations (Table 2) were observed
between Al and Mg in summer anc winter (p = 0.72 and 0.83, respectively), thus not
revealing seasonal variation.

Factor 3 was charac. rized by high CI" (85%) (Fig. 3), the origin of which can be
attributed to a coal-fired nu~ver station, located near the sampling site. Contribution of CI°
from coal-fired powe. station source has been identified by other studies (He et al., 2001;
Duan et al., 2004; Wang et al., 2005; Cheng et al., 2014). In addition, CI" in the atmosphere
can also be associated with some fugitive emissions from waste or garbage burning close to
the sampling sites, and from industrial activities in the area, such as paper manufacturing
companies. Factor 3 contributed with 0.70 pg/m® (15%) of the average contributions in an
annual basis, with seasonal variation: 0.69 ug/m* (11%) for winter, and 0.72 pg/m® (23%)

for summer. Low Na levels associated with this factor, at about 2% of the total Na
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concentration, suggest that there is no marine contribution to CI levels observed in the PM;
samples.

Factor 4 was related to the influence of metallurgical industry, with predominance
of Fe, Cr and Mn concentrations. Significant correlation was observed between Fe-Mn for
winter (p = 0.93), and Fe-Cr for summer (p = 0.46). Generally, metals are better correlated
in winter, as can be seen in Table 2. This is probably related to the metallurgical facilities in
the study area, and these contributions were higher in winter u.e to the lower dispersive
conditions. Correlation among the metals for summer ™a, e due to enhanced soil
resuspension and the favorable dispersion conditions, ni.2king it difficult to clearly identify
the different sources (Minguillén et al., 2012). As ~ported above, the metals may be
associated with mineral material, suggesting t.». p esence of metals in soil resuspension.
Various authors (Moreno et al., 2017, 2J)11) have reported that Cr influence in the
atmosphere is attributed mostly to ndustrial metallurgical emissions which were also
verified in relation to the contrib'iticne of Fe and Mn. In the microscopy analysis presented
above, the presence of Fe, C. anu Mn was observed, thus, highlighting the contribution of
this source. Factor 4 is reicted to only 2% of the average concentrations observed in the
PM; samples, i.e. 0.09 pug/m*® (Fig. 4). No significant seasonal variation in the metal
concentrations was observed, with average contributions of 0.11 pg/m® (3%) for summer,
and 0.07 pg/m® (1%) for winter.

Factor 5 of the source apportionment analysis indicated the association of several
anthropogenic metals, such as As, Rb, Sn, Pb, Cd, Zn, Mn, Cr, Cu and K, with the PM;
samples. Potassium in the fine PM fraction is usually associated with biomass combustion
(Vecchi et al., 2004; Wang et al., 2005; Spindler et al., 2010; Buczynska et al., 2014; Cheng

et al., 2014), and the two study sites are influenced by emissions from this activity. In this
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group of metals there are also anthropogenic metal tracers related to municipal garbage
incineration, smelters, and oil refining processes. These processes in the study area were
evidenced by the presence of As, Cd, Pb, and Zn. The presence of these metals has been
reported by several studies with similar sources (Schauer et al., 2006; Wahlin et al., 2006;
Perez et al., 2008; Amato et al., 2011; Moreno et al., 2011; Minguillén et al., 2012; Niu et
al., 2015). Furthermore, as previously indicated, non-exhaust traffic sources as brakes (Cu,
Sn, and Zn) and tires (Cd, Cu, and Pb) (Sanderson et a.., 2014) also contributed
significantly to this factor. However, metallurgical emissio~s .* Zn, Pb, and Mn associated
with other emissions listed above, favor the idea of a mi.-ture of atmospheric pollutants and
the difficulty of identifying individual sources (Mo.~u0 et al., 2011). Indeed, this was
observed in this study and, therefore, considere 3 ¢hi .t the association of some metals can be
emitted by specific sources mixed with «fartor in the atmosphere or by common sources of
emissions. Some metals may appear .~ different factors, or metals may be a characteristic
of a factor with more than one en ission source. Significant correlations were observed
between As/Cd, Zn/As, Zn/C: Ci/Ni, Cr/Zn, Mn/Zn, Mn/Ni, Mn/Cu, and Pb/Cd for winter,
whereas some correlatinn. Fetween these elements do not show much difference for
summer. Metal corrc'auons are in line with the seasonal variation with an average
concentration of 0.37 pg/m® (12%) for summer, and 0.86 pg/m® (14%) for winter (Fig. 4),
thus revealing a clear seasonal variation.

Factor 6 is related mainly to the contributions of Ca, Cr, Ni, and V. This factor
corresponds to 11.4% of the average contributions to the PM; samples and corresponds to
cement industry, construction and oil combustion sources. Ca can be probably linked to
specific anthropogenic activities, such as construction works, cement factories and building

material production plants (Munir and Shaheen, 2008; Perez et al., 2008; Amato et al.,
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2009; Caggiano et al., 2010; Widory et al., 2010; Crilley et al., 2014). Ni and V can be
associated with oil combustion (Arhami et al., 2009; Moreno et al., 2010; Buczynska et al.,
2014; Crilley et al., 2014) and these metals are typical tracers of this source (Pandolfi et al.,
2011; Cusack et al., 2013b). The study area is mainly influenced by oil combustion that is
used in refineries and steel industry. As reported by some authors (Moreno et al., 2011;
Mohiuddin et al., 2014), much of this combustion-derived atmospheric V and Ni were
predominantly associated with the finest PM size fraction a.2 is therefore capable of
travelling long distances. Significant correlations were obsev Jor Ca with V, Cr, and Ni,
and for Cr/Ni for winter, and between Ca/V and V,~r 1tor summer. Factor 6 showed
seasonal variation, with average concentrations of 0.52 ug/m?® (17%) for summer, and 0.40
ng/m? (7%) for winter (Fig. 4).

Factor 7 was identified due t+ th: contribution of SO,* and NH,", given the
relevance of these compounds in the chemical profile (37% and 86%, respectively) (Fig. 3).
High contributions of this factor tc the concentrations of Sb, Pb, Cd, Rb, Ti, Zn, K, Cu
(between 10 and 30% of the:- coi.centration) were obtained, and most of these are typical
tracers of road traffic (Que 2! et al., 2002; Lin et al., 2005; Pey et al., 2010; Amato et al.,
2011; Moreno et al., .711; Niu et al., 2015). For winter and summer, sulfate concentrations
were 1.21 and 1.26 pg/m®, respectively, while ammonium was 1.01 and 0.28 pg/m?,
respectively. The winter/summer sulfate ratios (0.96) indicated a relatively stable seasonal
pattern, with slightly higher summer levels possibly because of enhanced photochemistry
associated with more intense solar radiation (Cusack et al., 2012). Ammonium showed
higher concentration for winter (winter/summer ratio of 3.5). Among the constituents of
Factor 7 a significantly higher correlation was obtained in winter compared to summer

(Table 2). As reported in Factor 5, some metals may appear in different factors as non-
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exhaust traffic sources, such as Cu, Sb, Zn and Cd, Cu, Pb, and Cu (S6rme et al., 2001;
Kupiainen and Pirjola, 2011; Wiseman et al., 2013; Buczynska et al., 2014; Crilley et al.,
2014; Wiseman and Zereini, 2014; Hassavand et al., 2015). Also, these elements and
compounds can be characterized by anthropogenic activities from industrial sources, traffic
and coal combustion. This factor was associated with a mixture of anthropogenic sources as
its chemical profile is dominated by secondary ammonium sulfate, probably from SO,
emissions from coal-fired power plants, smelters and oil refini.,& but was also associated
with contributions of tracers of different sources, probably’ n.iv<d during the atmospheric
transport. Factor 7 showed seasonal variation with 0.87 ug/m® (14%) for winter and 1.12
ng/m? (36%) for summer.
3.4. Back trajectory analysis

Table 3 shows the average conrentrations of PM;, the contributions of each factor
of the source apportionment obtained from PMF and the sum of metals for both back
trajectory heights. As can be seen, ir both cases when air masses from the north of the
study area reach the studied ~ites, the PM; concentrations become higher. However, after
carrying out a comparismn ~t,een the means using the non-parametric Mann-Whitney test,
it was observed that w2 nean differences were not statistically significant. No statistically
significant differences were also observed between the mean concentrations of the PMF
factors and the sum of metal. This is an indication that both PM; and metal concentrations
observed in this study correspond mainly to contributions from regional-local sources, as
identified by the source apportionment.

In addition, the sensitivity of PM concentrations to the airflows decreased with
increasing arrival-height (Table 3). This result may be due to the fact that polluted air

masses at high altitudes have on average a lower impact at the surface PM. Airflows at
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higher altitudes are on average characterized by larger path lengths and, as a consequence,
they are prone to being more affected by the atmospheric physical and chemical processes
occurring during the transport and, hence, are less dependent on source properties (Perrone
etal., 2013).

In summary, the complex spatial and temporal relationship of the elements
measured in this study revealed no spatial pattern with regard to the origin of the air
masses, therefore studies with more sophisticated techniques aiv necessary to advance the
understanding of the identification of long-range transport o, =zrosol sources. This case-
crossover work considered the short-term effects of sie-specific particles on emergency
department visits among Brazilian metropolitan popu.~tions. We identified clear evidence
that exposures to ambient PM1 elevated risks for emergency department visits. Besides,
PM1-emergency department visits assrciat ons may vary by age groups and season. Our
findings may have some clinical anu nublic health implications in guiding the public and
patients to take active actions arain:t air PM1 pollution, so as to reduce associated health
risks. Prior time-series and c..~e-ci assover studies have investigated short-term AAP effects
on EDVs for various ca'se ncluding cardiovascular and respiratory diseases (Metzger et
al., 2004; Peel et al., 20uo; Stieb et al., 2009; Fan et al., 2016; Szyszkowicz et al., 2018).
The toxic effects on human cardiorespiratory systems could possibly be interpreted by
several biological changes in response to damage from PM, such as increased oxidative
stress, inflammation, and vasoconstriction (Zhang et al., 2020).

4. Conclusion

Hazardous elements concentrations associated with particulate matter <1 um (PM,)

revealed strong anthropogenic influence in the study area, located in southern Brazil. The

average concentrations of PM; of this urban and industrialized area corresponded to levels
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similar to those reported for several European countries, but much lower than those found
in China. Major contributions of PM; were secondary pollutants sulfate (50,%) and nitrate
(NOg3). Trace elements, especially Cu, Pb, Zn, Cd, and Ni, also made important
contributions by being directly associated with anthropogenic contributions. Among these,
as verified by PMF, the major sources correspond to secondary nitrate and sulfate,
industrial emissions, especially metallurgical, cement and oil refining processes, in addition
to coal, biomass and oil combustion, as well as traffic fue: “urning and non-exhaust
sources. The crustal contribution was less than 4%, as it is 2a1.2rully present in coarser size
mode. The analysis for detecting potential long-range ‘ransport contributions showed no
significant influence on the PM; as for metal concentic*ions, which are attributed mostly to
contributions from regional-local sources, a. (dentified by the source apportionment.
However, it was observed that the ass’.ciat.on of some metals with atmospheric particles
can be due to emissions from a speciic source or from different sources. Some hazardous
elements may appear in different facters, or metals may be a characteristic of a factor with
more than one emission soui:e. Navertheless, the PMF model was found to be an efficient
tool for identifying the mai.> <ources responsible for trace elements. The absence of marker
species in the input uota sets, such as organic tracers, may be one of the problems of the
inefficacy of the model to separate sources.
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Fig. 1. Location of the sampling sites at Canoas and Sapucaia do Sul in Brazil.

Fig. 2. Mean EF for PM; samples in Canoas and Sapucaia do Sul.

Fig. 3. Source profiles identified for PM; samples. The mass of each species

apportioned to the factor (blue bar, left axis) and the percentage of each species

apportioned to each factor (red square, right axis) are shown.

Fig. 4. Pie charts shows average contribution of each source (ug/m®) to PM; during

different seasons obtained by PMF.

Table captions
Table 1
Comparison of mean PM; levels and composition o1 *us study with those from different
areas reported around the world.
Table 2
Spearman’s correlation (p) matrix for major and trace components in PM;. Correlations in
red correspond to summer and ir hle =k to winter.
Table 3
Proportion of air maes<e. =ssociated air mass origin sectors and the corresponding
concentrations of PM,, FivIF factors and sum of the evaluated elements (ug/ms).
LIST OF TABLES
Table 1 Comparison of mean PM; levels and composition of this study with those
from different areas reported around the world.
Table 2 Spearman's correlation (p) matrix for major and trace components in PM;.

Correlations in red correspond to summer and in black to winter.
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Table 3 Proportion of air masses associated air mass origin sectors and the

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

(Hg/m3).
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NW (23%) 16.1 1.18 0.16 0.59 0.08 0.88 0.50 1.09 4.47
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HIGHl.IC_n—l‘,'S
e Determination of species and el me’ts concentrations in PM;.
e Mean levels of PM; and analvz.d species and elements were higher in winter.
e Seven major contributin’y .u..es or mixed sources were identified.
e Significant anthropc e .ic contributions were observed.

e Long range trar.sp. 't of pollutants was not relevant to PM;.
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Figure 3
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