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a b s t r a c t

This study describes and compares the key structural units present in water-soluble organic carbon
(WSOC) fraction of atmospheric aerosols collected in different South American (Colombia e Medellín
and Bogot�a, Peru e Lima, Argentina e Buenos Aires, and Brazil e Rio de Janeiro, S~ao Paulo, and Porto
Velho, during moderate (MBB) and intense (IBB) biomass burning) and Western European (Portugal e
Aveiro and Lisbon) locations. Proton nuclear magnetic resonance (1H NMR) spectroscopy was employed
to assess the relative distribution of non-exchangeable proton functional groups in aerosol WSOC of
diverse origin, for the first time to the authors’ knowledge in South America. The relative contribution of
the proton functional groups was in the order H-C > HeCeC¼ > H-C-O > Ar-H, except in Porto Velho
during MBB, Medellín, Bogot�a, and Buenos Aires, for which the relative contribution of H-C-O was higher
than that of H-C-C¼. The 1H NMR source attribution confirmed differences in aging processes or regional
sources between the two geographic regions, allowing the differentiation between urban combustion-
related aerosol and biological particles. The aerosol WSOC in Aveiro, Lisbon, and Rio de Janeiro during
summer are more oxidized than those from the remaining locations, indicating the predominance of
secondary organic aerosols. Fresh emissions, namely of smoke particles, becomes important during
winter in Aveiro and S~ao Paulo, and in Porto Velho during IBB. The biosphere is an important source
altering the chemical composition of aerosol WSOC in South America locations. The source attribution in
Medellín, Bogot�a, Buenos Aires, and Lima confirmed the mixed contributions of biological material,
secondary formation, as well as urban and biomass burning emissions. Overall, the information and
knowledge acquired in this study provide important diagnostic tools for future studies aiming at un-
derstanding the water-soluble organic aerosol problem, their sources and impact at a wider geographic
scale.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, it is firmly established that atmospheric organic
by Dr. Hageman Kimberly Jill.

rte).
aerosols (OA) are inexorably linked to both climate change and
adverse health outcomes (e.g., Kanakidou et al., 2005; Heal et al.,
2012; Booth et al., 2012; Laskin et al., 2015). OA have been shown
to be ubiquitous in urban, rural, and remote locations, representing
an important component of air particulate matter (PM) (Jimenez
et al., 2009; references therein; Putaud et al., 2010). The OA are
highly dynamic, with a myriad of sources and formation
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mechanisms contributing significantly to the OA burden in the at-
mosphere. OA can be directly emitted into the atmosphere (from
both natural and anthropogenic sources) or formed in situ from
chemical reactions (i.e., secondary formation). Once in the atmo-
sphere, OA can also undergo a wide variety of oxidation processes
that modify their physico-chemical properties (Hallquist et al.,
2009). One of the most important attributes of atmospheric OA
for both climate and health impacts is their chemical composition.
It has been shown that most OA mass at urban and anthropogen-
ically influenced rural/remote areas is dominated by oxygenated
species (e.g., Zhang et al., 2007; Duarte et al., 2007, 2015; Crilley
et al., 2014; Lopes et al., 2015), and it contains both water-soluble
and water-insoluble organic components. The water-soluble
organic carbon (WSOC) fraction is usually below 70% of the
organic carbon (OC) present in the air particulate matter (e.g.,
Duarte et al., 2007; Wozniak et al., 2012; Zhang et al., 2014; Lopes
et al., 2015). The enrichment of air particles in WSOC and its mix-
ing state with the inorganic counterpart plays an important role in
several atmospheric processes. The WSOC might potentially affect
the properties that determine the aerosols' ability to act as cloud
condensation nuclei (Dinar et al., 2006; Padr�o et al., 2010). It has
been also suggested that the WSOC might contribute to the ab-
sorption of solar radiation, and thus atmospheric heating and
global climate change (Dinar et al., 2008; Mladenov et al., 2010).
Furthermore, the wet deposition fluxes of atmospheric water-
soluble organic matter (WSOM) indicate that it may be an impor-
tant temporal source of OC to surface waters and, thus, playing an
important role in the global carbon cycle (Jurado et al., 2008). From
the public health perspective, there are evidences on the associa-
tion between aerosol OC and adverse health effects (Cassee et al.,
2013), with the secondary OC component (more water-soluble)
being suggested as a valuable air quality metric. Despite its signif-
icance, the multitude of molecular forms, sources, and atmospheric
reactivity makes a complete characterization of aerosol WSOC
extremely difficult. Nevertheless, determining its structural
composition is needed to explore its dynamics as well as its sources
and formation mechanisms. Furthermore, targeting the chemical
composition of aerosol WSOC is also essential for climatic and
epidemiological studies, whose results are critical to support and
evaluate informed policies on atmospheric pollution reduction at
regional and global levels (Cassee et al., 2013; Saffari et al., 2014;
Atkinson et al., 2015).

In the quest for untangle the complex molecular composition of
the water-soluble component of OA, it has been shown that the
WSOC consists of a highly diverse suite of oxygenated compounds,
including dicarboxylic acids, keto-carboxylic acids, aliphatic alde-
hydes and alcohols, saccharides, saccharide anhydrides, aromatic
acids, phenols, but also amines, amino acids, organic nitrates, and
organic sulfates (e.g., Duarte et al., 2007, 2008, 2015; Timonen et al.,
2013; Ng et al., 2010; Cleveland et al., 2012; Shakya et al., 2012;
Pietrogrande et al., 2013; Chalbot et al., 2014; Paglione et al.,
2014; Lopes et al., 2015; Chalbot et al., 2016). A common ground
of the available compositional datasets on aerosol WSOC is that
they refer to studies carried out in urban, rural, and remote loca-
tions predominantly at North America and Europe, besides a few
urban sites in Asia. On the other hand, comprehensive structural
identification within the complex aerosol WSOC mixture has been
rarely reported for Southern Hemisphere locations. Most field
studies within this region have included measurements of ambient
concentrations of OC, elemental carbon (EC), and WSOC, specific
organic markers (e.g., n-alkanes, PAHs, and levoglucosan), or the
amount of hydrocarbon-like and oxygenated OA components [e.g.,
in Brisbane (Australia), Tanzania (rural background site), S~ao Paulo
(Brazil), Rondônia (Amazon Basin, Brazil), Buenos Aires (Argentina),
Bogot�a (Colombia), and Santiago (Chile)] (Graham et al., 2002;
Mayol-Bracero et al., 2002; Tagliavini et al., 2006; Vasconcellos
et al., 2010, 2011; Mkoma and Kawamura, 2013; Crilley et al., 2014;
Souza et al., 2014; De Oliveira Alves et al., 2015; Villalobos et al.,
2015). Although these studies have provided a glimpse into the
bulk chemical makeup of OA, the current understanding of the role
of aerosol WSOC in global climate change still is incomplete. In
order to draw a meaningful picture of the climate and health-
related properties of atmospheric WSOC, one first needs to un-
derstand its chemical composition at a wider geographic scale. It
becomes, therefore, crucial to lengthen the observational records
by improving the current knowledge on the structural composition
of aerosol WSOC and, simultaneously, glean additional information
on how these compositional features change across different en-
vironments and ambient conditions.

The objective of this study was to investigate and compare the
structural characteristics of WSOC in atmospheric aerosols
collected in different locations (urban, suburban, and forest) at
South America (Colombia e Medellín and Bogot�a, Peru e Lima,
Argentinae Buenos Aires, and Brazile Rio de Janeiro, S~ao Paulo and
Porto Velho) and Western Europe (Portugal e Aveiro and Lisbon).
The approach chosen to fulfill this objective encompasses func-
tional group analysis using proton nuclear magnetic resonance (1H
NMR) spectroscopy. This strategy has been successfully applied to
different aerosol WSOC samples, namely from biomass burning
aerosols, marine organic aerosols, secondary organic aerosols
(SOA), urban aerosols, rural aerosols, and size-fractionated atmo-
spheric aerosols (Graham et al., 2002; Tagliavini et al., 2006;
Decesari et al., 2007; Chalbot et al., 2014, 2016; Lopes et al.,
2015). In this study, the acquired 1H NMR datasets were further
used to build fingerprints for source contribution analysis,
following the method of Decesari et al. (2007). With this study it is
expected to get a deeper insight into the yet unsolved structural
composition of aerosol WSOC at different Southern Hemisphere
locations, and to understand possible composition variations in
WSOC due changes in their sources at contrasting environments.

2. Materials and methods

2.1. Aerosol samples collection

Aerosol samples were collected at nine different locations,
extending from Aveiro and Lisbon (Portugal) located at the West
European Coast, to Medellín and Bogot�a (Colombia), Lima (Peru),
Porto Velho, Rio de Janeiro and S~ao Paulo (Brazil), and Buenos Aires
(Argentina), located in South America (Fig. 1). Table 1 summarizes
relevant information about the studied locations, including the
particle size, sampling period, season, sampling duration, and air
mass transport features during the aerosol sampling campaigns.
The meteorological data, including air temperature, accumulated
rainfall, relative humidity, solar radiation, maximumwind velocity,
and air masses origin, across the different field campaigns are
available in Table S1, in Supporting Information (SI).

In Aveiro, with approximately 60,000 inhabitants, the aerosol
sampling occurred at the Campus (Santiago) of the University of
Aveiro, on a rooftop approximately 20 m above the ground. The
sampling site is located on the west coast of Portugal, 10 km from
the Atlantic Ocean, and very close to the city center. An industrial
complex, which includes the production of nitric acid, aniline,
nitrobenzene and chlorinate compounds, is located 10 km to the
North of Aveiro. A total of eight high-volume PM2.5 (particulate
matter with aerodynamic diameter < 2.5 mm) samples were
collected on quartz fibre filters (20.3 � 25.4 cm; Whatman QM-A,
GE Healthcare Life Sciences), on a weekly basis (7 days in contin-
uum), during JulyeAugust 2010 [n ¼ 3, Summer (SU)] and
December 2010eFebruary 2011 [n ¼ 5, Winter (WI)] in order to



Fig. 1. Location of the nine aerosol sampling sites in South America and Western Europe.

Table 1
Summary of atmospheric aerosol sampling conditions at each studied location (additional details are available in Table S1 and section S1, in Supporting Information).

Location Particle
Size

Sampling Period Sampling
Duration

Season Origin of Air Masses
c

Reference

Medellín (Colombia) PM10 June 2010 (n ¼ 12) a 24 h Dry Continent This study
Bogot�a (Colombia) PM10 NoveDec 2008 (n ¼ 12) 24 h Wet Continent Vasconcellos et al. (2011)
Lima (Peru) PM10 JuneeAug 2010 (n ¼ 10) 24 h Winter Marine/Continent This study
Buenos Aires (Argentina) PM10 AugeSept 2008 (n ¼ 13) 24 h Winter/Spring Marine/Continent Vasconcellos et al. (2011)
Porto Velho (PV, Brazil) PM10 AugeOct 2011 (n ¼ 17) e IBB b 47e168 h Winter/Spring Marine/Continent De Oliveira Alves et al. (2015)

Nov 2011eMar 2012 (n¼ 23) eMBB b 47e240 h Spring &
Summer

Marine/Continent

Rio de Janeiro (Rio J., Brazil) PM2.5 Jan 2015 (n ¼ 3) 24 h Summer Marine This study
PM10 Jan 2015 (n ¼ 4) Marine

S~ao Paulo (S. Paulo, Brazil) PM10 JaneMar 2014 (n ¼ 8) 24 h Summer Marine This study
JulyeSept 2014 (n ¼ 7) Winter Continent

Aveiro (Portugal) PM2.5 JulyeAug 2010 (n ¼ 3) 168 h Summer Marine Lopes et al. (2015)
Dec 2010eFeb 2011 (n ¼ 5) Winter Marine/Continent

Lisbon (Portugal) PM2.5 JulyeSept 2013 (n ¼ 8) 96 h Summer Marine/Continent This study

a n ¼ Number of aerosol samples.
b IBB e Intense Biomass Burning, MBB e Moderate Biomass Burning.
c Origin of air masses during each sampling period, based on air mass back trajectories assessed by means of the HYSPLIT model, using the Global Data Assimilation System

(GDAS) meteorological database, and accessed via NOAA Air Resources Laboratory READY website (Draxler and Rolph, 2014; Rolph, 2014).
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collect enough material for subsequent WSOC characterization.
Additional details on aerosol sampling procedure in Aveiro are
available in section S1, in SI.

The capital city of Portugal, Lisbon, is the westernmost capital in
mainland Europe, and it is set at the north of the Tagus estuary and
in close proximity to the Atlantic Ocean. It is the largest urban area
in Portugal with a population of about 2.8 million. Although there is
some industrial activity, the traffic is the main source of local at-
mospheric emission. In addition, the international airport located
in the north of the city is also a significant contributor to local
emissions. In Lisbon area, the aerosol sampling was carried out at
the Laranjeiro Air Quality Station, approximately 4 m above the
ground. A total of eight 96 h high-volume PM2.5 samples were
collected on 150 mm i.d. quartz fibre filters (Whatman QM-A),
during JulyeSeptember 2013. Additional details on aerosol sam-
pling are available in section S1, in SI.

Samples from Buenos Aires, Medellín, Bogot�a, and Lima were
collected during the development of South American Emissions,
Megacities and Climate Project (SAEMC). The objectives of this
project were to provide accurate regional emissions and climate
change scenarios for South America, with emphasis on the impacts
of and on megacities. In Medellín, the second biggest city in
Colombia (2.3 million inhabitants, data from the National Depart-
ment Administrative of Statistics of Colombia), the sampling was
done in a monitoring zone (Poblado), near to an avenue with heavy
traffic (1955 vehicles per hour). Twelve 24 h PM10 samples were
collected on quartz fibre filters (20.3 � 25.4 cm; Whatman QM-A),
between June 16th and 28th (2008), during the dry season. In
Bogot�a, capital of Colombia, with approximately 8 million in-
habitants and about 1.2 million vehicles, twelve 24 h PM10 samples
were collected from November 24th to December 9th (2008),
during the wet season, on quartz fibre filters (20.3 � 25.4 cm;
Whatman QM-A), at a site with strong vehicular emissions. Addi-
tional details on aerosol sampling in Bogot�a can be found in the
study of Vasconcellos et al. (2011). At Buenos Aires (14 million in-
habitants in the metropolitan area), Argentina, thirteen 24 h PM10
samples were collected from August 14th to September 15th
(2008), on quartz fibre filters (20.3 � 25.4 cm; Whatman QM-A).



R.M.B.O. Duarte et al. / Environmental Pollution 227 (2017) 513e525516
The aerosol sampling was carried out on a rooftop (approximately
12 m above the ground) of a building at Comisi�on Nacional de
Energía At�omica, over 15 m distance from a highway. The sampling
site is mainly influenced by residential and vehicular emissions
(Vasconcellos et al., 2011). In Lima (8.5 million inhabitants; data
from the National Statistical System of Peru), capital of Peru, the
sampling campaignwas carried out in Campo de Marte, the biggest
urban park, localized in the central region of the city. Ten 24 h PM10
samples were collected from June 17th to August 11th (2010), on
quartz fiber filters (20.3� 25.4 cm;Whatman QM-A, NP, 1851-865).
Additional details on aerosol sampling in Buenos Aires, Medellín,
Bogot�a, and Lima are available in section S1, in SI.

In Brazil, sampling of aerosols was carried out at three different
locations: Porto Velho (PV), S~ao Paulo (S. Paulo), and Rio de Janeiro
(Rio J.). In PV, the PM10 samples were collected in a forest reserve
located about 5 km of Porto Velho, in the state of Rondônia, western
Amazon. In contrast to urban areas, where air pollution sources are
independent of climate seasonality, biomass burning in the
Amazon region occurs mainly during the dry season (JulyeOc-
tober), when the highest inflammability of the forest is observed.
Therefore, in PV, the aerosol sampling was carried out during two
well distinct periods: the dry season (AugusteOctober 2011) and
the wet season (November 2011eMarch 2012). Given the distinct
strength of the biomass burning events, the former will be referred
hereafter as intense biomass burning (IBB) whereas the latter as the
moderate biomass burning (MBB) periods. The high-volume
sampler was deployed at a site close to the dense forest, and the
PM10 samples were collected on quartz fiber filters (20.3� 25.4 cm;
Energ�etica) (De Oliveira Alves et al., 2015). After sampling, the PM10
samples were kept at 4 �C covered in aluminum during the field
campaigns. The refrigerator was placed in a container located on
the border of a 150 m radius grassland clearance at the south-west
corner of 2000 ha of the dense forest. As described in a previous
study of De Oliveira Alves et al. (2015), the average concentrations
of PM10 during IBB and MBB periods were 30.2 ± 12.3 mg m�3 and
13.4 ± 3.15 mg m�3, respectively. Peak concentration of PM10 during
IBB was observed to reach 60 mg m�3 on the 24 h average (De
Oliveira Alves et al., 2015). At S. Paulo, the PM10 samples were
collected on quartz fiber filters (20.3� 25.4 cm; Energ�etica), during
an extensive campaign carried out in JanuaryeMarch 2014 [n ¼ 8,
Summer (SU) period] and JulyeSeptember 2014 [n¼ 7, Winter (WI)
period]. In Rio J., 24 h high-volume PM2.5 (n ¼ 3) and PM10 (n ¼ 4)
samples were simultaneously collected on quartz fibre filters
(20.3 � 25.4 cm; Whatman QM-A) during January 2015. The sam-
pling occurred at the Campus of the Pontifical Catholic University of
Rio de Janeiro, on a rooftop approximately 39 m above the ground.
The sampling site is located on the east coast of Brazil, 2 km from
the Atlantic Ocean, nearby a heavy traffic street, and only a few
meters away from a subway line construction. The sampling area is
also surrounded by the Tijuca Forest. The high-volume PM2.5 and
PM10 samplers were installed on platforms (1 m high from the
rooftop), with a distance of approximately 2 m from each other in
order to avoid any interference. Additional details on aerosol
sampling at the different Brazilian sites are available in section S1,
in SI.

All quartz filters used in the aforementioned sampling cam-
paigns were previously heated (at 500 �C or 800 �C for 12 h or 8 h,
respectively) in order to remove any organic contaminants. The
total mass of each collected aerosol sample was determined by
weighing the filter under controlled moisture conditions before
and after sampling (see section S1 in SI for further details). The
ambient PM10 and PM2.5 concentrations are expressed in mg m�3.
The filters were then wrapped with aluminum foil and stored
frozen until further analysis.
2.2. Extraction and determination of WSOC in aerosol samples

Depending on the available filter area, the volume of ultra-pure
water used for extraction the WSOC had to be adjusted in order to
comply with a “filter area-to-water volume ratio” between 1.0 and
3.5 cm2 mL�1. For the aerosol samples collected in Aveiro and Rio J.,
each quartz filter was extracted with 150 mL of ultra-pure water
(18.2 M U cm) by mechanical stirring for 5 min followed by ultra-
sonic bath for 15 min. This same extraction methodology was
applied to the other aerosol samples (Lisbon, Medellín, Bogot�a,
Buenos Aires, Lima, PV, and S. Paulo) using a volume of ultra-pure
water of 50 mL. Each final obtained aqueous slurry was filtered
through a hydrophilic polyvinylidene fluoride (PVDF) membrane
filter (Durapore®, Millipore, Ireland) of 0.22 mm pore size. The
dissolved organic carbon (DOC) content of each aqueous aerosol
extract of samples collected in Aveiro and Lisbon was measured by
means of a Shimadzu (Kyoto, Japan) TOC-5000A Analyzer, using the
non-purgeable organic carbon (NPOC) method (Lopes et al., 2015),
whereas the DOC content of the aqueous extracts of aerosol sam-
ples collected in South America locations was measured with a
Skalar (Breda, Netherlands) Sanþþ Automated Wet Chemistry
Analyzer, based on a UV-persulfate oxidation method. It should be
emphasized that both high-temperature combustion and wet
oxidation methods perform at a relatively satisfactory level and
there is no evidence for systematic differences on the DOC content
derived from the twomethods, as demonstrated in a previous work
by Lopes et al. (2006). The WSOC concentrations are expressed in
mg C m�3.

After WSOC extraction, and to ensure enough mass for the
structural characterization, the aqueous extracts were batched
together according to the groups representative of each urban
location and/or season or sampling condition, as outlined in Table 1.
For the particular case of the aerosol WSOC samples collected in
Aveiro and Lisbon, each pooled WSOC sample was further isolated/
fractionated by adsorption onto a Supelite™ DAX-8 resin, following
a well-established analytical protocol (Duarte and Duarte, 2005;
Duarte et al., 2007). This isolation procedure was employed under
the framework of a previous study where thewater-soluble organic
functionality of the urban aerosol samples was investigated using
solid-state 13C NMR and Fourier Transform Infrared (FTIR) spec-
troscopies (Duarte et al., 2015). Therefore, the structural charac-
terization of the samples collected in Aveiro and Lisbon presented
in Section 3 comprises the WSOC fractions recovered from the
resin, as these fractions accounts for 42e53% of the total DOC of the
aqueous extracts, and contains the highest percentages of chro-
mophoric compounds (60e67% of the total UV absorbance at
250 nm of the aqueous extracts, data not shown) (Lopes et al.,
2015). Finally, each pooled WSOC sample analyzed in this study,
including the isolated WSOC fractions from Aveiro and Lisbon, was
concentrated under rotary evaporation followed by a freeze drying
procedure, and kept on a desiccator over silica gel until 1H NMR
analysis.

2.3. Solution-state 1H NMR spectroscopy

All 1H NMR spectra were acquired on a Bruker Avance-500
spectrometer operating at 500.13 MHz, equipped with a liquid ni-
trogen cooling CryoProbe. All spectra were run at 22 �C, under the
following conditions: i) pulsewith of 3.83ms; b) acquisition time of
2.97 s; c) 64 k data points; d) spectral with of 11029 Hz; e) recycle
delay of 1 s; and f) 1024 scans. The dried WSOC samples were
dissolved in deuterated methanol (MeOH-d4, 1 mL) and transferred
to 5 mm NMR tubes. The identification of functional groups in the
1H NMR spectra was based on their chemical shift relative to that of
an internal tetramethylsilane (TMS) standard set at 0 ppm.
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3. Results and discussion

3.1. Contribution of WSOC to PM mass

Table 2 reports the range of ambient concentrations of PM,
WSOC, total mass of particulate water-soluble organic matter
(WSOM), and percentage of mass ratio between WSOM and PM at
each studied location. The total mass of WSOM was estimated as
1.6 � WSOC, based on elemental analysis performed on the WSOC
aerosol samples collected at Aveiro (Duarte et al., 2015). In Aveiro,
this factor ranged between 1.5 in winter and 1.7 in summer,
yielding an average WSOMetoeWSOC ratio of 1.6 (Duarte et al.,
2015). It is very likely that this ratio would vary from site to site.
In Bogot�a, Vargas et al. (2012) used 1.6 and 1.8 to convert organic
carbon-to-organic material with good PM10 mass closure results.
Due to the lack of additional information for the remaining loca-
tions focused in this study, a value of 1.6 was used here to calculate
the total mass of particulate WSOM at all sites.

As depicted in Table 2, the highest median values of the WSOM/
PM ratio are found in Aveiro (7.2 and 21% in SU and WI, respec-
tively), Lisbon (6.7%), and Rio J. (8 and 13% for PM10 and PM2.5,
respectively), suggesting that OA in these locations might be
dominated by more processed oxygenated (therefore, more water-
soluble) organic structures. In contrast, for the South American sites
of Medellín, Bogot�a, Buenos Aires, Lima, PV, and S. Paulo, the me-
dian values of the WSOM/PM ratios remain rather similar and
below 1.3%. One of the notable features observed in this study is the
apparent insignificant site-to-site variation in terms of solar radi-
ation, ambient temperature, and relative humidity, especially dur-
ing warmer conditions (Table S1, in SI). This would be indicative of
exceptional atmospheric conditions for attaining similar amounts
of secondary organic components across the different European
and South American locations. However, the observed low WSOM/
PM ratios (<1.3%) may be explained by the significant presence of
apparently chemically reduced OA probably related to freshly
emitted traffic aerosols in Medellín, Bogot�a, Buenos Aires, Lima, PV,
and S. Paulo (Vasconcellos et al., 2011). Also of note, Bogot�a presents
the lowest median value for the WSOM/PM ratio among the South
American sites. This outcome could be due to a combination of
various controlling factors, including meteorological events (e.g.,
highest amount of total precipitation, Table S1 in SI) and higher
contribution of direct vehicular emissions to the aerosol OC frac-
tion, particularly when compared to the cities of S. Paulo and
Buenos Aires, where it has been suggested that secondary
Table 2
Range of ambient concentrations of PM,WSOC, total mass of particulate water-soluble org
values are given in parentheses; ± standard deviation) at each studied location.

Location/Sample Total PM
(mg m�3)

WSOC
(mg C m�3)

Medellín 10.9e59.4 0.05 ± 0.01e0.34 ± 0.01 (0.11 ±
Bogot�a 23.6e48.9 0.04 ± 0.009e0.13 ± 0.01 (0.08
Lima 33.5e59.1 0.27 ± 0.01e0.38 ± 0.01 (0.33 ±
Buenos Aires 14.5e160 0.07 ± 0.003e4.7 ± 0.31 (0.11 ±
PV e IBB a

PV e MBB a
13.1e58.6
9.46e18.3

0.01 ± 0.01e0.43 ± 0.01 (0.18 ±
0.029 ± 0.001e0.10 ± 0.01 (0.05

Rio J. e PM2.5

Rio J. e PM10

10.6e22.1
26.4e46.0

0.83 ± 0.02e1.3 ± 0.1 (1.0 ± 0.1
1.3 ± 0.1e1.8 ± 0.1 (1.6 ± 0.1)

S. Paulo e SU b

S. Paulo e WI b
20.7e164
33.5e113

0.07 ± 0.003e0.28 ± 0.01 (0.12
0.10 ± 0.01e0.45 ± 0.01 (0.32 ±

Aveiro e SU b

Aveiro e WI b
20.5e27.0
14.5e37.0

0.37 ± 0.03e0.99 ± 0.06 (0.65 ±
1.8 ± 0.1e5.0 ± 0.1 (2.9 ± 0.1)

Lisbon 25.5e95.5 0.95 ± 0.01e5.7 ± 0.1 (2.0 ± 0.1

a IBB e Intense Biomass Burning, MBB e Moderate Biomass Burning.
b SU e Summer season, WI e Winter season.
c [WSOM] ¼ [WSOC] � 1.6 (factor used to convert WSOC into WSOM derived from ele
photochemical production of OC seems to be more important
(Vasconcellos et al., 2011). Also noteworthy is the higher median
WSOM/PM ratio observed in PV (within the Brazilian Amazon re-
gion) during IBB events as compared to that observed during MBB
events. A source apportionment study carried out during these two
events have shown that biomass burning is the larger contributor
to aerosol OC load in this sampling region (De Oliveira Alves et al.,
2015). Previously, Mayol-Bracero et al. (2002) have also provided
strong evidences that aerosol WSOC is generated in significant
amounts during biomass burning within this region, thus
explaining the WSOM/PM ratios (Table 2) determined during the
IBB and MBB sampling periods.

Data reported in Table 2 for Rio J. during summer, also shows
that WSOC is enriched in PM2.5 samples (range of PM2.5/PM10
ratios ¼ 62e80%). The SOA and biomass burning particles are main
contributors to WSOC and both are known to be preferentially
associated with the PM2.5 size fraction (e.g. Fuzzi et al., 2007). From
a seasonal standpoint, at Aveiro, the WSOM contributes to 13e32%
of the PM mass during winter, whereas its contribution diminishes
during summer to 5.7e10%. Apparently, in S. Paulo, the lowest
levels of the WSOM/PM ratios were also observed during summer
season, although no variation between seasons could be discern
based on the obtained median WSOM/PM values. These results
suggest that contributions of biomass burning combined with low
temperature conditions (average value of 11 �C, Table S1 in SI) could
be important to ambient water-soluble OA in Aveiro during winter
(e.g., Duarte et al., 2015), whereas the somewhat lower relative
humidity and total precipitation and higher ambient temperatures
(average value of 17 �C) in S. Paulo during winter (Table S1 in SI)
could contribute to the observed range of WSOM/PM ratios.
3.2. Proton (1H) functional group characteristics

Fig. 2 shows the 1H NMR spectra of WSOC fractions extracted
from the atmospheric PM samples collected at each studied loca-
tion. Before going deeper inside the wealth of structural informa-
tion provided by these NMR spectra, it must be emphasized that the
spectra of the WSOC samples collected in Aveiro and Lisbon are
significantly better resolved in terms of sensitivity than those of the
South America samples. Themost plausible explanation for this low
spectrum intensity is related to the low dissolved carbon content of
the South America samples as compared that of the Western Eu-
ropean samples, particularly because the latter has been subjected
to an isolation (and concentration) procedure onto DAX-8 resins
anic matter (WSOM), and percentage of mass ratio betweenWSOM and PM (median

WSOM c

(mg m�3)
WSOM/PM
(%)

0.01) 0.087e0.55 (0.18 ± 0.02) 0.24e2.5 (0.43)
± 0.01) 0.062e0.21 (0.13 ± 0.01) 0.16e0.67 (0.35)
0.01) 0.43e0.61 (0.53 ± 0.02) 1.0e1.4 (1.3)
0.01) 0.11e7.6 (0.18 ± 0.01) 0.11e16 (0.49)
0.01)
4 ± 0.004)

0.15e0.69 (0.29 ± 0.01)
0.046e0.16 (0.09 ± 0.001)

0.89e1.4 (1.2)
0.39e1.2 (0.66)

) 1.3e2.1 (1.6 ± 0.1)
2.1e2.9 (2.5 ± 0.1)

6.0e16 (13)
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± 0.05)
0.16)

0.11e0.44 (0.19 ± 0.08)
0.16e0.72 (0.51 ± 0.26)

0.11e1.2 (0.58)
0.39e1.2 (0.56)
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2.9e7.9 (4.6 ± 0.1)

5.7e10 (7.2)
13e32 (21)

) 1.5e9.2 (3.2 ± 0.1) 4.7e9.6 (6.7)

mental analysis on WSOC aerosol samples collected at Aveiro (Duarte et al., 2015)).



Fig. 2. Solution-state 1H NMR spectra of WSOC from the aerosol samples collected at the different South America and Western European sites. Four spectral regions are identified
(in blue) at the top of the spectra: HeC, HeCeC¼, HeCeO, and AreH. Resonance signals: Water (W), Solvent (S) e MeOH-d4, and Tetramethylsilane (TMS) e 0.03% (v/v). Sampling
periods and samples identification are given in Tables 1 and 2, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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(see section 2.2). As recently demonstrated by Lopes et al. (2015),
this isolation procedure is unlikely to exert a bias in WSOC
composition and, therefore, affect the comparison between the 1H
NMR profiles of the isolated and non-isolatedWSOC samples. It has
been also shown that the isolatedWSOC samples can be considered
as good proxies of the total aerosol WSOC (Lopes et al., 2015).

The most distinct feature of the aerosol WSOM spectra is that
the majority of the NMR signals remain unresolved and super-
imposed by a relatively small number of sharp peaks, suggesting
the occurrence of complex mixtures of organic structures. In this
scenario, the identification of specific individual organic species
becomes difficult, although four main categories of functional
groups carrying CeH bonds can be identified: (i) d 1H 0.5e1.9 ppm
e protons bound to carbon atoms of straight and branched aliphatic
chains (H-C), which includes protons from methyl (ReCH3),
methylene (ReCH2), and methyne (ReCH) groups; (ii) d 1H
1.9e3.2 ppm e protons bound to carbon atoms in aeposition to
unsaturated groups in allylic (HeCaeC¼), carbonyl or imino
(HeCaeC¼O or HeCaeC¼N) groups, protons from methyl groups
bound to an aromatic carbon, and protons in secondary and tertiary
amines (HeCeNHR and HeCeNR2); (iii) d 1H 3.5e4.1 ppm e pro-
tons bound to oxygenated saturated aliphatic carbon atoms
(HeCeO) in alcohols, polyols, ethers, esters, and organic nitrate
(ReCH2eOeNO2), and (iv) d 1H 6.5e8.3 ppm e protons bound to
aromatic carbon atoms (AreH). For a further understanding of the
1H NMR spectra profiles, a quantitative integration of each spectral
region was performed in order to assess the abundance of each
functionality in theWSOM samples. As depicted in Fig. 3, regardless



Fig. 3. Percentage distribution of 1H NMR in WSOC from the aerosol samples collected at the different South America and Western European sites. Sampling periods and samples
identification are given in Tables 1 and 2, respectively.
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of the studied environment, all aerosol WSOC samples exhibit the
same major proton types; however, they differ in terms of the
relative distribution of the major proton regions. Overall, the rela-
tive content of the proton functional groups obtained in this study
are within the range of those published forWSOC hydrophobic acid
fractions or “humic-like substances (HULIS)” from atmospheric
aerosols (e.g., Graham et al., 2002; Decesari et al., 2005; Song et al.,
2012; Chalbot et al., 2014, 2016; Lopes et al., 2015). For the South
American sites, the saturated aliphatic protons are the most
important component (36e59%), followed by unsaturated
(20e33%) and oxygenated (13e40%) aliphatic protons, and a less
contribution from aromatic protons (2.0e10%). In a similar fashion,
for the WSOC samples collected in Western Europe, the relative
contributions of these four proton functional groups vary in the
following order: H-C (38e53%) > HeCeC¼ (33e37%) > H-C-O
(7.0e14%) > Ar-H (2.7e14%). However, a different trend is observed
for samples collected in PV during MBB, Medellín, Bogot�a, and
Buenos Aires, for which the relative contribution of H-C-O struc-
tures (40%, 34%, 24%, and 27%, respectively) surpasses that of the H-
C-C¼ structures (21%, 19%, 21%, and 20%, respectively). Examples of
organic species that typically resonate in this region includes not
only sugar alcohols (e.g., mannitol and arabitol), but also other
carbohydrate-like moieties such as glucose, sucrose, and fructose
(Chalbot et al., 2014), as well as anhydrosugars, such as levoglu-
cosan and mannosan (Duarte et al., 2008). Sugar alcohols are
particularly widespread in fungi and have been proposed as mo-
lecular tracers for fungal spores in ambient aerosol (e.g., Bauer et al.,
2008; Fu et al., 2010; Liang et al., 2013). Nevertheless, other sources
of sugar alcohols in airborne PM cannot be excluded, such as
vegetation during springs blossoms and decomposing plants dur-
ing cold seasons (Burshtein et al., 2011). Primary saccharides can
also have a biological origin (e.g., Fu et al., 2010), whereas anhy-
drosugars are mainly associated with the emissions from biomass
burning (e.g., Duarte et al., 2008; De Oliveira Alves et al., 2015).
Therefore, the predominance of the H-C-O signature in the afore-
mentionedWSOC samples could be associated with the presence of
primary biogenic material (e.g., pollen and fungal spores) with an
important carbohydrate signature. In this regard, the portion of
spores in PM10 in Amazonia has been estimated to be 25% during
day time and 45% at night, with an average of 35% (Elbert et al.,
2007). Additionally, the NMR spectra (Fig. 2) of the WSOC sam-
ples collected in PV - MBB, Medellín, Bogot�a, and Buenos Aires
exhibit two distinct peaks at d 1H 3.98 and 4.61 ppm, which are
likely assigned to the protons in the H-O- groups of a sugar alcohol
skeleton, thus supporting the contribution of fungal spores and
pollen into the water-soluble OA composition at these locations.
Nevertheless, H-C-O structures in PV e MBB and Bogot�a may also
have a secondary origin, as a result of photochemical reactions (e.g.,
stronger solar radiation in Bogot�a, Table S1), and/or atmospheric
aging of primary OA during warmer conditions (e.g., average tem-
perature of 26 �C in PV e MBB, Table S1) (Shakya et al., 2012;
Chalbot et al., 2016). The strong H-C-O signature in the NMR
spectra of samples from Medellín and Buenos Aires during winter
and winter/spring seasons, could also be attributed to the presence
of carbohydrate-like moieties likely derived from plant cellulose
and hemicellulose pyrolysis, which underpins the contribution of
biomass burning emissions to the urban OA. In the particular case
of Medellín, the sampling campaign occurred under the influence
of transported biomass burning emissions taking place in Ama-
zonia at that same time. In addition, the NMR spectra of the
Medellín and Buenos Aires samples exhibit a peak at d 1H 5.3 ppm,
assigned to anhydrosugars from cellulose, such as levoglucosan and
mannosan (Duarte et al., 2008), further corroborating the contri-
bution of biomass burning into the OA composition.

The potential contribution of fresh biomass burning compounds
to WSOC during winter can also be inferred from the highest aro-
matic content of the samples collected in Aveiro (14%) and S. Paulo
(10%) as compared to those collect in summer (2.7 and 3.5%,
respectively) at the same urban locations. Also, the presence of an
intense sharp resonance at d 1H 5.3 ppm attributed to anhy-
drosugars in these samples further confirms the presence of smoke
particles during this period. Nonetheless, one cannot rule out that
in S. Paulo, the aromatic structures could also originate from traffic
sources, especially, from diesel and gasoline emissions (Agudelo-
Casta~neda and Teixeira, 2014). Unsurprisingly, WSOC collected in
PV during the IBB period exhibit a clear biomass burning assign-
ment, with a higher aromatic content (5.2%) and an intense NMR
signal from anhydrosugars than WSOC collected during the MBB
event (2.4%). These results agree with those described by De
Oliveira Alves et al. (2015) for the same location and sampling
period, where levoglucosan was observed in significant concen-
trations and biomass burning was found to be the dominating
aerosol source. Inversely, these same group of authors reported that
PM10 was relatively constant throughout theMBB event, suggesting
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an overall stable balance between aerosol sources and sinks within
the filter sampling resolution.

Also interestingly, the WSOC from PM2.5 samples collected
during summer in Rio J., Aveiro, and Lisbon exhibit a proton func-
tional group composition compatible with SOA formation, all
holding similar relative content of H-C, H-C-C¼, and H-C-O
(49e53%, 33e37%, and 7e13%, respectively). However, the relative
content of aromatic protons in summer WSOC in Aveiro is lower
(2.7%) than those in Rio J. and Lisbon (5.1 and 4.1%, respectively). As
aforementioned, the aromatic moieties could also be associated
with emissions from anthropogenic activities, which are expectedly
to be more enhanced in large cities such as Rio J. and Lisbon. In
Lima, Peru, a location characterized by low rainfall rates (Table S1,
in SI), the saturated and unsaturated aliphatic moieties dominate
the average chemical structure of WSOC PM10 samples during
winter, which may imply the potential contribution of combustion
sources.

Aiming at attain additional details on the structural differences
between the aerosol WSOC samples with respect to the different
studied scenarios, each main category of proton functional groups
has been further divided into recognizable 1H NMR resonances
associatedwith specific key structural units, which are summarized
in Table 3. These assignments are based on the structural infor-
mation provided by two-dimensional NMR studies of aerosol
WSOC reported in a previous study (Duarte et al., 2008). A quan-
titative integration of each spectral region has been also performed
in order to assess the abundance of each structural unit in the
WSOC samples. The radar diagram shown in Fig. 4 indicates that the
region of saturated (d 1H 0.5e1.9 ppm) and unsaturated (d 1H
1.9e3.2 ppm) aliphatic protons, which are major contributors to
WSOC composition, maintain their overall characteristics across
the different WSOC samples. A large proportion of these aliphatic
NMR resonances is likely to be represented by terminal methyl
groups (16e26%) in long-chain (carbons greater than 3 or 4) and/or
branched functionalized structures with a heteroatom 4 bonds
away from protons (12e21%). The abundance of the so-defined
unsaturated aliphatics is governed by protons located 3 bonds
away from a heteroatom (d 1H 2.2e3.2 ppm; 13e25%), being the
carboxylic group the most likely substitution pattern. The WSOC
samples from Lima, Bogot�a, and S. Paulo e SU are particularly
Table 3
Description of 1H NMR key structural units identified in the WSOC fractions extracted
Western Europe. The interacting proton is highlighted in bold.

Main
structure

Code d (1H)
[ppm]

Key structural units

H-C AL - 1 0.5
e1.3

Terminal CH3 groups in aliphatic chains, and in certain bra
(dH z 1.2 ppm)

AL - 2 1.3
e1.4

Mid-chain CH2 groups in aliphatic structures at more than

AL - 3 1.4
e1.9

CH2 or CH groups in aliphatic (some branched) structures b

H-Ca-C¼ AL - 4 1.9
e2.2

Acetate group (H3C-COO-R); CH groups in branched alipha

AL - 5 2.2
e3.2

CH2 or CH groups in aliphatic structures a to -COOH (dH z 2
functionality (at dH > 2.5 ppm); CH3 groups as substituent i
(dH z 2.3 ppm)

H-C-O O-
AL-1

3.5
e3.9

Mostly CH2-OH groups (C6 carbon) from carbohydrates, an
groups in aromatic (Rar-COOCH3) and aliphatic (Ral-COOCH

O-
AL-2

3.9
e4.1

-C-CH-OH groups from polyols (dH z 4.0 ppm)

Ar-H AR - 1 6.5
e7.1

Aromatic protons with -OH or methyl ethers (-OCH3) subst

AR - 2 7.1
e8.0

Aromatics with alkyl, oxygenated alkyl, -OR, methyl ethers

AR - 3 8.0
e8.3

Oxidized aromatics, mainly (poly)carboxylated aromatics (
enriched in methyl groups (23e26%, d 1H 0.5e1.3 ppm), whereas
summer WSOC in PM2.5 from Aveiro, Lisbon, and Rio J. present the
highest values (42e46%) for the relative content of functionalized
aliphatics with a heteroatom 3 to 4 bonds away from protons (d 1H
1.4e1.9 ppm plus d 1H 2.2e3.2 ppm). These latter features are, in
general, likely compatible with an enhanced SOA formation during
summer at these locations. These functionalized structures are
much less abundant (27%) in WSOC collected in PV samples during
MBB and in Medellín.

The major differences between the WSOC samples are verified
within the carbohydrate-like and aromatic moieties. The WSOC
samples from Aveiro and Lisbon seem to be somewhat depleted in
carbohydrate-like moieties (NMR resonance at d 1H 3.5e3.9 ppm),
particularlywhen compared toWSOC samples from South America.
This feature might be an artifact of the Aveiro and Lisbon samples
preparation as DAX-8 resin could discriminate against carbohy-
drates (Fan et al., 2013). Notwithstanding this fact, and regardless of
the studied environment, H-C-O groups from carbohydrates (e.g.,
proton bound to carbon C6 in CH2-O groups) are likely to represent
the most important contribution to the singly oxygenated struc-
tures present in the studied WSOC samples. The highest relative
contributions were found for WSOC collected in PV during MBB
(33%) and in Medellín (28%). In both cases, this structural signature
could have a biogenic origin (e.g., atmospheric pollen, fungal
spores, and decomposing plants). The impact of smoke particles
can also explain the important contribution (21%) of this structural
signature for the aerosol WSOC in PV during IBB. Among the two
Western European cities, the smoke impacted winter Aveiro sam-
ple also exhibit the highest abundance of carbohydrate-like moi-
eties (9.0%). Within the H-C-O chemical shift section, the structural
signature likely assigned to polyols, such as sugar alcohols (NMR
resonance at d 1H 3.9e4.1 ppm), appears to be most abundant for
Bogot�a (12%), Buenos Aires (9.3%), and Lima (8.0%) samples. As
aforementioned, the presence of sugar alcohols in air particles
could be associated with the contribution of fungal aerosols and/or
decomposing plants, whose levels are expected to be high during
spring/summer and winter/spring periods (coincident with the
sampling periods in Bogot�a and Buenos Aires, respectively). Polyols
are also traditionally identified as marker compounds for the
photooxidation of isoprene in aerosols (e.g., 2-methyltetrols) (Fu
from the aerosol samples collected at different locations from South America and

nched aliphatics CCCCH; CH3 groups as substituent in aromatic structures

3 or 4 bonds from -COOH, -OH or NH2 functionalities

to a -COOH, -OH or NH2 functionality

tic structures a to a -COOR functionality

.3 ppm), -C¼O or -NH functionality (dH > 2.5 ppm), and/or in b position to -COOR
n aromatic structures (dH z 2.3 or 2.5 ppm) or in H3C-C(O)-R aliphatic structures

d in a less extent oxymethylene (-OCH2-O-; dH z 3.6e3.7 ppm) units, and CH3

3) methyl esters, and aromatic methyl ethers (Rar-OCH3)

ituents in the neighboring aromatic carbon

(-OCH3), -COOH, and/or nitrite (NO2) substituents

e.g., terephthalic acid)



Fig. 4. Radar diagram of the 1H NMR section integrals, derived from total area-normalized 1H NMR spectra integrals according to structural zones depicted in Table 3 (see Table 3 for
the attribution of d 1H section integrals and codes), for all aerosol WSOC samples collected at the different South America and Western European sites. Sampling periods and
samples identification are given in Tables 1 and 2, respectively.
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et al., 2010; Minguill�on et al., 2016). The presence of such secondary
products derived from the oxidation of biogenic volatile organic
compounds have already been reported for urban OA in tropical
India (Fu et al., 2010) and Barcelona (Minguill�on et al., 2016). Thus,
the presence of biogenic SOA tracers in Bogot�a and Buenos Aires
WSOC samples cannot be ruled out. During winter, coincident with
the sampling period in Lima, different sources of fungal spores
could also contribute to the presence of sugar alcohols, such as the
resuspension from exposed surfaces (e.g., soil resuspension) and
decomposing plants. It should be emphasized that the presence of
fungal spores in urban areas is not uncommon - recently, Liang et al.
(2013) have reported a high abundance of fungal spores in an urban
area in Beijing (China). As fungal spores and related chemical
components have been associated with adverse health effects, their
presence in South America (mega)cities should cause further
environmental and public health concerns.

Most of the aromatic structures were found in the chemical shift
region d 1H 7.1e8.0 ppm (Fig. 4), which was indicative of aromatic
structures with a diverse suite of different substituents (see
Table 3). In WSOC samples collected during winter seasons, such as
those from PV during IBB, S. Paulo, Buenos Aires, Lima, or Aveiro,
these type of structural features are probably matching the pres-
ence of breakdown products resulting from the pyrolysis of lignin,
such as phenols, aldehydes, ketones, acids, and alcohols, generally
with the same substituent pattern on the aromatic rings as the
precursor aromatic alcohols fromwhich they were derived (Duarte
et al., 2008). Once in the atmosphere, these structures can also
undergo photooxidation, originating highly oxidized aromatic SOA
species (Iinuma et al., 2010). Nevertheless, other aromatic struc-
tures with a secondary origin can resonate in this NMR region, such
as terephthalic acid, nitrophenyl-derived compounds, cinnamic
acid and/or cinnamaldehyde, possibly formed during the oxidation
of aromatic hydrocarbons from urban traffic emissions (Hallquist
et al., 2009; Chalbot et al., 2014; Lee et al., 2014).

3.3. Source apportionment of aerosol samples

In order to assess if the proton functional group distribution
could shed light on the dominant particulate WSOC sources at each
site, the source apportionment technique developed by Decesari
et al. (2007) was applied to all samples. By plotting the ratios of
calculated carbonyl and carboxylic aliphatic groups (HeCeC¼O)-
to-total aliphatics (HeCeC¼O/SAliphatics) and oxygenated
aliphatic groups (HeCeO)-to-total aliphatics (HeCeO/SAliphatics),
Decesari et al. (2007) created source boundaries for marine OA
(MOA), SOA, and aged biomass burning OA (BBOA). Based on the
source signature plot in Fig. 5, none of the WSOC samples fell into
the three specific fingerprint sources previously established by
Decesari et al. (2007), especially in the contribution of the
HeCeC¼O group. This outcome suggests that the studied WSOC
samples are less oxidized than those of the predefined fingerprints,
exhibiting a HeCeC¼O/SAliphatics ratio ranging from 0.14 to 0.34,
whereas the HeCeO/SAliphatics ratio range from 0.12 to 0.56.
Interestingly, the fractional contribution of HeCeO did not vary
outside of the values for the pre-established source regions, except
for samples collected in Medellín, and in PV during MMB and IBB.
The presence of polyols and anhydrosugars associated with pollen
and fresh smoke particles (with high HeCeO/SAliphatics (>0.4)
but low HeCeC¼O/SAliphatics (<0.25) ratios) could contribute for
the clear separation of these PM10 samples from the remaining
WSOC samples that are impacted by anthropogenic-related pro-
cesses. Particularly, the aerosol WSOC samples collected in PV
during IBB and MBB emissions are characterized by HeCeO/
SAliphatics and HeCeC¼O/SAliphatics ratios comparable to those
computed for primary emissions from biomass burning (Chalbot
et al., 2016) and pollen-dominated coarse particles (Chalbot et al.,



Fig. 5. Functional group distributions for WSOC from the aerosol samples collected at the different South America and Western European sites. Boxes represent boundaries for
marine OA (MOA), SOA, and biomass burning OA (BBOA) based on Decesari et al. (2007), aged urban organic aerosol (Urban OA) obtained from Cleveland et al. (2012), fresh pollen
(Pollen) obtained from Chalbot et al. (2014), and fresh emissions from biomass burning (fresh BBOA) obtained from Chalbot et al. (2016). Sampling periods and samples identi-
fication are given in Tables 1 and 2, respectively.
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2014), respectively. According to Chalbot et al. (2016), aged and,
therefore, more oxidized biomass burning OA is likely to be more
depleted in polyols and phenols structures (Graham et al., 2002;
Chalbot et al., 2016). Thus, samples within the biomass burning
OA region firstly set by Decesari et al. (2007) may represent aged
biomass burning OA, whereas those outsidemay be associatedwith
fresh pollen and smoke OA emissions (Chalbot et al., 2016). The
aerosol WSOC collected in Medellin differ from all the aforemen-
tioned source regions, probably reflecting the mixed contributions
of biological material as well as urban and biomass burning
emissions.

The remaining WSOC samples are characterized by HeCeC¼O/
SAliphatics and HeCeO/SAliphatics ratio values comparable to
those in urban aerosols (Cleveland et al., 2012; Lopes et al., 2015).
The PM2.5 samples collected in Aveiro, Lisbon, and Rio J. during
summer seasons exhibit the highest contributions of HeCeC¼O
structures, thus highlighting their somewhat high oxidized char-
acter. A higher oxidation level is usually associated with SOA for-
mation (Moretti et al., 2008). However, in the context of the urban
areas studied in this work, the contribution of SOA to summer
WSOC samples might be covering aged primary OA emitted from
non-specified anthropogenic sources (Lopes et al., 2015), either
traffic or non-traffic-related fossil combustion sources. Noteworthy,
the winter WSOC samples collected in Aveiro and S. Paulo exhibit
lower HeCeC¼O/SAliphatics and higher HeCeO/SAliphatics ratio
values than the summer samples collected at the same sites, which
may be explained by a higher contribution of fresh emissions,
namely of smoke particles, to the winter WSOC samples.
4. Conclusions

The structural composition and 1H NMR source apportionment
of particulate WSOC has been described for the first time to our
knowledge at different locations in South America (Medellín,
Bogot�a, Lima, Buenos Aires, PV in Amazon Basin, S. Paulo, and Rio
J.), and further compared to those of two urban sites at theWestern
European coast (Aveiro and Lisbon). This study showed that the
contribution of WSOC to PM mass is higher in Aveiro, Lisbon, and
Rio J. than in the remaining South America locations, which points
to a more oxidized character of WSOC at former urban sites, as well
as differences in the aging processes and/or regional sources be-
tween South America and Western European locations.

The 1H NMR data analysis also showed that all aerosol WSOC
samples hold similar proton functional groups; however, they differ
in terms of their relative distribution, depending on the location
and time period. For most of the South American sites as well as for
both Western European cities, the relative contribution of the four
proton functional groups vary in the following order: H-
C > HeCeC¼ > H-C-O > Ar-H. However, for aerosol WSOC collected
in PV during MBB, Medellín, Bogot�a, and Buenos Aires, the relative
contribution of H-C-O structures is higher than that of H-C-C¼
groups. The possible key structural units of WSOC were also sug-
gested by the 1H NMR spectra. The entire region of saturated and
functionalized aliphatics (most likely aliphatic carboxylic acids),
which were major structural contributors to most WSOC samples,
maintained its core integrity with limited, yet recognizable, vari-
ability across all samples. The most noteworthy differences
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between the WSOC samples were found by far more abundant
within the NMR regions assigned to carbohydrate-like and aro-
matic moieties. Primary saccharides, polyols, and anhydrosugars of
diverse origin (e.g., fungal spores, pollen, degradation of plant
material, and biomass burning), depending on the season and
location, may contribute largely to the carbohydrate-related sub-
structures. Aromatic structures with diverse substitution (e.g., -OR,
-COOH, -OCH3, and alkyl groups) are plausible candidates in aerosol
WSOC, most of which were attributed to emissions from wood
combustion, particularly during winter seasons and biomass
burning events. Nevertheless, aromatic SOA might also contribute
to all WSOC samples, probably related to the oxidation of aromatic
hydrocarbons from urban traffic emissions.

Based on 1H NMR source signatures, summer aerosol WSOC in
the cities of Aveiro, Lisbon, and Rio J. has an important contribution
from SOA, which are most likely associated with atmospheric aging
of primary OA emitted from non-specified anthropogenic sources.
ParticulateWSOC in Aveiro and S. Paulo during winter are impacted
by fresh emissions, namely of smoke particles, being less oxidized
than those collected during the summer period. Nevertheless, the
contribution of aged primary OA to these WSOC samples cannot be
ruled out. Fresh primary emissions from biomass burning are un-
deniably the dominant source of aerosolWSOC during IBB events at
the Amazon Basin. With the decline of biomass burning activities in
this location, the 1H NMR profile indicated the possible dominant
contribution of biological particles (e.g., pollen and fungal spores)
to coarse particulate WSOC. The 1H NMR profiles and source
attribution of particulate WSOC from Medellín, Bogot�a, Buenos
Aires, and Lima confirmed the mixed contributions of biological
material, secondary formation, as well as urban and biomass
burning emissions. InMedellín, there is a distinct contribution from
biomass burning as well as biological material likely from decom-
posing plants or resuspension of soil dust. The particulate WSOC in
Bogot�a and Buenos Aires is clearly influenced by local traffic-related
sources, secondary formation, and episodes of pollen release during
the spring blossom.

The significant structural findings and source signatures re-
ported in this study for aerosol WSOC in contrasting environments
of South America and Western Europe, are an important diagnostic
tool for understanding the role of human activities on the atmo-
spheric load and composition of particulate organic matter at a
wide geographic scale and under different environmental condi-
tions. This study also indicates that biosphere is a major source for
primary air particles at the regional scale, influencing the compo-
sition, and plausibly the atmospheric behavior, of water-soluble OA,
particularly in South America.
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