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• Unattended long term sampling of
particulate matter below 360 nm

• Chemical speciation of primary and
secondary organic source markers

• Successful application of positive matrix
factor analysis for source apportionment

• 5 primary and secondary sources sepa-
rated to explainmajority of OC variability

• Secondary organic aerosols (SOAs)
originated from different biogenic and
anthropogenic sources separated
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To investigate the organic composition and their sources of very fine atmospheric particulate matter (PM), size-
segregated PM was sampled using rotating drum impactor (RDI) in series with a sequential filter sampler in
Augsburg, Germany, fromApril 2014 to February 2015. Organic speciation analysis and organic carbon/elemental
carbon (OC/EC) analysis was performed for the smallest size fraction PM0.36 (PM b 360 nm). Different OC frac-
tions were determined by thermal optical EC/OC analyzer, and OC2, OC3 and OC4 refer to OC fractions that
were derived at 280, 480 and 580 °C, respectively. Positive matrix factorization (PMF) analysis was applied for
source apportionment study. PMF resolved 5 sources including biogenic dominated secondary organic aerosol
(bioSOA), isoprene dominated SOA (isoSOA), traffic, biomass burning (BB) and biomass burning originated
SOA (bbSOA). On annual average, PMF results indicate the largest contribution of biogenic originated SOA
(bioSOA plus isoSOA) to OC, followed by traffic and then BB related sources (BB plus bbSOA). Traffic was found
to be associated with the smallest particles; whereas bioSOA and BB are associatedwith larger particles. Second-
ary organic marker compounds from biogenic precursors, OC2, OC3 and bioSOA, isoSOA source factors show
summer maximum. Polycyclic aromatic hydrocarbons (PAHs), biomass burning markers, OC4 and BB, bbSOA
source factors showwinter maximum. Hopanes and the traffic source factor show little seasonal variation. Sum-
mer peaks of OC3 and OC2 are well modeled by PMF and are attributed mainly to biogenic SOA. OC4 was

Keywords:
Quasi-ultrafine particulate matter
Chemical speciation
Positive matrix factorization analysis
Source apportionment study
Secondary organic aerosol

Science of the Total Environment 615 (2018) 828–837

⁎ Corresponding author.
E-mail address: juergen.schnelle@helmholtz-muenchen.de (J. Schnelle-Kreis).

1 Currently at Fraunhofer Institute for Wood Research Wilhelm-Klauditz-Institut, Braunschweig, Germany.

https://doi.org/10.1016/j.scitotenv.2017.09.158
0048-9697/© 2017 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2017.09.158&domain=pdf
https://doi.org/10.1016/j.scitotenv.2017.09.158
mailto:juergen.schnelle@helmholtz-muenchen.de
https://doi.org/10.1016/j.scitotenv.2017.09.158
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


generally poorlymodeled due to lack of characteristic low volatilemarkers. Summermaxima of biogenic SOA re-
lated compounds and source factors are positively correlated with temperature, global radiation, O3 concentra-
tion and mixing layer height (MLH). Winter maxima of BB related compounds and source factors are
negatively correlated with temperature and MLH; whereas positively correlated with NO2 level.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Airborne particulate matter (PM) has often been associated with a
range of adverse health effects. Previous studies mostly focused on
PM10, which are respirable particles, and PM2.5, which are particles ca-
pable of penetrating into gas exchange region of lung (alveoli). Recent
toxicological and epidemiological studies have drawn the attention to
adverse health effects of even smaller particles, such as ultrafine parti-
cles (UFP, generally referring to particles b100 nm), especially among
the susceptible population Oberdorster (2001). Several characteristics
of smaller particles may lead to notable detriment to human health. De-
spite their substantial or even dominating contribution to particle num-
ber counts as well as large surface area, due to minor contribution to
mass they are not controlled by mass based legislations. Because of
size dependent deposition of inhaled particles in the respiratory system,
UFP could penetrate deeper and tend to deposit in the alveolus region
and furthermore UFP seem to bemore resistant to phagocytosis of alve-
olar macrophages (Oberdorster, 2001; Renwick et al., 2001; Moller
et al., 2002). One major concern is the possibility of UFP translocating
to secondary target organs such as the liver, kidney and central nervous
system etc. (Oberdörster et al., 2004; Elder et al., 2006; Kreyling et al.,
2009).

Of the variety aspects that need to be characterized for atmospheric
ultrafine PM, the organic composition of UFP and their sources are of
special interest. Using source apportionmentmodels, impact of a variety
of source contributions to ambient PM could be reconstructed. Positive
matrix factorization (PMF) is awidely usedmultivariate receptormodel
(Paatero and Tapper, 1994) that does not necessarily need a prior
knowledge of source profiles,whichmakes it powerful in general source
apportionment studies. Viana et al. (2008) reviewed the source appor-
tionment studies in Europe using different models from 1987 to 2007
and found 4 main sources types which are from vehicular emission,
crustal, sea-salt, and a mixed industrial/fuel-oil combustion and a sec-
ondary inorganic aerosol. It is worth mention that the sources that
could be resolved depend on the input variables. Their source specifici-
ty, either as single compound or as pattern, is crucial in source identifi-
cation. For source apportionment of atmospheric PM based on
quantified concentrations, commonly used input variables are the ele-
ments (metals) concentrations, concentrations of inorganic ions as
well as organic marker compounds. Some source apportionment stud-
ies also used particulate number concentrations in different size classes
to resolve source contributions mainly to ambient PM (Gu et al., 2011;
Vu et al., 2015). As the particles become smaller, carbonaceous fraction
could contribute evenmore to the PMmass and be the dominating con-
tributor to ultrafine PM mass. (Kleeman et al., 2008; Kam et al., 2012).
The carbonaceous component impacts on physical and chemical prop-
erties and is strongly associated with adverse health effects of PM. Indi-
vidual compounds or compound groups could be responsible for
different health risks, such as mutagenic or carcinogenic potential of
some PAHs (Lin et al., 2008). Source apportionment of the redox activity
of quasi-ultrafine particles (PM0.49) performed in Greece found vehicu-
lar traffic and residential wood burning as themajor contributors to the
measured redox activity of PM0.49 at urban traffic site and at the urban
background site, respectively (Argyropoulos et al., 2016). Specific or-
ganic markers and marker fingerprints are valuable source indicators
(Viana et al., 2008; Lin et al., 2010; Noziere et al., 2015) and havewidely
been used by PMF as input variables to apportion the sources of PM2.5

and PM10 (Wagener et al., 2012; Wang et al., 2012). Primary sources

could be traced by organic molecular markers known from emission
profiles. For instance levoglucosan is commonly used as biomass com-
bustionmarker because it comes from cellulose degradation during bio-
mass burning (Simoneit, 2002; Lin et al., 2010) and hopanes are used as
a markers of traffic emissions because engines that use lubricating oil
emit hopanes (Lin et al., 2010). Compounds formed from atmospheric
reactions of volatile biogenic or anthropogenic precursors can be used
to assess the contribution of secondary organic aerosols (SOA) to ambi-
ent PM. Due to its complexity, SOA is difficult to be characterized and
not as well studied in source apportionment studies as primary organic
aerosols (Kroll and Seinfeld, 2008; Noziere et al., 2015). Typically sec-
ondary organic compounds are derived from oxidation of precursors
in the gas phase and gas to particulate partitioning of oxidized semi-
volatile products thereafter. Therefore, SOA compounds are usually
highly oxidized, polar and contribute to water soluble organic carbon
(WSOC) of PM. SOA markers from the most important biogenic emis-
sions, isoprene and pinene (α and β-pinene), have been identified and
used in PM2.5 and PM10 aerosol source apportionment studies (Ding
et al., 2008; Zhang et al., 2010; Peng et al., 2013).

Only a few source apportionment studies on UFP based on chemical
composition have been reported yet. Kim et al. (2016) analyzed the
sources of size segregated PM (including ultrafine PM) in Cleveland
using PMF based on inorganic ions, elements and OC/EC, and identified
4 sources for ultrafine PM at urban sites, comprising steel production/
road dust, coal combustion/motor vehicles, oil combustion and second-
ary nitrate aerosols, and 5 sources at rural sites, including steel produc-
tion/coal, motor vehicles, road dust, soil and secondary nitrate aerosols.
Using gases, OC/EC and element concentrations as input data,
Kuwayama et al. (2013) performedPMF analysis for PM0.1 and could de-
tect traffic related and wood combustion sources. Despite the frequent
application of organic markers as input data in source apportionment
studies on PM2.5 and PM10 samples, its application to UFP and quasi-
ultrafine particles is extremely rare. Applying chemical mass balance
(CMB) based method, Shirmohammadi et al. (2016) and Argyropoulos
et al. (2016) reported sources apportionment study of PM0.18 and
PM0.49 using chemical composition including organic markers such as
PAHs and levoglucosan, respectively. Based on source factors achieved
from a PMF based study on PM2.5, Shirmohammadi et al. (2016) were
able to resolve one factor for total secondary organic carbon. One
study in Leipzig, Germany applied PMF to organic markers (PAHs,
hopanes, levoglucosan etc.), elements and ions for size-segregated PM
and resolved sources of traffic, coal combustion, biomass combustion,
photochemistry, cooking for PM0.14 and the sources mentioned plus
secondary inorganic aerosol for accumulation mode PM in size-range
0.14–0.42 μm and 0.42–1.2 μm and it compared source contributions
in summer and winter (van Pinxteren et al., 2016).

Major aim of our study is to investigate the seasonality of the chem-
ical composition and source contributions of the carbonaceous fraction
of quasi-ultrafine ambient PM. Daily PM0.36 samples were collected
from April 2014 to February 2015 at an urban background station in
Augsburg, Germany. Detailed chemical characterization of organic mo-
lecular markers for various sources was carried out applying in-situ
derivatization direct thermal desorption gas chromatographmass spec-
trometry (IDTD-GC-TOF-MS, Li et al., 2016). PMFwas applied to identify
and asses contributions of primary (traffic, biomass combustion) and
secondary (from biomass combustion, isoprene, terpenes) sources to
carbonaceous aerosols. Size-segregated particulate number concentra-
tions and OC sub-fractions were included as auxiliary PMF parameters.
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