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Abstract

Reactive oxygen species (ROS) play a central role in both atmospheric and physiologi-
cal processes. In the atmosphere, ROS are produced by photochemical and multiphase
reactions, and are important species in the removal of air pollutants. In biological sys-
tems, ROS act as mediators of intracellular signaling, but they can also cause oxidative
stress by damaging lipids, proteins, and DNA. At the atmosphere-biosphere interface such
as biogenic aerosols and lung lining fluid, chemical interactions of ROS pose feedback
loops involving the Earth system, climate, and public health. Multiphase processes
of ROS are controlled by reactions and mass transport of species between gas, liquid
and solid phases. Despite their importance, kinetics and chemical mechanisms that
govern the interactions between atmospheric and physiological processes are not yet
well understood and characterized.

Multiphase reactions of OH radicals are among the most important pathways for
chemical aging of organic aerosols in the atmosphere. Reactive uptake of OH by organic
compounds has been investigated extensively, but the kinetics of mass transport, chemical
reactions as well as their interdependence are still not understood. The kinetic multilayer
model of gas–particle interactions in aerosols and clouds (KM-GAP) resolves these
processes by explicitly taking into account solubility, diffusivity and reactivity of each
species involved. In this work, KM-GAP was applied to experimental data from OH
exposure of coated-wall flow tube of levoglucosan (LG) and abietic acid (AA), which
serve as surrogates and molecular markers of biomass burning aerosol (BBA). For both
LG and AA, the bulk diffusion coefficients were found to be approximately 10−16 cm2s−1,
reflecting their amorphous semisolid state. It was shown that the OH uptake by these
films was governed by the reaction at or near the surface and could be kinetically limited
by bulk diffusion of the organic reactants. Through these diffusion coefficients, the
chemical half-life of LG in 200 nm diameter particles in a biomass burning plume was
estimated to increase from one day to one week depending on the relative humidity. In
BBA particles transported to the free troposphere, the chemical half-life of LG can exceed
one month due to slow bulk diffusion at low temperature.

Ambient and laboratory-generated secondary organic aerosols (SOA) were found to
form substantial amounts of OH radicals upon interaction with liquid water, which can
be explained by the decomposition of organic hydroperoxides. The molar OH yield from
SOA formed by oxidation of terpenes (α-pinene, β -pinene, limonene and isoprene) is 0.1
% upon extraction with pure water and increases to 1.5 % in presence of Fe2+ ions due
to Fenton-like reaction. These findings imply that the chemical reactivity and aging of
SOA particles is strongly enhanced upon interaction with water and iron. In the human
respiratory tract, the inhalation and deposition of SOA particles may lead to a substantial
release of OH radicals, which may contribute to oxidative stress and play an important
role in the adverse health effects of atmospheric aerosols.

A wide range of particle-associated radicals were detected and quantified in size
segregated atmospheric particles using electron paramagnetic resonance (EPR) spec-
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troscopy. Particle samples were collected using a cascade impactor at a semi-urban site
in Mainz, Germany, in May-June 2015. Concentrations of environmentally persistent
free radicals (EPFR), most likely semiquinone radicals, were found to be in the range
of (1-7)× 1011 spins µg−1 for particles in the accumulation mode. Coarse particles
with a diameter larger than 1 µm did not contain substantial amounts of EPFR. Using a
spin trapping technique, ROS formed upon extraction of the particle samples in water
were determined to be (0.1-3) × 1011 spins µg−1. By deconvolution of EPR spectra ROS
released by submicron particle samples were found to include OH, superoxide (O−2 ),
carbon- and oxygen-centered organic radicals. OH was instead the dominant species for
coarse particles. EPR spectra derived from ambient particulate matter were compared
with those of mixtures of organic hydroperoxides, quinones and iron ions. By means
of the EPR spectra comparison and chemical analysis with liquid chromatography mass
spectrometry (LC-MS), the particle-associated ROS were suggested to be formed by
decomposition of organic hydroperoxides interacting with transition metal ions and
quinones contained in atmospheric humic-like substances (HULIS).

Ambient particles were collected using a cascade impactor also in Beijing, China in
January 2016 and in Nagoya, Japan in April 2016. The average EPFR concentration
contained in particles with size diameter range of 100 - 560 nm was 1.3 × 1012 spins
µg−1 in Beijing, which is almost one order of magnitude higher than the average EPFR
concentrations in Mainz (2.3 × 1011 spins µg−1), and in Nagoya (4.7 × 1011 spins µg−1).
The difference is remarkably high for particles with lower cut-off sizes of 320 nm. The
result reflects stronger aerosol emission from biomass and coal combustion in Beijing
compared to fossil fuels and traffic emissions in Nagoya and Mainz.

Identification and evaluation of chemical stability of radical adducts resulting from
spin trap EPR experiments is a difficult task to accomplish. Electron Paramagnetic Res-
onance for Spin TrappIng Chemical Kinetics (EPR-STICK) was developed, which is a
new MATLAB-based toolbox to perform EPR spectral processing, radical quantification,
spectra deconvolution and kinetic modeling of radical reactions. The toolbox was applied
to experimental data to investigate the kinetics of the spin trapping, efficiency and yield
of radicals formed upon decomposition of tert-butyl-hydroperoxide catalyzed by iron
ions.
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Zusammenfassung

Reaktive Sauerstoffspezies (ROS) spielen eine zentrale Rolle in atmosphärischen und
physiologischen Prozessen. In der Atmosphäre werden ROS bei photochemischen und
Multiphasenreaktionen gebildet, wo sie eine wichtige Rolle bei der Entfernung von
Luftschadstoffen spielen. In biologischen Systemen agieren ROS als Vermittler in in-
trazellulären Signalkaskaden und sind auch bei oxidativem Stress beteiligt, wodurch
Lipide, Proteine und DNS geschädigt werden. An der Grenzfläche von Atmosphäre und
Biosphäre, wie beispielsweise biogene Aerosole oder die Schleimhaut des Lungenep-
ithels, nehmen ROS eine zentrale Rolle in den Rückkopplungsschleifen von Erdsystem,
Klima, und Gesundheit ein. Multiphasenprozesse von ROS werden durch eine Vielzahl
chemischer Reaktionen und Transportprozesse in gasförmiger, flüssiger und fester Phase
bestimmt. Trotz ihrer großen Bedeutung sind die Reaktionskinetiken und chemischen
Mechanismen für die Wechselwirkungen von atmosphärischen und physiologischen
Prozessen bis heute unzureichend charakterisiert.

Multiphasenreaktionen von OH-Radikalen gehören zu den wichtigsten Pfaden der
chemischen Alterung von organischen Aerosolpartikeln in der Atmosphäre. Die reak-
tive Aufnahme von OH-Radikalen durch organische Verbindungen wurde bisher zwar
ausführlich untersucht, aber die Kinetik der Transportprozesse, der entsprechenden
chemischen Reaktionen sowie deren gegenseitige Abhängigkeit sind nach wie vor un-
zureichend bekannt. Das kinetische Mehrschichtenmodell für Gas-Partikel-Interaktion
in Aerosolen und Wolken (KM-GAP) kann diese Prozesse auflösen, indem es explizit
Löslichkeit, Diffusion und Reaktivität aller beteiligten Spezies betrachtet. In dieser Arbeit
wurde KM-GAP auf experimentelle Daten aus Studien zur OH-Exposition von dünnen
Schichten puren Levoglukosans (LG) und purer Abietinsäure (AS) angewendet, welche
als molekulare Marker für die aus Biomassenverbrennung entstandenen Aerosole dienen
(BBA). Der Bulk-Diffusionskoeffizient wurde für LG und AS auf je ca. 10−16 cm2s−1

bestimmt, was einem amorphen, halbfesten Zustand dieser Phasen entspricht. Es konnte
gezeigt werden, dass die OH-Aufnahme der dünnen Schichten durch chemische Reak-
tionen auf oder nahe an der Filmoberfläche bestimmt wird und von der Bulk-Diffusion
der organischen Reaktanten kinetisch gehemmt werden kann. Mit diesem Koeffiezienten
ergab sich eine chemische Halbwertszeit von LG in Aerosolpartikeln mit Durchmessern
von 200 nm abhängig von der relativen Feuchte von Tagen bis Wochen. Beim Transport
von BBA in die freie Troposphäre kann diese sich durch die durch niedrige Temperaturen
verlangsamte Diffusion auf über einen Monat erhöhen.

Durch die Interaktion von atmosphärischen sowie synthetisch hergestellten, sekundären
organischen Aerosolen (SOA) mit Wasser wird eine große Menge an OH-Radikalen
gebildet, was durch die Zersetzung der organischen Hydroperoxide erklärt werden kann.
Die molare Ausbeute an OH-Radikalen aus SOA, welches durch die Oxidation von Terpe-
nen (α-Pinen, β -Pinen, Limonen, Isopren) gebildet wurde, beträgt 0.1 % bei Extraktion
mit reinem Wasser und steigt basierend auf Fenton-ähnlichen Reaktionen an auf bis zu
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1.5 % in Gegenwart von Fe2+-Ionen. Diese Ergebnisse implizieren, dass die chemische
Reaktivität und das Altern von SOA-Partikeln durch die Interaktion von Wasser mit Eisen
deutlich gesteigert werden. Im menschlichen Respirationstrakt könnte das Einatmen und
Ablagern von SOA-Partikeln zu einem starken Anstieg an OH-Radikalen führen, der zu
oxidativem Stress beitragen und die Gesundheit negativ beeinflussen kann.

Ein breites Spektrum an partikelassoziierten Radikalen wurde mit Hilfe der Elektronen-
spinresonanzspektroskopie (ESR) detektiert und als größenaufgelöste Aerosolpartikel
quantifiziert. Die Partikelproben wurden mittels eines Kaskadenimpaktors im Mai und
Juni 2015 an einem semiurbanen Standort in Mainz, Deutschland, gesammelt. Die
Konzentrationen an langlebigen, freien Radikalen (Englisch: environmentally persistent
free radicals, EPFR), vor allem Semichinon-Radikale, lag bei (1-7)× 1011 Spins µg−1 für
Partikel im Akkumulationsmode, wohingegen gröbere Partikel mit einem Durchmesser
größer als 1 µm keine wesentlichen Mengen an EPFR enthielten. Mit Hilfe der Spin-
Trapping-Technik wurde eine ROS-Konzentration von (0.1-3) × 1011 Spins µg−1 bes-
timmt, die durch die Extraktion der Partikelproben in Wasser gebildet wurden. Bei der
Dekonvolution von EPR-Spektren wurden ROS aus Submikron-Partikeln gefunden, die
sowohl OH-, Superoxid- (O−2 ) als auch kohlenstoff- und sauerstoffzentrierte organische
Radikale enthalten. Dagegen waren OH-Radikale bei groben Partikeln vorherrschend.
Die EPR-Spektren von Aerosolpartikelmaterial wurden mit denen von Mischungen aus
organischen Hydroperoxiden, Chinonen und Eisenionen verglichen. Dieser Vergleich und
die chemische Analyse mittels Flüssigchromatographie-Massenspektrometrie (LC-MS)
legen nahe, dass partikelassoziierte ROS aus der Zersetzung von organischen Hydroper-
oxiden entstehen, welche mit in atmosphärischen huminstoffartigen Substanzen (HULIS)
enthaltenen Übergangsmetallionen und Chinonen wechselwirken.

Mit Hilfe eines Kaskadenimpaktors wurden im Januar 2016 in Beijing, China und
im April desselben Jahres in Nagoya, Japan, Umgebungspartikel gesammelt. In Bei-
jing lag die durchschnittlich enthaltene EPFR-Konzentration in den Partikeln mit einem
Durchmesser von 100-560 nm bei 1.3 × 1012 Spins µg−1, welche fast eine Größenord-
nung höher ist als die durchschnittliche EPFR-Konzentration in Mainz, 2.3 × 1011 Spins
µg−1, und in Nagoya 4.7× 1011 Spins µg−1. Die Differenz für Partikel größer als 320 nm
ist noch größer. Diese Ergebnisse könnten mit den starken Emissionen aus Biomassen-
und Kohleverbrennung in Beijing sowie mit den fossilen Brennstoffen und Verkehrsemis-
sionen in Nagoya und Mainz zusammenhängen.

Die Identifikation und Bewertung der chemischen Stabilität von Radikaladdukten, die
aus EPR-Experimenten mit Spin-Trapping-Technik resultieren, ist nicht trivial. Hierfür
wurde eine neue, MATLAB-basierte Toolbox (Electron Paramagnetic Resonance for Spin
TrappIng Chemical Kinetics, EPR-STICK) zur Bearbeitung von EPR-Spektren, Quan-
tifizierung von Radikalen, Dekonvolution von Spektren und kinetischer Modellierung
von Radikalreaktionen entwickelt. Sie wurde auf experimentelle Daten angewendet,
um sowohl die Kinetik von Spin-Trapping, als auch die Effizienz und Ausbeute von
Radikalen zu untersuchen, die bei der durch Eisenionen katalysierten Zersetzung von
Tertbutylhydroperoxid entstehen.
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1. Introduction

1.1. The Anthropocene

Mankind is the strongest global geophysical force (Ehlers and Krafft, 2006; Crutzen,
2002). Since the industrial revolution human activity has become intense enough to
induce changes in the environment on both local and global scales. Habitats which are
more affected by human activity are characterized by less genetic diversity than in wilder
regions (Miraldo et al., 2016), suggesting that human activity threatens biodiversity
directly (e.g. overfishing) and indirectly (e.g. pollution). Mankind is introducing
chemicals and materials into the environment that were not present in nature before.
Extensive use of pesticides and fertilizers to support the increasing food demand is
altering the global nitrogen cycle (Fox et al., 2007; Fields, 2004). Plastics are already
spread and sedimented throughout the world and they have even been proposed as
geological indicator for the age of man, the "Anthropocene" (Zalasiewicz et al., 2016).

The pressure that human activity is applying to the environment has accelerated since
the 1950s (Steffen et al., 2015) and the human footprint index has been established to
quantify it. The index takes into account several aspects including the extraction rate of
natural resources, proliferation of infrastructures and conversion of natural habitats to
urban territory or productive lands (Kareiva et al., 2007). The human footprint indicates
that through agriculture, construction, damming of rivers, and fabrication of artificial
islands mankind is completely changing the landscape and stripping away land sediments
at much faster rate than erosion by natural forces (Monastersky, 2015; Ruddiman, 2013).
It is worth noting that from 1993 to 2009 the world population has increased by the
23%, the world economy has grown by the 153%, but the human footprint has increased
by just 9% (Venter et al., 2016), indicating an increased efficiency in the use of land
resources particularly in wealthy regions.

Exploitation of Earth’s resources is negatively affecting the environment in many
aspects. Due to high emissions and the accumulation of greenhouse gasses such as
CO2, CH4, N2O, the atmospheric composition is altered and is causing global warming
(Stocker, 2014). The rising global temperature induces glaciers to melt (Medwedeff and
Roe, 2016), extreme weather events in terms of temperature (Cohen et al., 2014) and
precipitation (Lehmann et al., 2015) to become more frequent and the risk of biological
extinction for many species to increase (Urban, 2015). Concentrations of air pollutants
including O3, PM2.5, and NOx and related public health effects are increasing over the
last 150 years and this is an increasing trend also in the next years.

More efforts are needed to reach global agreements between states to avoid to making
climate changes irreversible. The necessity to achieve a global agreement is becoming
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more urgent in the near future. Indeed, the world population is expected to grow even
more, from the present 7.3 billion to 11.2 billion people in the next years and the
addition is likely to be spread unevenly across the world, with the largest increase in the
poorest regions (Bongaarts, 2016) that have also the largest footprint. Population growth
can cause food crises due to affordability, increases in disease, and social and political
instability (McMichael, 2014). A natural consequence of the demographic expansion are
the continuous migration fluxes from poor and rural regions to cities. Since 2008 more
than half of the world’s population is living in cities (Population Fund, 2007) due to the
expansion of urban areas to form megacities, that is, cities with populations exceeding
several millions of inhabitants. Although fast and uncontrolled expansion of many cities
in under development countries is already having serious consequences on environment,
air quality and public health, well planned megacities can be a good opportunity to
minimize the human footprint as megacities are densely populated areas where land
conversion is reduced and where energy production and consumption can be organized
more efficiently (Qiu, 2012). For this purpose clear regulations and agreements needs to
be achieved.

1.1.1. Air Pollution and Aerosols

Air pollution is one of the biggest issues in the anthropocene and according to the
World Health Organization, approximately 3 million premature deaths worldwide are
attributed to it (WHO, 2016), representing the biggest environmental risk to public
health. This is particularly true in megacities where a large number of pollution sources
are active in densely populated area (Krzyzanowski et al., 2014; Mahowald et al., 2011).

Air pollution is a complex mixture of gases and suspended particles that can vary
according to location and season and is composed of contaminants that alter the natural
composition of the atmosphere. Its overall airborne mass concentrations are regulated
in many countries to account for its association with increased morbidity and mortality.
Diseases such as chronic obstructive pulmonary disease (COPD), acute lower respiratory
illness, cerebrovascular disease, ischemic heart disease, and pulmonary cancer are
correlated with air pollution and particulate matter (PM) exposure (Lelieveld et al.,
2015).

Aerosols, consisting of liquid, solid or semisolid particles and the gas phase surrounding
them, are considered a subset of air pollution in urban regions but they also play a central
role on climate. Human activities such as production of energy and goods, transportation
and land use for crop production leads to the emission of large amount of aerosols that
have completely altered the aerosol emission pattern in the last 160 years (Mahowald
et al., 2011). Aerosols are emitted directly as particles (primary aerosols) or formed
upon oxidation and condensation of volatile organic compounds (secondary aerosols).
The size distribution, number concentration, and chemical composition are all primary
quantities that determine the impact of aerosols on the atmosphere. For example, the
size distribution, which ranges from 1 nm to 100 µm, affects their atmospheric lifetime,
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capacity to scatter sunlight and, together with number concentration (Dusek et al.,
2006), their ability to form clouds. Moreover, the aerosol size distribution is indicative
of the type of particles under investigation: combustion and condensation of volatile
compounds produce mostly fine aerosols (with particle diameters < 1.0 µm) whereas
natural sources (desert dust, sea-spray or bioaerosols) emit mostly coarse aerosols (with
particle diameter > 1.0 µm). The chemical composition of particles strongly determines
their impact on climate, biogeochemistry and public health but an accurate chemical
characterization is a laborious analytical task. The composition can be rather uniform
or very diverse depending on the particle size, source and the atmospheric age of the
particles (Pöschl, 2005). The major chemical components are inorganic salts (NH+

4 ,
Na+, SO2−

4 , NO−3 , Cl−), biological material (proteins, viruses, spores, fungi, bacteria,
pollen), transition and alkaline earth metals and carbonaceous compounds (organic
and black carbon). The carbonaceous fraction, or organic fraction, is produced by
combustion, natural sources and secondary processes and can contain tens of thousands
of different types of compounds including soot, polycyclic aromatic compounds (PACs),
highly oxidized multifunctional organic compounds (HOMs) (Mutzel et al., 2015) with
low and high molecular weight.

Transition metals, soot, polycyclic aromatic compounds (PACs) and allergenic proteins
are considered to cause adverse health effects (Shiraiwa et al., 2012b). Although the
mechanism is unclear, it is hypothesized that specific substances in PM are responsible
for triggering illnesses rather than the overall mass of the particles. Identifying and
quantifying these compounds and understanding the processes that impact public health
can lead to preventative measures and reduce public health risks associated with PM.

1.2. Reactive Oxygen Species

Reactive Oxygen Species (ROS) are a class of ubiquitous compounds formed as in-
termediates of molecular oxygen reduction and play a central role in both atmospheric
chemistry and biological systems. ROS include the hydroxyl radical (.OH), singlet oxygen
(1O2), superoxide radical (O−.2 ), hydrogen peroxide (H2O2), and ozone (O3)(Ayres et al.,
2008; Winterbourn, 2008). A less stringent definition of ROS encompasses a wider range
of oxygen centered radicals, ions and molecules such as organic peroxyl radicals (RO.

2),
alkoxy and phenoxy radicals (RO.), ozonides (OZ), organic hydroperoxides (ROOH),
organic peroxides (ROOR), and hypocloride ions (OCl−)(Pöschl and Shiraiwa, 2015;
Shiraiwa et al., 2012b; Apel and Hirt, 2004).

ROS are involved in many intra and extracellular processes including redox homeosta-
sis, inflammation, changes in the activity of cytosolic enzymes, intracellular metabolism
of mitochondria, cell signaling and regulation (Ray et al., 2012; Foyer and Noctor,
2005; Turrens, 2003). Phagocytes produce ROS as a defense mechanism from foreign
organisms (Bedard and Krause, 2007; Lambeth, 2004). External stimuli such as toxins,
ultraviolet light and inflammatory cytokines can also trigger the formation of ROS (Finkel
and Holbrook, 2000). ROS concentrations in both intra and extra cellular compartments
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are controlled by a large variety of antioxidants including enzymatic scavengers such
as superoxide dismutase (SOD) and catalase and low molecular mass antioxidants such
as ascorbate, glutathione, NADPH, uric acid and α-tocopherol (Andriantsitohaina et al.,
2012).

In the atmosphere, ROS are involved in the oxidation and self-cleaning processes of
the atmosphere (Levy, 1971; World Meteorological Organization, 2011). The primary
source of atmospheric ROS is gas-phase photochemistry, but secondary sources such as
multiphase and heterogeneous reactions, can significantly contribute to the ROS budget
and destabilize the atmospheric oxidation capacity (Montzka et al., 2011) as sinks and
sources of many ROS are closely coupled by radical chain reactions (Finlayson-Pitts and
Pitts, 2000). Secondary Organic Aerosol (SOA) formation and growth are initiated and
controlled by reactions of ozone, OH, and NO3 radicals with Volatile Organic Compounds
(VOCs), producing a variety of compounds with a large range of oxidation degrees,
reactivities and volatilities (Ziemann and Atkinson, 2012).

As illustrated in Figure 1.1, atmospheric and physiological ROS are chemically coupled
and continually exchanged throughout the entire biosphere by means of several types of
biological interfaces such as the human respiratory tract, skin, plant leaves, cryptogamic
covers and bioaerosols (Pöschl and Shiraiwa, 2015). It has been demonstrated that
exposure to environmental ROS induces oxidative stress in the pulmonary tract (Lakey
et al., 2016), which is a key mechanism in the promotion of pathologic pulmonary fibro-
sis (Cheresh et al., 2013). Although the exact mechanism and molecular constituents
of atmospheric particles that trigger the exogenous formation of ROS remains unclear,
Fenton-like reactions between transition metals and H2O2 to form OH radicals is the main
candidate as a source of ROS from atmospheric aerosols deposited in the lungs. However,
fine particles generated from secondary processes contain species such as organic hy-
droperoxides (Krapf et al., 2016) that can provide additional sources of ROS (Tong et al.,
2016). Moreover, several studies underline the presences in PM2.5 of Environmentally
Persistent Free Radical (EPFR) (Dellinger et al., 2001; Gehling and Dellinger, 2013),
that is, stable radicals that generate ROS upon dissolution in water (Gehling et al., 2014;
Arangio et al., 2016).

EPFRs are generally regarded as combustion generated organic radicals that have been
associated with semiquinone-type radicals which can be stabilized by charge-transfer
bonds with transition metals (Dellinger et al., 2000; Maskos and Dellinger, 2008; Lom-
nicki et al., 2008). Other processes can also generate EPFRs including the pyrolysis of
lignin (Bährle et al., 2014) and heterogeneous oxidation of PACs with ozone (Shiraiwa
et al., 2011b; Borrowman et al., 2016). Due to their stability in the particle phase,
EPFRs can be detected and quantified by means of Electron Paramagnetic Resonance
(EPR) spectroscopy directly from the filters containing the collected particles. EPR is
applied to study materials containing unpaired electrons that can absorb microwave
electromagnetic radiation when immersed in a magnetic field.
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Figure 1.1.: Reactive oxygen and nitrogen species (ROS, RNS): schematic for sources, interactions, and effects
at the interface of the atmosphere and biosphere, including feedback loops involving Earth system,
climate, life, and health [Pöschl and Shiraiwa (2015)]

1.3. Multiphase Chemistry of Organic Aerosols

Organic compounds constitute 20 to 90% of fine particulate mass (Jimenez et al.,
2009). Fossil fuels, biomass burning, oxidized and condensed VOCs contribute to this
fraction with high temporal and spatial variability and therefore are difficult to quantify
and characterize. Moreover, atmospheric aerosols are dynamic systems that evolve
continuously. Gas-particle interactions including mass transport, heterogeneous and
particle phase reactions can severely transform chemical composition, physical state and
optical, hygroscopic and toxicological properties of particles (Pöschl, 2005; George and
Abbatt, 2010).

Aerosol aging rates are controlled, among other factors, by the aerosol’s physical
state. Although organic aerosol particles were considered to be liquid and internally
well-mixed, recent work has shown that organic particles can assume semi-solid or
solid-amorphous states depending on the temperature and relative humidity (Koop et al.,
2011). Solid phases are characterized by slow bulk diffusion that limits mass transport
and inhibits bulk reactions causing chemical modification to be limited to the particle
surface (Shiraiwa et al., 2011a; Berkemeier et al., 2013; Arangio et al., 2015; Kroll et al.,
2015). At high temperature and relative humidity, and in absence of other limitations
such as gas phase diffusion or gas-particle accommodation, bulk diffusion is fast enough
to allow the gaseous reactant to saturate quasi-instantaneously the condensed phase and
the chemical evolution proceeds in the bulk of the particle.
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1.3.1. Gas Uptake and Heterogeneous Chemistry

Interaction of trace gasses with atmospheric particles is controlled by either thermo-
dynamic factors (e.g. gas solubility in the particle phase) or kinetic factors (e.g. mass
transport) (Pöschl et al., 2007). To understand which key factor control aerosol evolu-
tion, heterogeneous processes are investigated by monitoring the net reactive uptake of
gases by the condensed phase. The reactive uptake γ , is defined as the ratio between the
net fluxes of the reactant from the gas phase to the condensed phase, Jnet, and the total
flux of molecules that collide with the particle, Jcoll:

γ =
Jnet

Jcoll
(1.1)

where the numerator takes into account the reversible mass transport from the surface
to the bulk, the gas solubility, its diffusion coefficient in the bulk and the desorption
lifetime, which is the mean residence time of the adsorbed species on the particle
surface. The kinetic multilayer model of gas-particle interactions in aerosols and clouds
(KM-GAP) can be applied to resolve detailed kinetic information of heterogeneous
processes by explicitly taking into account gas-phase diffusion, reversible adsorption of
the gaseous reactant, surface-bulk exchange, bulk diffusion, and chemical reactions at
the surface and in the bulk of the condensed phase (Shiraiwa et al., 2012a). Fast reactive
uptake of atmospheric gasses can induce aerosol hygroscopic growth and activation of
cloud condensation nuclei (Slade et al., 2015). In field campaigns and remote sensing
the source strength contributions to aerosols mass concentrations are determined by
applying chemical receptor-based models where source-specific molecules are quantified
and assumed to be proportional to the source strength itself. This assumption implies
that the marker concentration remains unchanged during transportation of aerosols
from the source to the collection point. However, multiphase chemistry of atmospheric
oxidants substantially affects the atmospheric chemical half-life time of biomass burning
markers (Arangio et al., 2015) depending on the atmospheric conditions experienced.

1.3.2. Aqueous phase and Cloud Processing

In cases where the gas-to-particle partitioning is not limited by gas diffusion or
accommodation, high bulk diffusivity in liquid particles allows gaseous reactants to
saturate the condensed phase and bulk reactions proceed without being limited by
mass transports. Beyond heterogeneous chemistry, aerosols with a high water content,
including fog and cloud droplets, or aerosols that experience high relative humidity, are
usually liquid and undergo fast chemical transformations involving several processes
including gas-particle partitioning, mass transport, and complex reaction mechanisms
(Finlayson-Pitts and Pitts, 2000; Seinfeld and Pandis, 2016).

Aqueous phase chemistry and cloud processing are efficient pathways to form SOA,
induce particle growth and cause aging. Recent studies explicitly indicate that aqueous-
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phase reactions and cloud processing of organic aerosols substantially contribute to
SOA mass (Lin et al., 2014; Gilardoni et al., 2016). Although aqueous chemistry has
been proven to play a role in aerosol evolution, the key chemical components and
reactions remain unknown. Aerosol reactivity can be influenced by the presence of
organic hydroperoxides formed during the oxidation of VOCs such as α-pinene, β -
pinene, limonene and isoprene (Krapf et al., 2016; Tong et al., 2016). Upon dissolution
in water, organic hydroperoxides decompose generating free radicals and ROS that
subsequently trigger secondary chemistry in the bulk (Tong et al., 2016).

The presence of organic hydroperoxides could also provide an additional pathway for
the production of ROS released by ambient and laboratory-generated SOA (Tong et al.,
2016; Arangio et al., 2016) and might have a connection to the seasonal dependence of
PM mortality indicated by epidemiological studies (Peng et al., 2005). Despite intensive
research, multiphase chemistry of SOA in the atmosphere and their interactions with
the human respiratory tract are not well understood and further studies are needed to
characterize the particle chemical composition, identify and quantify compounds that
lead to pathogenic particles and to understand the causal effects that trigger disease.

1.4. Research objectives and activities

To better understand the impact of aerosols on the atmosphere and public health, it is
necessary to evaluate and characterize oxidation processes of atmospheric aerosols. The
research activity described in this thesis have two main objectives: 1) to study the phase
state effects on heterogeneous oxidation processes by applying the KM-GAP model by OH
radicals; 2) experimental investigation of radical chemistry of ambient and laboratory
generated particles to explore and quantify their ability to generate ROS. Specifically,
the objectives and activities of the PhD work can be summarized as follows:

• Application of the KM-GAP model to simulate and describe the degradation of
biomass burning organic markers by OH radical and the role played by the phase
state of the condensed phase. The study, based on experimental data, was carried
out in collaboration with Prof. D. Knopf and Dr. J. Slade from Stony Brook
University, New York.

• Development and application of an analytical protocol to quantify radicals produced
by laboratory-generated secondary organic aerosols (SOA) interacting with water
using EPR spectroscopy and LC-MS/MS. The yields of OH radicals produced by
the decomposition of SOA formed by oxidation of terpenes (α-pinene, β -pinene,
limonene, isoprene) was investigated..

• Development of an analytical methodology to evaluate the concentration of Environ-
mentally Persistent Free Radicals (EPFR) in size-segregated atmospheric particles.
The methodology also includes the identification and quantification of radicals
produced by atmospheric particles of different sizes upon interaction with water.
The method was applied to atmospheric particles sampled in Mainz, Germany.
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• Development of the Electron Paramagnetic Resonance for Spin TrappIng Chemical
Kinetics (EPR-STICK), a MATLAB toolbox to process, fit and simulate EPR spectra, to
perform radical quantification and kinetic studies of spin trapping EPR experiments,
and to carry out routine EPR spectra analysis.

• Quantification and comparison of the size distribution of EPFR concentrations in
atmospheric aerosol particles collected in urban and semi-urban sites including
Beijing, China in January 2016, Nagoya, Japan in April 2016, and Mainz, Germany,
May-June 2015.
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2. Method

2.1. Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR) is a magnetic spectroscopy used to study
materials with unpaired electrons. The first EPR signal was observed in 1944 by the
Soviet physicist Yevgeny Zavoisky. Similarly to Nuclear Magnetic Resonance spectroscopy,
the central principle of EPR spectroscopy is the interaction between the magnetic moment
µµµ of a spinning charged particle immersed in an external magnetic field BBB0 with the
magnetic component BBB1 of an incident electromagnetic radiation. The interaction that
generates the signal and the physical relations between quantities BBB0, µµµ and BBB1 are
mathematically described by the Zeeman effect and the hyperfine splitting.

In the paragraphs below the basics of EPR spectroscopy, including the Zeeman effect
and hyperfine splitting are described, together with the spin trapping technique, an ad-
vanced methodology which is widely used to extend the application of EPR spectroscopy.

2.1.1. Zeeman Effect and Hyperfine splitting

In EPR spectroscopy, the Zeeman effect describes the splitting experienced by electronic
energy levels of an atom, molecule or material immersed in an external magnetic field,
BBB0 (Eaton et al., 2010). In the classical physical description, the energy of a magnetic
dipole can be expressed as the scalar product between the external magnetic field, BBB0,
and the intrinsic magnetic moment of the dipole, µµµ (Weil et al., 2007)

E =− | µ B0 | cos(µµµ,BBB0) (2.1)

where (µµµ,BBB0) is the angle between the magnetic moment of the dipole and the direction
of the external magnetic field. According to equation 2.1, for a given BBB0 the minimum
and the maximum energy levels − | µ B0 | occur when the dipole is oriented respectively
in parallel and anti-parallel to the direction of BBB0. The Zeemann effect can also be
explained through the quantum mechanical theory for which the quantization of the
electron spin angular moment leads to the quantization of the energy levels of an electron
immersed in a magnetic field. The energy levels can be described as follow:

E = ge βe B0 Ms (2.2)

where ge ' 2.0023 is the Zeemann splitting constant for a free electron, βe ' 9.274×
10−24 JT−1 is the Bohr magneton, and Ms =±1/2 is the z component of the secondary
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Figure 2.1.: Schematic of the energy levels splitting for a single spin system with spin quantum number
MS = 1/2 and immersed in a external magnetic field BBB0

quantum number for the electron spin angular moment. An EPR transition involves two
adjacent electronic energy levels of a spin system separated by the energy, ∆E, and takes
place when the spin system is irradiated by an electromagnetic radiation of frequency, ν ,
that meets the resonance condition:

∆E = ge βe B0 = h ν (2.3)

where | ∆Ms |= 1 has been omitted and ∆E increases linearly with the intensity of BBB0
applied (Figure 2.1).
The description above is valid only for hypothetical free electrons immersed in a magnetic
field. The actual magnetic field experienced by unpaired electrons of molecules in real
samples is a vectorial combination of two contributions including the external magnetic
field, BBB0, and the local magnetic field, BBBloc, generated by magnetically active nuclei
eventually present in the molecule.

BBBact = BBB0 + BBBloc (2.4)

where the local field has typically two contributions: a local field induced and propor-
tional to the external BBB0, and permanent local fields that depend only on their mutual
orientation with respect to BBB0.

The spin-orbit coupling, caused by the electron spin interacting with its own motion
along its orbit, generates a local field of the first type, the impact on BBBact can be described
by modifying equation 2.4:

BBBact = (1 − σ) BBB0 = (g/ge) BBB0 (2.5)

where g is the effective Zeemann factor and σ , defined as a distance from the Zeemann
splitting constant is the EPR analogous to the chemical shift in NMR. The resonant
magnetic field is not unique for a spin system as the resonant condition depends on
instrumental parameters. The g-factor, instead, can be defined to indicate the resonant
conditions unambiguously:
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g = hν/βeBBB0 (2.6)

as defined in equation 2.6, the g-factor helps to distinguish and characterize paramagnetic
species under investigation. It is worth noting that the spin-orbit coupling is usually
weak for elements in the first row of the periodic table and strong for transition metals
and heavier elements.

The most important example of the second type of local field, is the permanent
local field generated by the magnetic moment associated with the nuclear-spin angular
moment. Magnetically active nuclei have non-zero nuclear-spin quantum number, I,

which can assume values equal to
1
2

, 1,
3
2

, 2, · · · . I determines the number of nuclear spin

states according to the 2 I +1 and each nuclear spin state can assume values MI = ±I.
For hydrogen atoms I = 1/2 and MI =±1/2. The resulting BBBact is:

BBBact = BBB′′′ − a MI (2.7)

where a is the hyperfine constant, it has most commonly the unit of magnetic field and it
can be determined experimentally, whereas BBB′′′ = hν/gβe is the resonant field resulting
from the perturbation due to spin-orbit interactions. The hyperfine splitting is very
important for identification purposes and typically depends on the distance between the
orbital carrying the unpaired electron and the magnetically active nucleus, as well as
from any type of substituent that is able to affect the magnetic and electronic properties
of the molecule under investigation.

During EPR experiments the resonance condition can be fulfilled by immersing the
sample in a constant magnetic field B0 and scanning the frequency of the incident
radiation ν . However, it is common practice to continuously irradiate the sample with a
constant frequency radiation while sweeping the magnetic field in order to change ∆E
until it matches the energy of the incident radiation. The ∆E involved in EPR transitions
requires frequencies of electromagnetic radiations that fall in the microwave range
(about 9−10 GHz).

2.1.2. Spin Trapping

Although, theoretically, the only requirement for a compound to be EPR active is the
presence of unpaired electrons, in practice not all paramagnetic compounds give an EPR
signal. Many radicals have a lifetime which is too short as they react away before they
can built up to high enough concentrations to be detected during an EPR experiment.
Due to their high reactivity, concentrations of such radicals in liquid solutions are very
often below the instrumental detection limit (minimum detectable radical concentration
is 10 nM, Church (1994)). To overcome this problem the spin trap technique is widely
applied as indirect method to identify and quantify highly reactive free-radicals (Perkins,
1980; Janzen, 1980). The method is based on the reaction between a target radical and
an EPR silent probe, containing a nitroso or nitrone functional group, which becomes
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EPR active upon reaction, forming stable nitroxide radicals (Carmichael et al., 1984).
The resulting radical-adduct that is formed is stable enough to build up in concentrations
above the instrumental detection limit at room temperature.

Several spin-traps are able to form radical-adducts that generate characteristic EPR
signal patterns which can be used to distinguish and quantify the type of free-radical
that has been trapped. The hyperfine splitting constant is the quantity that allows
spectra deconvolution and needs to be determined experimentally if it is not available
in the literature. Among others, 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) and 5-tert-
butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO) are widely used spin-trap agents
which can form redox stable adducts compared to other nitrone based spin-traps and
they generate distinguishable EPR spectra with several N-, S-,C- and O- centered radicals
(Konaka et al., 1995; Zhao et al., 2001).
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3. Results and Conclusions

3.1. Overview

The results of the PhD project are described in 5 manuscripts for peer-reviewed
publications in international scientific journals (4 first-author and 1 second-author
paper). The manuscripts are attached in Appendix B of this thesis. Three of them
have already been published, a fourth paper will to be submitted soon and a fifth is in
preparation. An overview of the studies and of the connections between them is given in
Figure 3.1. The main results and conclusions of each study are summarized below.

Figure 3.1.: Structure and results of the PhD project evolving in three dimensions: numerical simulations,
laboratory experiments and field campaign. Each box represents a manuscript for peer-reviewed
publication in an international scientific journal. Solid frames indicate already published papers,
dashed frames the manuscripts to be submitted or in preparation. Arrows show the connections
between studies.
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3.2. Individual Studies

3.2.1. Multiphase chemical kinetic modeling

Multiphase reactions of OH radicals are among the most important pathways of
chemical aging of organic aerosols in the atmosphere. Reactive uptake of OH by organic
compounds has been investigated extensively, but the kinetics of mass transport and
chemical reactions and their interdependence are still not understood. The kinetic
multilayer model of gas–particle interactions in aerosols and clouds (KM-GAP) resolves
these processes by explicitly taking into account solubility, diffusivity and reactivity of
each species involved. In this work, KM-GAP was applied to experimental data from OH
exposure in coated-wall flow tube of levoglucosan (LG) and abietic acid (AA), which
serve as surrogates and molecular markers of biomass burning aerosol (BBA). For both
LG and AA, the bulk diffusion coefficients were found to be approximately 10−16 cm2s−1,
reflecting their amorphous semisolid state. It was shown that the OH uptake by these
films was governed by the reaction at or near the surface and could be kinetically limited
by bulk diffusion of the organic reactants. Through these diffusion coefficients, the
chemical half-life of LG in 200 nm diameter particles in a biomass burning plume was
estimated to increase from one day at high relative humidity to one week under dry
conditions. In BBA particles transported to the free troposphere, the chemical half-
life of LG can exceed one month due to slow bulk diffusion in a glassy matrix at low
temperature. For details see Appendix B1: Arangio et al., J. Physics Chemistry A 2015.

3.2.2. OH generation from α-pinene Secondary Organic
Aerosol

Ambient and laboratory-generated secondary organic aerosols (SOA) were found to
form substantial amounts of OH radicals upon interaction with liquid water, which can
be explained by the decomposition of organic hydroperoxides. The molar OH yield
from SOA formed by ozonolysis of terpenes (α-pinene, β -pinene, limonene) is 0.1 %
upon extraction with pure water and increases to 1.5 % in presence of Fe2+ ions due
to Fenton-like reaction. Upon extraction of SOA samples from OH photooxidation of
isoprene, OH yields were around 0.1 %, which also increases upon addition of Fe2+.
These findings imply that the chemical reactivity and aging of SOA particles is strongly
enhanced upon interaction with water and iron. In cloud droplets under dark conditions,
SOA decomposition can compete with the classical H2O2-Fenton reaction as source of
OH radicals. Also in the human respiratory tract, the inhalation and deposition of SOA
particles may lead to a substantial release of OH radicals, which may contribute to
oxidative stress and play an important role in the adverse health effects of atmospheric
aerosols. For details see Appendix B2: Tong et al., Atmospheric Chemistry and Physics
2015.
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3.2.3. Quantification of Environmental Persistent Free Rad-
icals and Reactive Oxygen Species from Ambient Particu-
late Matter

In this study, A wide range of particle-associated radicals were detected and quantified
in size segregated atmospheric particles using electron paramagnetic resonance (EPR)
spectroscopy. Particle samples were collected using a cascade impactor at a semi-
urban site in central Europe, Mainz, Germany, in May-June 2015. Concentrations of
environmentally persistent free radicals (EPFR), most likely semiquinone radicals, were
found to be in the range of (1-7)× 1011 spins µg−1 for particles in the accumulation
mode. Coarse particles with a diameter larger than 1 µm did not contain substantial
amounts of EPFR. Using a spin trapping technique total ROS formed upon extraction
of the particle samples in water were determined to be (0.1-3) × 1011 spins µg−1. By
deconvolution of EPR spectra ROS released by submicron particle samples were found to
include OH, superoxide (O−2 ), carbon- and oxygen-centered organic radicals. OH was
instead the dominant species for coarse particles. EPR spectra derived from ambient
particulate matter were compared with those of mixtures of organic hydroperoxides,
quinones and iron ions. By means of the EPR spectra comparison and chemical analysis
with liquid chromatography mass spectrometry (LC-MS), the particle-associated ROS
were suggested to be formed by decomposition of organic hydroperoxides interacting
with transition metal ions and quinones contained in atmospheric humic-like substances
(HULIS). For details see Appendix B3: Arangio et al. Atmospheric Chemistry and Physics
2015.

3.2.4. EPR-STICK, a software package for Electron Para-
magnetic Resonance spectral processing, simulation and
kinetic modeling of spin trapping experiments

Interpretation of Electron Paramagnetic Resonance (EPR) spectra resulting from the
application of spin-trapping technique is a difficult task to accomplish. Electron Para-
magnetic Resonance for Spin TrappIng Chemical Kinetics (EPR-STICK) was developed,
which is a new MATLAB-based toolbox to perform EPR spectral processing, radical
quantification, deconvolution of spectra from mixtures of radical-adducts and kinetic
modeling of radical reactions. Based on EasySpin, a well established EPR spectra sim-
ulator, EPR-STICK was built to improve the EasySpin usability, the reproducibility of
fitting and simulation procedures for non-expert users, and expand EasySpin applications
with kinetic modeling of spin-trapping experiments. To illustrate the applicability of
the toolbox, experiments were carried out to investigate the kinetics of spin trapping,
yield and efficiency of radical-adducts formed upon Fenton-like decomposition of tert-
butyl-hydroperoxide catalyzed by iron ions. The kinetic parameters such as kinetic rate
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constant for radical production, trapping, and adduct decomposition reactions were
determined by a global-optimization algorithm. Further details in Appendix B4: Arangio
et al. to be submitted.

3.2.5. Comparison of Environmentally Persistent Free Rad-
icals in Size Distributed Atmospheric Particles from differ-
ent locations

Ambient particles were collected using a cascade impactor also in Beijing, China in
January 2016 and in Nagoya, Japan in April 2016. The average EPFR concentration
contained in particles with size diameter range of 100 - 320 nm was 1.3 × 1012 spins
µg−1 in Beijing, which is almost one order of magnitude higher than the average EPFR
concentrations in Mainz (2.3 × 1011 spins µg−1), and in Nagoya (4.7 × 1011 spins µg−1).
The difference is remarkably high for particles with lower cut-off sizes of 320 nm, in
which EPFR concentrations were 1.3 × 1012 spins µg−1 in Beijing and 9.9 × 1010 and
2.5 × 1011 spins µg−1 in Mainz and Nagoya, respectively. The result reflects stronger the
aerosol emission from biomass and coal combustion in Beijing compared to fossil fuels
and traffic emissions in Nagoya and Mainz.

3.2.6. Summary and Outlooks

The oxidant chemistry studies pursued in this PhD thesis stress the central role played
by Reactive Oxygen Species (ROS) in promoting chemical modifications of atmospheric
aerosols. Through heterogeneous processes, ROS can partially or completely oxidize
biomass burning aerosols depending on the physical state of the particle. By interacting
with water and transition metals, atmospheric and laboratory generated aerosols produce
ROS which lead to the homogeneous oxidation of particles. The production of ROS
from particles interacting with water and transition metals can also explain the negative
impact of atmospheric aerosols on public health. Several pulmonary diseases are indeed
associated with oxidative stress promoted by ROS.

In this thesis, EPFRs contained in atmospheric aerosols were quantified. It was found
that organic particles can produce ROS upon interaction with water which can be
enhanced in the presence of iron ions by Fenton-like reactions. The concentration EPFRs
determined in size-distributed particles collected in urban and semi-urban locations
could reflect the different type of aerosols sources in the locations investigated.

Further research is needed to understand which precursors, atmospheric processes
and conditions can lead to the formation, accumulation and chemical stabilization of
EPFRs and organic hydroperoxides. In this respect, temperature and light severely affect
the final concentration of these species. For example, although organic hydroperoxide
can be produced by photochemical oxidation, they are also thermo- and photolabile.
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The combined effect of organic hydroperoxides, EPFR and transition metals in pure
water, surrogate lung lining fluid in in vitro and in vivo experiments should also be
investigated. Upon particle deposition in the respiratory tract, the interplay of these
species could trigger catalytic cycles involving anti-oxidants which could generate a
positive feedback in the production of ROS. The EPR-STICK developed and presented
in this thesis can be a powerful tool to investigate such types of radical reactions. The
toolbox provide a more tight working interface between spin-trapping EPR experiments
and kinetic modeling of radical reactions.
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Multiphase Chemical Kinetics of OH Radical Uptake by Molecular
Organic Markers of Biomass Burning Aerosols: Humidity and
Temperature Dependence, Surface Reaction, and Bulk Diffusion
Andrea M. Arangio,† Jonathan H. Slade,‡ Thomas Berkemeier,† Ulrich Pöschl,† Daniel A. Knopf,*,‡

and Manabu Shiraiwa*,†

†Multiphase Chemistry Department, Max Planck Institute for Chemistry, D-55128 Mainz, Germany
‡Institute for Terrestrial and Planetary Atmospheres, School of Marine and Atmospheric Sciences, Stony Brook University, Stony
Brook, New York 11794, United States

ABSTRACT: Multiphase reactions of OH radicals are among the most important
pathways of chemical aging of organic aerosols in the atmosphere. Reactive uptake
of OH by organic compounds has been observed in a number of studies, but the
kinetics of mass transport and chemical reaction are still not fully understood.
Here we apply the kinetic multilayer model of gas−particle interactions (KM-
GAP) to experimental data from OH exposure studies of levoglucosan and abietic
acid, which serve as surrogates and molecular markers of biomass burning aerosol
(BBA). The model accounts for gas-phase diffusion within a cylindrical coated-
wall flow tube, reversible adsorption of OH, surface-bulk exchange, bulk diffusion,
and chemical reactions at the surface and in the bulk of the condensed phase. The
nonlinear dependence of OH uptake coefficients on reactant concentrations and
time can be reproduced by KM-GAP. We find that the bulk diffusion coefficient of
the organic molecules is approximately 10−16 cm2 s−1, reflecting an amorphous
semisolid state of the organic substrates. The OH uptake is governed by reaction at or near the surface and can be kinetically
limited by surface-bulk exchange or bulk diffusion of the organic reactants. Estimates of the chemical half-life of levoglucosan in
200 nm particles in a biomass burning plume increase from 1 day at high relative humidity to 1 week under dry conditions. In
BBA particles transported to the free troposphere, the chemical half-life of levoglucosan can exceed 1 month due to slow bulk
diffusion in a glassy matrix at low temperature.

■ INTRODUCTION

Biomass burning is one of the largest sources of primary
organic aerosols, black carbon,1 and trace gases in the Earth’s
atmosphere with a source strength comparable to fossil fuel
burning.2−4 Biomass burning aerosol (BBA) has a significant
impact on climate and public health. BBAs are ubiquitous and
via pyro-convection can also reach the upper troposphere and
lower stratosphere regions of the atmosphere.5−9 They scatter
or absorb solar radiation and can serve as cloud condensation
nuclei and ice nuclei affecting cloud microphysical and radiative
properties.10,11 Black and brown carbon produced from
incomplete combustion are important contributors to the
radiative forcing,12,13 and polycyclic aromatic hydrocarbons
(PAHs) associated with BBA can cause adverse health effects
such as oxidative stress.14−16

Several field campaigns and remote sensing studies have been
performed to investigate the impact of biomass burning on
local, regional, and global scales.17−21 The contribution of
biomass burning emissions to field-collected particles is
typically evaluated by applying chemical receptor-based models,
which utilize source-specific molecules, also termed biomolec-
ular markers, found in the particles to identify the source and
estimate aerosol source strength.22 Levoglucosan (1,6-anhydro-

β-D-glucopyranose, C6H10O5) and abietic acid (1-phenanthre-
necarboxylic acid, C20H30O2) are produced during lignin and
hemicellulose combustion and often used as molecular markers
of biomass burning emission.23−25

Although levoglucosan and abietic acid are considered
chemically stable in the atmosphere, several field campaigns
on BBA emissions have shown large seasonal variations of
levoglucosan concentration characterized by a strong levoglu-
cosan depletion during summer compared to C/O ratio and K+,
which indicates the marker’s degradation during transport.26,27

This is supported by laboratory studies which have shown that
levoglucosan and abietic acid can degrade by photooxidation28

and heterogeneous reactions with OH29−35 and NO3
radicals.36,37 The reaction rate of the marker depends on the
gas-phase concentration of the oxidants29 as well as relative
humidity (RH).35 Multiphase chemical processes alter the
physical and chemical properties of the particles,38−41 which in
turn impact radiative and hygroscopic properties, cloud
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condensation nuclei and ice nuclei activities,42−44 brown carbon
formation,45−47 and toxicity.16,48 Multiphase oxidation of
levoglucosan and abietic acid by OH can also lead to significant
degradation.29−33,35

In experimental studies heterogeneous and multiphase
chemical processes are often characterized by the uptake
coefficient γOH, which is the ratio between the net flux of OH to
the particle and the OH collision flux.49 The γOH values
experimentally derived for levoglucosan and abietic acid
reacting with OH are in the range of 0.056−1.29,35 Applying
the kinetic multilayer model of gas−particle interactions in
aerosols and clouds (KM-GAP),50 we analyze new experimental
data on the OH exposure of levoglucosan and abietic acid
substrates under dry conditions and investigate the relative
contributions of surface and bulk reactions to the overall OH
uptake. KM-GAP allows us to estimate kinetic parameters such
as surface accommodation coefficient, desorption time, reaction
rate coefficients, bulk diffusion coefficients of both OH and
organics, and the Henry’s law coefficient of OH in the organic
phase. Kinetic regimes and limiting cases51,52 of the multiphase
reactions of OH radicals were investigated by systematic
sensitivity studies to the laboratory data. Finally, the chemical
half-life of levoglucosan due to heterogeneous and multiphase
reactions was estimated for atmospherically relevant gas-phase
OH concentrations.

■ METHODS
Figure 1 shows a schematic of the KM-GAP model with
multiple compartments and layers: gas phase, near-surface gas

phase, sorption layer, surface layer, and a number of bulk layers.
KM-GAP treats the following processes of mass transport and
chemical reactions explicitly: gas-phase diffusion, surface
adsorption and desorption, surface-bulk exchange, bulk
diffusion, and chemical reactions at the surface and in the
bulk.50 Gas-phase diffusion flux and correction factor for a
cylindrical flow tube are derived analogous to spherical particles
as described in Pöschl et al. (2007)49 and has been validated53

against the numerical approach of Brown,54 which had also
been used to determine the experimental γOH values.29 Surface
and bulk layer thicknesses can change due to volatilization or

condensation in response to mass transport, which eventually
leads to particle growth or shrinkage. Mass transport fluxes
between layers are based on the first-order approximation of
Fick’s diffusion equation using bulk diffusion coefficients.50 The
surface-bulk exchange is constrained by solubility of the
compound in the bulk (e.g., by the Henry’s law coefficient).
For the simulation of coated-wall flow-tube experiments, the
initial thickness of the organic film was taken to be 100 nm and
described by 100 model layers. The exact number of model
layers was relevant for the resolution of the bulk profile but not
for the overall model result of OH uptake, which was
determined by chemical reaction in the uppermost few
nanometers of the organic film. Like in the determination of
experimental γOH values,29 the organic surface was assumed to
be smooth. For the estimation of chemical half-lifes and the
degraded fraction of biomass burning particles, we assumed
spherical geometry of the particles.
The reaction rates at the surface and in the bulk are described

using a second-order dependence from the concentration of the
reactants in each bulk layer. The reaction scheme for
levoglucosan and abietic acid reacting with OH was proposed
by Slade and Knopf.29 Hydrogen abstraction from the substrate
is the first and the limiting step for both levoglucosan and
abietic acid, as also suggested by molecular dynamic
simulations.55 Two reaction products are considered in the
model, one being volatile and the other nonvolatile. For
simplicity, secondary reactions between OH and these products
are not taken into account; these are usually slower than the
primary reaction.56 Self-reaction of OH on the surface is also
neglected because the uptake coefficients reported for OH self-
reaction are as low as 10−4.29,57

The temporal evolution of the uptake coefficient, γOH, and
the surface and bulk compositions were simulated by
numerically solving the ordinary differential equations consid-
ering the mass balance of each layer. The physically well-
constrained input parameters include thermal velocity of OH
(T = 298 K; ωOH = 6.1 × 104 cm s−1), effective molecular
diameter of OH (δOH = 0.30 nm), levoglucosan (LG; δLG= 0.69
nm), and abietic acid (AA; δAA = 0.78 nm).37 The gas-phase
diffusion coefficient of OH under experimental conditions was
185 cm2 s−1.29 The concentration of levoglucosan for each bulk
layer is 6.27 × 1021 cm−3 considering a densely packed system
formed exclusively by levoglucosan molecules (molecular
volume =1.59 × 10−22 cm3).37

The kinetic input parameters include the surface accom-
modation coefficient of OH on a free substrate (αs,0),
desorption lifetime (τd), second-order surface (kSLR) and bulk
(kBR) reaction rate coefficients between OH and organics,
Henry’s law coefficient of OH (Ksol,cc) in the organic phase, and
the bulk diffusion coefficients for OH and organics (DOH, Dorg),
respectively. We assumed αs,0 = 1, as the measured maximum
γOH for this reaction system is ∼0.9,29,35 and αs,0 needs to be
larger than γOH by definition.49 This assumption is also
consistent with molecular dynamic simulations of OH58 and
our previous study on kinetic modeling and experiments of
ozonolysis on organic surfaces.48 Moreover, sensitivity studies
showed that the modeled γOH is insensitive to αs,0 as long as αs,0
>∼0.5. Other parameters are less constrained and used as fitting
parameters in this study.
To fit the experimental data, we varied the kinetic parameters

in KM-GAP using a global optimization method that utilizes a
uniformly sampled Monte Carlo search to seed a genetic
algorithm (MCGA method). The genetic algorithm (Matlab

Figure 1. Schematics of the kinetic multilayer model of gas−particle
interactions in aerosols and clouds (KM-GAP).50 Concentrations of
species Zi and Zj in the gas (g) and near-surface gas phase, at the
sorption layer (s) and in the surface (ssb) and in the bulk (b) layers. J
are the transport fluxes between each layer, including the gas-phase
diffusion flux (Jg), the adsorption (Jads) and desorption (Jdes) fluxes,
surface−bulk exchange fluxes (Js,ssb, Jssb,s), and bulk diffusion fluxes
(Jb).
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software) was terminated when the correlation between
experimental data and model output converged into an
optimum. Since the optimization of the kinetic parameters to
the experimental data was not unique in all kinetic parameters,
repeated execution of the MCGA method yields a range of
kinetic parameters, which can be used to describe the
experimental data. For each parameter a plausible range of
variation was chosen based on previous kinetic stud-
ies.37,48,50,51,59,60 The upper limit of kBR is given by the rate
coefficient of a diffusion-controlled reaction which can be
estimated from the bulk diffusion coefficients and effective
molecular radii of the reactants:61

π= + +k D D r r4 ( )( )BR,max OH org OH org

Assuming rOH + rorg ≈ rorg ≈ 10−7 cm, we obtain kBR,max ≈ 10−11

cm3 s−1 for a liquid matrix with DOH + Dorg ≈ DOH ≈ 10−5 cm2

s−1 and kBR,max ≈ 10−14 cm3 s−1 for a semisolid matrix with DOH
+ Dorg ≈ DOH ≈ 10−8 cm2 s−1. Earlier studies have reported a
range of 3.1 × 10−13 to 1.1 × 10−11 cm3 s−1 for the bulk reaction
rate coefficient of OH and levoglucosan in the liquid
phase,28,30,32,33 but no literature values are available for
semisolid or solid phases. Assuming that the kinetics of

diffusion and reaction at the surface are similar to the bulk, a
rough estimate for the upper limit of the surface reaction rate
coefficient can be obtained by dividing the maximum bulk rate
coefficient through the sum of the effective molecular radii of
the reactants (∼10−7 cm), yielding kSLR,max ∼ 10−4 cm2 s−1.
Note, however, that the maximum rates of surface diffusion and
reaction may substantially deviate from the bulk-derived
estimates depending on the reaction system and conditions.62,63

Levoglucosan and abietic acid substrates were exposed under
dry conditions to OH in the presence of O2 using a coated-wall
flow-tube reactor coupled to a chemical ionization mass
spectrometer as described in detail previously.29 In brief, OH
radicals were produced via a microwave discharge of H2 in a He
carrier flow followed by reaction with O2 in a movable
halocarbon wax-coated glass injector.57 OH was detected as
OH− following chemical ionization by SF6

−. OH radical
concentrations in these experiments varied from ∼108 to 109

molecules cm−3, representing, within an order of magnitude,
concentrations measured in fresh biomass burning plumes.64

The organic substrates were exposed to OH radicals for about
∼40 min at about 5.5 hPa. The residence time for OH over the
exposed substrate ranged from 0.08 to 1.25 ms. Uptake

Figure 2. OH uptake coefficient (γOH) for levoglucosan measured (red) and modeled (black) by KM-GAP. (a) γOH as a function of gas-phase OH
concentration. The shaded area represents model simulations with different sets of kinetic parameters determined by the Monte Carlo genetic
algorithm method. (b) Temporal evolution of γOH with gas-phase OH concentration of 1.7 × 109 cm−3.

Figure 3. OH uptake coefficient (γOH) for abietic acid measured (red) and modeled (black) by KM-GAP. (a) γOH as a function of gas-phase OH
concentration. The shaded area represents model simulations with different sets of kinetic parameters determined by the Monte Carlo genetic
algorithm method. (b) Temporal evolution of γOH with gas-phase OH concentration of 3.6 × 108 cm−3.
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coefficients were derived experimentally as described in detail
previously36 and corrected for gas-phase diffusion to the flow
reactor walls by application of the Brown formalism.54

■ RESULTS AND DISCUSSION
Figures 2a and 3a show γOH as a function of gas-phase OH
concentration, [OH]g, for levoglucosan and abietic acid,
respectively. γOH for levoglucosan and abietic acid stays
constant at ∼0.3 when [OH]g is below ∼109 cm−3. Above
this concentration, γOH decreases to ∼0.01 at [OH]g = 1011

cm−3. The temporal evolution of γOH for levoglucosan and
abietic acid at [OH]g = 1.7 × 109 cm−3 and 3.6 × 108 cm−3,
respectively, are shown in Figures 2b and 3b, respectively. For
levoglucosan, γOH shows a slight decrease from ∼0.1 to ∼0.06
during the reaction time of 1800 s. The slight increase of the
uptake coefficient after ∼500 s is within the range of
experimental uncertainties (±17%). For abietic acid, γOH is
stable at ∼0.09. As demonstrated by the black lines in Figures 2
and 3, both the time and concentration dependence of γOH can
be reproduced by KM-GAP.
Figure 4 shows the distribution of kinetic parameter values

obtained by the MCGA method for levoglucosan and abietic

acid. The bulk diffusivities of the organic molecules (Dorg) are
the most tightly constrained parameters, which are found to be
∼2 × 10−16 cm2 s−1 for levoglucosan and ∼9 × 10−17 cm2 s−1

for abietic acid. It reflects the semisolid nature of the
compounds under these experimental conditions as also
reported in previous studies59,65−67 and discussed later with
regard to atmospheric implications. Note that the bulk
diffusivities derived from the MCGA fitting to the chemical
kinetics data are characteristic for the near-surface-bulk region
where reactions mainly occur in the investigated systems and
diffusivity might be enhanced relative to the inner bulk
material.68 The estimated Dorg is about 4 orders of magnitude
higher than Dorg assumed in our previous work investigating
NO3 uptake by levoglucosan and abietic acid, in which Dorg was
less well constrained.37 The MCGA estimates for DOH in
levoglucosan and abietic acid range from 10−11 to 10−8 cm2 s−1.
Price et al.66 measured the bulk diffusivity of water in
levoglucosan as ∼10−10 cm2 s−1 at 20% RH; we adopt this

value for further simulations based on the analogy of gas-phase
diffusivity between OH and H2O.

69

For the Henry’s law coefficient of OH in the organic phase
we obtain a range of 10−5−10−3 mol cm−3 atm−1, which is at
least 1 order of magnitude smaller than that in water.70−72 The
bulk reaction rate coefficient, kBR, is not well constrained with
the current experimental data set. Sensitivity analyses indicate
that the kBR value does not play a critical role under these
experimental conditions and therefore cannot be pinned down
by fitting to the experimental data. kSLR and τd are found to be
mutually interdependent and exhibit a tight inverse correlation
as shown in Figure 5. Different combinations of kSLR and τd can

be chosen due to the wide range of values spanning 7 orders of
magnitude. Molecular dynamic simulations58 suggest that τd
should be on the order of nanoseconds; if τd = 10 ns, then kSLR
is constrained to ∼10−8 cm2 s−1. This result is consistent with
the combination of kSLR ∼10−10 cm2 s−1 and τd ∼10 ns used to
model the NO3 uptake by the same organic species in an earlier
study,37 because OH is more reactive than NO3.
In evaluating the potential impacts of secondary chemistry on

γOH, we consider reactions between OH and nonvolatile
oxidation products applying kBR 2 orders of magnitude smaller
than kBR for OH and levoglucosan. The results show that effects
of secondary chemistry on γOH is negligible over the
experimental exposure time for [OH]g < 1010 cm−3, while
secondary chemistry can affect γOH for [OH]g > 1010 cm−3 by
up to 50% only in long exposure time. As kBR for secondary
chemistry cannot be constrained well with the current data set,
we do not include secondary chemistry for further simulations,
although secondary chemistry can be important for the long-
term evolution of the condensed phase.56,73

Figure 6a shows the temporal evolution of γOH simulated by
KM-GAP, when levoglucosan is exposed to five different OH
concentrations (5 × 106 to 5 × 1010 cm−3). For identification of
the limiting step for the overall OH uptake, we determine
kinetic regimes and limiting cases of the system. Note that the
behavior and sensitivity of levoglucosan and abietic acid are
very similar; thus, the analysis of only levoglucosan is shown.

Figure 4. Kinetic parameters for multiphase chemical reactions of OH
with levoglucosan (white) and abietic acid (gray) determined by the
MCGA method of fitting the experimental data with the KM-GAP
model. The ranges of parameters are depicted as a box−whisker plot
(the percentiles of 10, 25, 75, and 90% are shown).

Figure 5. Correlation between desorption lifetime of OH3 (τd) and
second-order surface reaction rate coefficients (kSLR) between OH3
and levoglucosan (solid circles) or abietic acid (open circles)
determined by the MCGA method of fitting the experimental data
with the KM-GAP model. The black lines are linear fits in a log−log
plot.
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The cases of limiting behavior arise from the following three
criteria that are fundamental to reactive gas uptake:51,52

(a) Surface-to-total loss rate ratio (STLR) distinguishes the
reaction location between the particle surface (STLR ≈ 1) and
the bulk (STLR ≈ 0).
(b) Saturation ratio (SR) determines the abundance of OH

at the particle surface or in the bulk. SR ≈ 1 indicates the
system is adequately supplied with OH, and SR ≈ 0 indicates
the system is deprived of OH and is mass transfer limited.
(c) Mixing parameter (MP) reveals the heterogeneity of the

system. MP ≈ 1 indicates the system is well-mixed, and MP ≈ 0
indicates that a strong concentration gradient exists due to
diffusion limitation.
The kinetic regimes and limiting cases defined by these

criteria can be visualized on a “kinetic cube”, in which each axis
corresponds to one of the three classification parameters,51 as
shown in Figure 6b. The symbols “S” and “B” indicate the
predominant reaction location: particle surface and particle
bulk, respectively. A subscript denotes the rate-limiting process
for gas uptake: “rx” indicates chemical reaction; “bd” indicates
bulk diffusion; “α” indicates mass accommodation; “gd”
indicates gas-phase diffusion.
Figure 7 shows the evolution of these criteria at [OH]g = 5 ×

1010 cm−3, and Table 1 summarizes the values for these three
criteria for three different time regimes. At any simulated OH
concentration, STLR is close to 1 at any simulation time,
indicating that the reaction mainly takes place at the particle
surface and the system is in the surface reaction regime (S). At
the beginning of the uptake process up to ∼10−6 s, SR at the
particle surface (surface saturation ratio; SSR) is very low,
indicating that the surface is deprived of OH. γOH is equal to
the surface accommodation coefficient and gas-phase diffusion
correction factor (i.e., the ratio of gas-phase concentration at
the near-surface gas phase to that far from the surface) is 1 at
the very beginning and reduced to ∼0.3, implying that mass
transfer is the limiting step (Smt) for initial OH uptake.
As shown in Figure 7, SSR becomes ∼0.9 after ∼10−6 s,

indicating that the adsorption−desorption equilibrium is
established and the surface is close to saturation by OH
radicals with respect to a Langmuir adsorption isotherm. Note
that the actual surface coverage of OH stays as low as 10−6. The
surface mixing parameter of organics (SMPY; the ratio of the
actual surface concentration to the maximum possible surface

concentration) is ∼1, showing that bulk-to-surface transport of
organics is sufficiently fast without kinetic limitation by bulk
diffusion. In this case, the overall OH uptake is mainly limited
by surface reaction (Srx), and also partly by gas-phase diffusion
as Cg is still ∼0.3. In case of low [OH]g with <∼108 cm−3,
SMPY stays at ∼1 and γOH stays at ∼0.1 over the entire
simulation time.
At high OH concentration [OH]g ≥ 109 cm−3, SMPY

decreases to ∼0.02, and γOH decreases substantially after ∼1
s. In such a case, the surface reaction is limited by bulk diffusion
of organics from the bulk to the surface (Sbd). At [OH]g = 5 ×
1010 cm−3, the surface loss rate of levoglucosan is about 4
orders of magnitude higher than that at [OH]g = 5 × 106 cm−3.

Figure 6. (a) Temporal evolution of OH uptake coefficient (γOH) for levoglucosan at different OH concentrations. OH uptake is initially limited by
mass transfer (Smt) of OH until ∼10−6 s and then limited by surface reaction (Srx) and the bulk-to-surface transport of levoglucosan (Sbd) depending
on OH gas-phase concentration. (b) Kinetic regimes and limiting cases of OH uptake are mapped onto the axes of a cube representing reaction
location, saturation ratio, and mixing parameter.51 The red arrows represent evolution of the kinetic regimes: Smt → Srx → Sbd.

Figure 7. Temporal evolution of criterion parameters for determi-
nation of kinetic regimes and limiting cases for multiphase reactions of
levoglucosan with [OH]g of 5 × 1010 cm−3: Surface-to-total loss rate
ratio (STLR), gas-phase diffusion correction factor (Cg), surface
saturation ratio (SSR), and surface mixing parameter (SMP).

Table 1. Assignment of Kinetic Regimes and Limiting Cases
for Multiphase Chemical Reactions of OH with
Levoglucosan

<10−6 s 10−6−1 s 1−103 s

STLR ∼1 ∼1 ∼1
SSR ∼0 ∼0.9 ∼0.9−1
SMPY ∼1 ∼1 ∼0.02−1
kinetic regimes Smt Srx Srx (low [OH]g)

Sbd (high [OH]g)
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As the surface loss rate is larger than the diffusion flux of
organics to the surface, levoglucosan at the surface is depleted
followed by evaporation of volatile reaction products (e.g.,
glucic acid or 2-hydroxypropanedial).29 Consequently, a strong
concentration gradient of levoglucosan in the bulk develops
after ∼10 s, as shown in Figure 8a. Up to ∼10 s, the bulk is free
of OH radicals as most of them reacted away at the surface
(Figure 8b). After ∼10 s when levoglucosan is depleted at the
surface, OH starts to diffuse into the near-surface bulk.
Note that constraining the reaction zone to the near-surface

bulk is the result of the interplay between the diffusion and
reaction of both levoglucosan and OH. The diffusivity of OH
alone, neglecting reaction, would allow significant penetration
into the bulk as demonstrated by the very fast incorporation
into the bulk of an unreactive tracer with the same diffusion
coefficient as OH (Figure 8c).
In summary, the temporal evolution of the limiting cases is

depicted by arrows on the kinetic cube in Figure 6b: Smt → Srx
→ Sbd. For confirmation of the identified kinetic regimes and
limiting cases and identification of the sensitive kinetic
parameters, we conduct a sensitivity analysis by varying each
kinetic parameter by 1 order of magnitude. Sensitivity of an
input parameter λi on the modeled uptake coefficient, γOH, can
be expressed through its normalized sensitivity coefficient
Sn(λi) defined as follows:51

λ
γ
λ

= Δ
ΔS ( )

ln

lni
i

n OH

(1)

Sn(λi) is derived by applying two different [OH]g (1 × 1010

cm−3 and 5 × 106 cm−3) for the reaction time 0.01 and 1800 s:
at 0.01 s the limiting case is expected to be Srx; at 1800 s it is

expected to be Srx at low [OH]g and Sbd at high [OH]g (see
Figure 4a).
Table 2 shows the results of such calculations. Sn(λi) for kBR,

Ksol,cc, and DOH are practically zero, indicating OH uptake is

insensitive to these bulk-process-related parameters at both
high and low [OH]g. kSLR, τd, and αs,0 are the most sensitive
parameters, confirming that the OH uptake is dominated by
surface processes. Sn(kSLR) and Sn(τd) values are similar,
showing that both parameters regulating surface reaction rates
are equally important. At high OH concentrations in the Sbd
region, Sn(kSLR), S

n(τd), and Sn(αs,0) are about zero. γOH is
sensitive to Dorg only at high OH concentration and after a long

Figure 8. Evolution of the bulk concentration profile of (a) levoglucosan and (b) OH as a response to OH exposure of 5 × 1010 cm−3. (c) Evolution
of the bulk concentration profile of nonreactive tracer in the absence of chemical reactions but the same diffusivity as OH.

Table 2. Sensitivity Analysis Coefficient for Low [OH]g = 5
× 106 cm−3 and High [OH]g = 1 × 1010 cm−3 Exposure
Simulationsa

Sn

[OH]g = 5 × 106 cm−3 [OH]g = 1 × 1010 cm−3

t = 10−2 s t = 1.8 × 103 s t = 10−2 s t = 1.8 × 103 s

↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓

αs,0 1 1 1 0.01
τd 0.63 0.93 0.63 0.94 0.63 0.93 0 0.01
kslr 0.63 0.94 0.63 0.94 0.63 0.93 0 0.01
kBR 0 0 0 0 0 0 0 0
Ksol,cc 0 0 0 0 0 0 0 0
DOH 0 0 0 0 0 0 0 0
Dorg 0 0 0 0 0 0 0.49 0.50

a↑ and ↓ denote an increase and a decrease of each parameter by 1
order of magnitude, respectively.
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exposure time, confirming that the OH uptake is limited by the
bulk diffusivity of levoglucosan. OH uptake by abietic acid
shows very similar sensitivity.
The reduction of γOH upon increase of gas-phase OH

concentrations (Figures 2a and 3a) is a typical behavior of the
so-called Langmuir−Hinshelwood mechanism, in which an
adsorbed molecule reacts with organics by surface reaction.
This is in contrast to the Eley−Rideal mechanism, in which a
single kinetic step of collision and reaction occurs between
gaseous species and surface molecules.49 OH has been
considered to undergo Eley−Rideal mechanism due to its
high reactivity, but our findings are consistent with recent
studies29,41,74−76 suggesting that OH follows Langmuir−
Hinshelwood behavior. Reduction of γOH at high gas-phase
concentration is associated with saturation of gaseous species at
the surface, which is caused by relatively slower surface reaction
rates in the case of less reactive gas species such as ozone.48,77,78

In the case of OH, accumulation at the surface (e.g., SSR ≈ 1;
see Figure 7) is due to reduced surface reaction rates limited by
bulk diffusion of levoglucosan or abietic acid.

■ ATMOSPHERIC IMPLICATION
We estimate the chemical half-life, t1/2, of levoglucosan and
abietic acid by multiphase chemical reactions of OH radicals for
a range of ambient RH and temperature. t1/2 is defined as the
time after which the number of organic molecules in the
condensed phase has decreased to half of its initial value. We
consider a pure levoglucosan or abietic acid particle with a
diameter of 200 nm. t1/2 for abietic acid is found to be ∼30%
longer than that for levoglucosan, and we focus our analysis on
levoglucosan. [OH]g ranges from 106 cm−3 in typical pristine
environments to ∼108 cm−3 in the fresh biomass burning
plumes.5 We consider two scenarios representing dry
conditions and cloud processing occurring in the boundary
layer at 25 °C. At dry conditions, the same kinetic parameters
set for the simulations reported in Figure 2 are used. Under
high RH, levoglucosan undergoes a moisture-induced phase
transition transforming from an amorphous semisolid to a
liquid phase.65 For the cloud processing scenario, bulk diffusion
coefficients of OH and levoglucosan are increased to 10−5 and
10−7 cm2 s−1, respectively, and the Henry’s law coefficient of
OH in water is used (2.5 × 10−2 mol cm−3 atm−1).71 kBR = 1.8
× 10−12 cm3 s−1 is used as reported by Zhao et al.28 Other
parameters are kept the same as for dry conditions to explore
and characterize the effects of bulk diffusion and OH solubility
on the multiphase reactions of BBA.
Biomass burning is often associated with strong convection,

and the plume can reach the midtroposphere and possibly also
upper troposphere and lower stratosphere.6−8,79 We simulate
t1/2 under lower temperatures of 10 and 0 °C. The glass
transition temperature (Tg) of levoglucosan is determined to be
∼283 ± 17 K,67 at which levoglucosan undergoes glass
transition with a viscosity exceeding ∼1012 Pa s, corresponding
to bulk diffusivity (DLG) < ∼10−20 cm2 s−1 based on the
Stokes−Einstein relation. A recent study shows that the
Stokes−Einstein relation may break down close to Tg.

80 We
assume that DLG = 10−18 cm2 s−1 at 10 °C and 10−20 cm2 s−1

below 0 °C. The temperature dependence of bulk diffusivity of
H2O in levoglucosan can be estimated using a semiempirical
parametrization developed by Berkemeier et al.81 based on a
Vogel−Fulcher−Tammann approach. Figure 9 shows the
estimated Dw with uncertainty reflecting the uncertainty of
the input parameter Tg. Considering DOH should be slightly

larger than Dw, we use the upper estimate of Dw for calculations.
t1/2 at 10 and below 0 °C are simulated using the estimated bulk
diffusivity and keeping all other parameters the same. Note that
a decrease of the reaction rate coefficients with decreasing
temperature may increase t1/2 further; thus our estimates can be
regarded as lower limits.
Figure 10a shows t1/2 for levoglucosan simulated as a

function of gas-phase OH concentration for different temper-
atures and humidity. At dry conditions t1/2 is more than 37 days
for [OH]g of ∼3 × 106 cm−3 and t1/2 decreases to more than 1
week for biomass burning plume conditions with [OH]g > 107

cm−3. Under cloud processing conditions at 25 °C, t1/2 is ∼9
days at [OH]g ∼ 3 × 106 cm−3 and less than 3 days in a biomass
burning plume with [OH]g > 107 cm−3, due to the absence of
kinetic limitations of mass transport in the particle phase with
the high bulk diffusivity of levoglucosan and OH and high OH
water solubility. At low temperatures t1/2 increases substantially
to about 1 month at 10 °C and can be over a year below 0 °C.
Below Tg, t1/2 stays almost constant as levoglucosan is
practically degraded only at the surface and levoglucosan in
the bulk is shielded well in a glassy matrix.
This behavior is consistent with the results of previous

studies reporting the importance of the particle phase state for
the chemical aging of aerosols.35,37,59,82 For levoglucosan films,
Lai et al.33 observed a decrease of reactivity upon increase of
relative humidity which may be a consequence of the blocking
surface reactive sites by adsorbed water molecules.35,65 The
estimated chemical half-life is comparable with previously
reported e-folding time of levoglucosan under dry and humid
conditions29,31,35 and in aqueous solution,28,32,34 ranging from 1
day to more than a month depending on ambient relative
humidity and gas-phase OH concentration.
Levoglucosan is widely used as a molecular marker of

biomass burning in source apportionment studies with the
assumption that the marker is stable up to 1 week during its
transportation in the atmosphere.22,83 Figure 10b shows the
degraded fraction of levoglucosan contained in a 200 nm
diameter particle upon exposure to a range of OH
concentrations for 1 week under cloud processing and dry
conditions at 10 and 0 °C. The calculations indicate that 12% of
levoglucosan is degraded under ambient OH concentrations of
3 × 106 cm−3 under dry conditions at 25 °C. The degraded
fraction reaches more than 40% under cloud processing. If the
plume stays in the boundary layer and lower troposphere, about
30−50% of levoglucosan may be degraded after 1 week of OH

Figure 9. Diffusion coefficient of H2O as a function of temperature
estimated using a parametrization81 based on a Vogel−Fulcher−
Tammann approach.
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exposure. Most of levoglucosan may be depleted particularly
under high OH concentrations and humid conditions. In the
case of strong plume convection reaching higher altitudes and
thus lower temperatures, up to ∼30% and ∼10% of
levoglucosan may be degraded at 10 and 0 °C, respectively.
This estimation is consistent with aircraft observations, finding
a large amount of biomass burning aerosol even in the highly
aged plumes in the midtroposphere and upper tropo-
sphere.8,79,84

Note that levoglucosan and abietic acid are reactive toward
other oxidants such as O3 and NO3.

36,37,85 Moreover, they are
semivolatile and partition to the gas phase, where it can be
degraded by gas-phase reactions with various oxidants.86−88

BBAs consist of a mixture of organic and inorganic compounds
possibly multiphase in nature,83,89 potentially shielding organics
from oxidants thereby impacting the degradation kinetics as has
been shown previously in the case of O3 oxidation.90−92 For
comprehensive understanding of chemical aging of biomass
burning markers, partitioning and gas-phase and multiphase
oxidation should be accounted for in models.93−96 For the
reasons listed previously, the chemical half-life estimated in this
work is considered as an upper limit. Nevertheless, the
simulation results suggest that the air mass history (RH and
temperature) play a crucial role in source apportionment
studies applying levoglucosan and abietic acid as molecular
markers. Aerosol apportionment studies may account for
degradation of these markers using estimates derived here
and apply additional markers, such as, e.g., CH3CN,

97 to
improve prediction of aerosol source strengths.

■ CONCLUSION
We have applied the kinetic multilayer model to coated-wall
flow-tube experiments for OH exposure to levoglucosan and
abietic acid, which serve as surrogates and molecular markers of
biomass burning aerosols. The bulk diffusion coefficient of OH
in the organic material is estimated to be ∼10−10 cm2 s−1, and
diffusivity of levoglucosan and abietic acid to be ∼10−16 cm2

s−1, characteristic of an amorphous semisolid state. The
sensitivity studies reveal that OH uptake is dominated by
surface reactions at ambient relevant OH concentrations (<107

cm−3) but can be limited by the surface-bulk exchange and bulk
diffusion upon increase of OH gas-phase concentration. We
assessed that it can take 1 week to degrade 50% of the
molecules contained in 200 nm sized particles by OH under dry

conditions, while it takes only several days upon liquefaction
under cloud processing. If a biomass burning plume is
transported to the midtroposphere or upper troposphere by
convection, the chemical half-life of the organic compounds can
be more than a month due to slow bulk diffusion as a
consequence of low temperatures. The findings demonstrate
that multiphase chemical aging of condensed-phase organic
material by OH depends strongly on environmental conditions
such as RH and temperature. This has important implications
for source apportionment studies but also for the evolution of
organic aerosol in the atmosphere in general, and as such for
aerosol radiative properties and aerosol cloud formation
potential.
Though this study is unique in its kind and allows for a much

improved fundamental understanding of the underlying
molecular processes governing the OH reactive uptake and
multiphase kinetics, it is not complete and many points still
have to be addressed in future studies to better resolve the
involved mechanisms and to yield a more accurate prediction of
the atmospheric evolution of organic aerosol. From this
combined experimental and modeling study, we can conclude
and suggest the following key points that warrant further
investigation into the nature of multiphase kinetics.

1. Temperature and RH Effect. The troposphere
experiences large variations in temperature and RH. Most of
the troposphere exhibits temperatures lower than 273 K, i.e.,
much lower than temperatures typically applied in experimental
kinetics studies involving organic aerosol. Also, RH varies
significantly within the troposphere from a few percent to
saturation in clouds. Organic aerosols exhibit various phase
states (liquid, semisolid, or amorphous solid) depending on
temperature and RH, undergoing moisture-induced or temper-
ature-induced glass transition.98 Clearly, this has subsequent
effects on the multiphase kinetics of atmospheric trace gases
due to changes in oxidant and organics diffusivity.35,59,82,92,99,100

Frozen or solid organic substrates typically exhibit a much
lower uptake than their liquid counterparts.39,91,101,102 More-
over, multicomponent mixtures of inorganic and organic
species can undergo liquid−liquid phase transition in response
to changes in RH.103−105 These complex processes result in a
wide range of multiphase kinetics for varying temperature and
RH for the same particle system. These processes not only
impact the chemical aging of organic aerosol but also formation

Figure 10. (a) Chemical half-life of levoglucosan in a particle with 200 nm diameter for different environmental conditions: at 25 °C under dry (solid
red line) and cloud conditions (dashed red line), and at 10 °C (solid black line) and below 0 °C (dashed black line) under dry conditions. (b)
Degraded fraction of levoglucosan after 1 week exposure at different OH concentrations at 25 °C under dry (solid red line) and cloud conditions
(dashed red line), and at 10 °C (solid black line) and below 0 °C (dashed black line) under dry conditions.

The Journal of Physical Chemistry A Article

DOI: 10.1021/jp510489z
J. Phys. Chem. A 2015, 119, 4533−4544

4540

39



and partitioning of SOA60,106 and cloud formation poten-
tial.43,81,107

2. Volatilization and Subsequent Gas-Phase Chem-
istry. OH oxidation of organic substrates can lead to
volatilization.29,57,108,109 Volatilized products can further react
with OH in the gas phase, providing an additional sink for OH,
making kinetics simulations of flow tube and chamber
experiments more challenging. This may also be crucial for
estimates of the atmospheric OH budget in a biomass burning
plume. Gas-phase reactions may yield semivolatile and low-
volatile oxidation products that can recondense on particulate
matter.40 Experiments should aim to measure gas-phase
composition during kinetic experiments to place upper/lower
limits on the contribution of gas-phase reaction kinetics to
overall OH loss. The kinetic flux model50 as applied here can be
a useful tool to investigate such aspects.
3. Interplay of Gas Uptake and Bulk Diffusion. This

study indicates that diffusion of substrate molecules can play a
crucial role in the overall uptake kinetics even for an
amorphous semisolid organic substrate. Substrate diffusion
was also found to be important in ozonolysis of polycyclic
aromatic hydrocarbons coated by amorphous semisolid SOA
coatings.100 Diffusion processes in the bulk can occur in parallel
to surface reaction and reversible adsorption. In this study we
have demonstrated different dominating regimes depending on
OH gas-phase concentration for which the uptake can be
limited by surface reaction or by bulk-to-surface transport, the
latter being strongly dependent on substrate diffusivity. It can
be expected that these regimes will vary in response to changes
in organic phase state due to changes in RH and temperature
making prediction of these multiphase chemical kinetics
involving atmospheric organic aerosol even more complicated.
Our findings challenge the application of simple Langmuir−
Hinshelwood and Eley−Rideal mechanisms to organic
substrates. Novel experimental approaches that can deconvo-
lute surface processes from bulk processes or application of
combined experimental and modeling techniques are necessary
to improve our understanding of the chemical aging processes
of organic aerosols.
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Seinfeld, J. H.; Pöschl, U. Molecular corridors and kinetic regimes in
the multiphase chemical evolution of secondary organic aerosol. Atmos.
Chem. Phys. 2014, 14 (16), 8323−8341.
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Abstract. We found that ambient and laboratory-generated

secondary organic aerosols (SOA) form substantial amounts

of OH radicals upon interaction with liquid water, which can

be explained by the decomposition of organic hydroperox-

ides. The molar OH yield from SOA formed by ozonoly-

sis of terpenes (α-pinene, β-pinene, limonene) is ∼ 0.1 %

upon extraction with pure water and increases to ∼ 1.5 %

in the presence of Fe2+ ions due to Fenton-like reactions.

Upon extraction of SOA samples from OH photooxidation

of isoprene, we also detected OH yields of around ∼ 0.1 %,

which increases upon addition of Fe2+. Our findings imply

that the chemical reactivity and aging of SOA particles is

strongly enhanced upon interaction with water and iron. In

cloud droplets under dark conditions, SOA decomposition

can compete with the classical H2O2 Fenton reaction as the

source of OH radicals. Also in the human respiratory tract,

the inhalation and deposition of SOA particles may lead to

a substantial release of OH radicals, which may contribute

to oxidative stress and play an important role in the adverse

health effects of atmospheric aerosols.

1 Introduction

Secondary organic aerosols (SOA) account for a major frac-

tion of fine air particulate matter and have a strong influence

on climate and public health (Jimenez et al., 2009; Pöschl et

al., 2010; Huang et al., 2014). Formation of SOA is triggered

by oxidation of volatile organic compounds followed by con-

densation of semi-volatile oxidation products (Hallquist et

al., 2009; Donahue et al., 2012). Recently, it has been shown

that extremely low volatility organic compounds contribute

significantly to SOA growth (Ehn et al., 2014; Jokinen et al.,

2015; Mentel et al., 2015).

Particle phase chemistry and cloud processing are also ef-

ficient pathways for SOA formation and aging (Kalberer et

al., 2004; Herrmann et al., 2005; Ervens et al., 2011; Shi-

raiwa et al., 2013). Evolution of SOA is one of the largest un-

certainties in the current understanding of air quality, climate

and public health (Kanakidou et al., 2005; Solomon, 2007).

With regard to SOA health effects, substantial amounts of re-

active oxygen species including organic radicals are detected

in ambient and laboratory-generated SOA (Venkatachari and

Hopke, 2008; Chen and Hopke, 2010; Chen et al., 2010;

Fuller et al., 2014). Despite intensive research, multiphase

chemical reactions of SOA in the atmosphere and upon in-

teraction with the human respiratory tract are not well under-

stood (Pöschl and Shiraiwa, 2015).

OH radicals in atmospheric droplets originate from the up-

take of gaseous OH radicals (Jacob, 1986; Arakaki et al.,

2013) as well as photolysis of ozone (Anglada et al., 2014). A

recent study has shown that SOA can form OH radicals in the

aqueous phase under light conditions (Badali et al., 2015).

Under dark conditions, Fenton reactions between H2O2 and

iron ions have been regarded as the main source of OH rad-

icals so far (Herrmann et al., 2005). In this study, we found

that OH radicals are formed by decomposition of SOA upon

interactions of water and iron ions under dark conditions.
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Figure 1. Schematics of the experimental setup for generation and collection of SOA particles.

2 Methods

2.1 SOA formation and particle collection

Figure 1 shows the experimental setup for generation of sec-

ondary organic aerosols (SOA). O3 was used as oxidant for

oxidation of α-pinene, β-pinene and limonene, and OH rad-

icals were used for naphthalene. O3 was generated via syn-

thetic air (Westfalen AG, 1.8–2.1 L min−1) passing through

a 185 nm UV light (O3 generator, L.O.T.-Oriel GmbH & Co.

KG). The typical ozone concentrations were 600 ppb for α-

pinene, β-pinene and limonene, and 1200 ppb for naphtha-

lene. A total of 1 mL of α-pinene (98 %, Sigma Aldrich),

β-pinene (99 %, Sigma Aldrich) or limonene (99 %, Sigma

Aldrich) was kept in a 1.5 mL amber glass vial (VWR Inter-

national GmbH), and 5–10 g of naphthalene crystals (99.6 %,

Alfa Aesar GmbH & Co. KG) was put in a 100 mL glass bot-

tle (DURAN Group GmbH) as SOA precursor sources. A to-

tal of 1 bar and 50–150 ccm min−1 N2 (99.999 %, Westfalen

AG) flow was passed through these sources, and the evapo-

rated volatile organic compound (VOC) vapours were intro-

duced into a 7 L quartz flow tube reactor for gas-phase oxi-

dation reaction with O3 or OH radicals with a reaction time

of ∼ 3 min. SOA by α-pinene, β-pinene and limonene were

generated under dark and dry conditions. The flow tube reac-

tor is surrounded by four UV lights (wavelength of 254 nm,

LightTech Lamp Technology Ltd.), which were turned on

to generate OH radicals by photolysis of ozone and water

vapour. The relative humidity in the flow tube was 30 % for

generating naphthalene SOA, and other experiments were

conducted under dry conditions. Isoprene SOA was produced

in a potential aerosol mass (PAM) chamber through the reac-

tion of gas phase OH radicals and isoprene. The detailed in-

formation about this chamber has been described elsewhere

(Kang et al., 2007; Lambe et al., 2011), and the SOA gen-

erated by the PAM chamber have been shown to be similar

to SOA generated in large environmental chambers (Bruns et

al., 2015; Lambe et al., 2015) and the atmosphere (Ortega et

al., 2015) in terms of oxidation state and chemical composi-

tion. Briefly the isoprene vapour was taken into the chamber

by N2 gas with an estimated concentration of tens of parts

per million (ppm). Ozone concentration in the PAM was 6–

15 ppm, and relative humidity was 30–40 %.

Number concentration and size distribution of the gener-

ated SOA particles were characterized using a scanning mo-

bility particle sizer (SMPS, GRIMM Aerosol Technik GmbH

& Co. KG). The typical size of the SOA ranged from 50

to 400 nm. The median diameters of the mass size distri-

bution were 100–200 nm. MnO2 (copper mesh covered with

MnO2 from ANSYCO Analytische Systeme und Componen-

ten GmbH fixed in Gelman filter) and charcoal (4–8 mesh,

Sigma Aldrich) denuders were used to remove unreacted O3

before the collection of SOA particles on a filter. SOA was

collected on 47 mm Omnipore Teflon filters (100 nm pore

size, Merck Chemicals GmbH). The concentration of O3

was monitored after an ozone denuder with an ozone anal-

yser (typically 0–20 ppb, model 49i, Thermo Fisher Scien-

tific Inc.). Two silica gel (2–4 mm, Carl Roth GmbH & Co.

KG) denuders were used to dry the naphthalene SOA before

collection.

Blank tests confirmed that no radicals were produced with-

out SOA particles on a filter. Condensation of water vapour

on a filter during SOA collection was negligible. A Teflon

filter with particle loading was weighed using a XSE105DU

balance with accuracy of ±20 µg. It was then immersed into

a 0.5–1 mL 10 mM BMPO water solution and stirred with a

vortex shaker (Heidolph Reax 1) for 2–7 min for particle ex-

traction. A typical extraction efficiency of > 70 % in weight

can be obtained with 7 min extraction time. After extraction,

the filter was dried under 2–3 bar N2 for∼ 10 min and the fil-

ter was weighed. The weight difference was regarded as the

weight of extracted particles. The final SOA concentration

depends on the extraction time, and the average molar mass

of SOA was assumed to be 200 g mol−1 in calculating SOA

concentrations. The pH of SOA solutions was in the range of

4.8–6.4.

A micro-orifice uniform deposit impactor (MOUDI, 110-

R mode, MSP Corporation) was used for collection of am-

bient particles on the roof of the Max Planck Institute for

Chemistry (Mainz, Germany) in 24 h time resolution with a

flow rate of 30 L min−1 from 17:30 UTC+ 1 4 June 2015

to 17:30 5 June 2015 and from 17:30 7 June 2015 to

17:30 8 June 2015. Particles within the diameter range of

180–320 nm, which is the size range dominated by organic

aerosols in Mainz (Faber et al., 2013), were used for further

analysis. The mass loading of these two samples on filters

were ∼ 70 and 80 µg, respectively. Teflon filters of 47 mm

diameter (100 nm pore size, Merck Chemicals GmbH) were

Atmos. Chem. Phys., 16, 1761–1771, 2016 www.atmos-chem-phys.net/16/1761/2016/
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used to collect the roof particles. Filters were cleaned with

pure ethanol and ultra-pure water and dried by nitrogen gas

before sampling and weighing. The extraction procedure is

the same as that for laboratory SOA, and the field particle ex-

tracts were concentrated with a N2 flux to obtain high signal-

to-noise ratio spectra. Concentrations of field particles in wa-

ter extracts for EPR measurements were ∼ 0.3 g L−1, which

is of the same order of magnitude as extracts of laboratory-

generated SOA.

2.2 CW-EPR

Continuous-wave electron paramagnetic resonance (CW-

EPR) spectroscopy (EMXplus-10/12, Bruker, Germany) was

applied for detection of radicals. A total of 15–30 µL sam-

ple solutions were kept in a 50 µL capacity micropipette and

inserted into a highly sensitive cavity (E4119001 HS-W1)

for analysis. The set of EPR parameters used for this study

was as follows: a modulation frequency of 100 kHz; a modu-

lation amplitude of 0.6 or 1; microwave power of 2.149 mW

(20 dB) or 21.17 mW (10 dB); a receiver gain of 40 dB; a time

constant of 0.01 ms; and a magnetic field scan of 100 G. After

the SOA extraction, the samples were immediately analysed

by an EPR.

The spin trap 5-tert-butoxycarbonyl-5-methyl-1-

pyrroline-N-oxide (BMPO, high purity, Enzo Life Sciences

GmbH) was used as a trapping agent of OH radicals.

Compared to other spin-trapping agents such as 5, 5-

dimethyl-1-pyrroline N-oxide (DMPO), BMPO has the

following advantages: high purity and stability in the

crystalline phase; highly distinguishable EPR spectra for

different structure of the trapped radicals; and spectra with

high signal-to-noise ratio. Buffer solutions are often used

in the spin-trapping technique, but they were not used in

this study to avoid changing the real acidity environment

of SOA solutions. A BMPO concentration of 10 mM was

used. No significant difference was observed among 10,

20, 30, 40 and 50 mM BMPO solutions, confirming that a

BMPO concentration of 10 mM is sufficient to achieve the

maximum trapping efficiency. The influence of the BMPO

concentration on the aqueous phase OH radical trapping

efficiency for β-pinene SOA was investigated as shown in

Fig. S3. Further blank tests confirmed that H2O2 (30 %,

Sigma Aldrich), Fe2+ and Fe3+ (Fe2O12S3
qxH2O, 97 %,

Sigma Aldrich) do not induce OH radical formation when

each of them is mixed with BMPO in water (Fig. S4).

The spin-counting method was applied for quantifica-

tion of OH radicals using the embedded subroutine of the

Bruker Xenon software (Weber, 2012). For better quantifi-

cation of detected radicals, the spin-fitting method (Bruker

Xenon software, chapter 13; Weber, 2012) was used to in-

crease the signal-to-noise ratio especially for low radical con-

centrations. The required parameters are hyperfine splitting

parameters for OH radicals, which were taken from Zhao

et al. (2001). Spectral simulations for radical adducts were

Figure 2. EPR spectra of sample solutions mixed with the spin-

trapping agent BMPO: (a) α-pinene SOA, (b) β-pinene SOA,

(c) limonene SOA, (d) isoprene SOA, (e) naphthalene SOA,

(f) 180–320 nm size field particles, (g) 180–320 nm size field par-

ticles mixed with Fe2+, (h) tert-butyl hydroperoxide solution and

(i) H2O2 solution with Fe2+. The four peaks (dotted lines) are char-

acteristic of BMPO-OH adducts.

carried out using the Matlab-based computational package

Easyspin (Stoll and Schweiger, 2006). A global optimiza-

tion (genetic algorithm) was conducted to obtain parameters

for simulating the EPR spectrum. The parameter set was fur-

ther optimized using the particle swarm method within the

Easyspin program. The function “garlic” for cw EPR spectra

in isotropic and fast motion regimes was chosen for simu-

lation. The hyperfine splitting constants for simulation were

taken from the Zhu et al. (2009).

2.3 LC-MS/MS

The SOA extracts mixed with spin-trapping agent BMPO

were also analysed with a nanoHPLC-chip-MS/MS system

(Agilent), which consists of a nano pump (G2226A) with

four-channel micro-vacuum degasser (G1379B), a microflu-

idic chip cube with electrospray ionization (ESI) source

(G4240-62010) interfaced to a Q-TOF mass spectrometer

(6540; nominal mass resolution 30 000 at a scan rate of

5 s−1), a capillary pump (G1376A) with degasser (G1379B),

and an auto-sampler with thermostat (G1377A). All modules

were controlled by Mass Hunter software (Rev. B.05.01, Ag-

ilent). Eluents used were 3 % (v/v) acetone nitrile (Chroma-

solv, Sigma, Seelze, Germany) in water / formic acid (0.1 %

v/v, Chromasolv, Sigma, Seelze, Germany) (Eluent A) and

3 % water / formic acid (0.1 % v/v) in acetone nitrile (Elu-

ent B). The flow rate was 400 nL min−1 with a gradient

program that starting with 3 % B for 3 min followed by a

36 min step that raised eluent B to 60 %. Further, eluent B

was increased to 80 % at 40 min and returned to initial condi-
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Figure 3. LC-MS/MS analysis. (a) LC-MS chromatogram of aqueous BMPO solution (black line) and BMPO mixed with β-pinene SOA

water extracts (red line). The downward triangle indicates the retention time of m/z 216 (BMPO-OH). (b) MS spectrum of [BMPO+H+]+

with nominal m/z 200. (c) MS2 spectrum of m/z 200, with the characteristic fragment ion m/z 144.0639 ([BMPO+H+]+−m/z 56.0626).

(d) Proposed fragmentation pathway for m/z 200. The most abundant fragment ion present in (c) corresponds to the loss of C4H8 from

[BMPO+H+]+. (e) MS spectrum of [BMPO-OH]+ with m/z 216. (f) The MS2 spectrum of m/z 216, with the characteristic fragment ion

m/z 160.0590 ([BMPO-OH]+−m/z 56.0624). (g) Proposed fragmentation pathway for m/z 216. The observed loss of C4H8 is characteris-

tic of the fragmentation of the t-butoxycarbonyl function of BMPO.

tions within 0.1 min, followed by column re-equilibration for

9.9 min before the next run. The ESI-Q-TOF instrument was

operated in the positive ionization mode (ESI+) with an ion-

ization voltage of 1900 V. Fragmentation of protonated ions

was conducted using the automatic MS/MS mode. Spectra

were recorded over the mass range of m/z 100–3000. Data

analysis was performed using the qualitative data analysis

software (Rev. B. 06.00, Agilent).

2.4 Kinetic modelling

The chemical reactions used to describe the

BMPO/SOA/Fe2+/H2O system, including Fenton-like

reactions, are listed along with their rate coefficients in

Table S1. From this set of 25 reactions, 16 were optimized

using the MCGA method and parameter ranges are given

in Table S1 to illustrate the uncertainty arising from global

optimization. For all other parameters reference values

were taken from the literature, which remained fixed during

optimization. Kinetic rate coefficients of a large set of chem-

ical reactions were determined using a uniformly sampled

Monte Carlo search seeding a genetic algorithm (MCGA

method; Berkemeier et al., 2013; Arangio et al., 2015) as the

global optimization method. This algorithm optimizes the

correlation between a kinetic model and experimental data in

order to constrain the input parameters of the model. Genetic

algorithms mimic processes known from natural evolution

and offer mechanisms such as crossover and mutation to

avoid convergence towards local minima. In the kinetic

model, ROOH represents all organic hydroperoxides without

resolving individual structures. This is a simplification,

which is necessary for the kinetic modelling but seems to

return consistent results.

3 Results and discussion

Figure 2 indicates that EPR spectra of laboratory gener-

ated SOA by α-pinene (spectrum a), β-pinene (spectrum b),

limonene (spectrum c) and isoprene (spectrum d) SOA were

composed of four major peaks, whereas naphthalene SOA

(spectrum e) exhibited no significant signals. These four

peaks were also found for field samples (spectrum f) and

became more prominent in the presence of Fe2+ (spec-

trum g). In addition, the same splitting was also observed

in a solution of tert-butyl hydroperoxide (spectrum h). Four-

line signals generated by hyperfine splittings are charac-

teristic of BMPO-trapped OH radicals in water solution,

Atmos. Chem. Phys., 16, 1761–1771, 2016 www.atmos-chem-phys.net/16/1761/2016/
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Figure 4. OH formation efficiency by SOA. (a) Concentrations of

OH radicals formed in water extracts of SOA of β-pinene (black),

α-pinene (blue), limonene (red), isoprene (purple) and naphthalene

(pink) as a function of SOA concentrations in the aqueous phase.

The formation efficiency of OH (molar concentration ratio of OH

to SOA: [BMPO-OH] / [SOA], in %) in iron containing SOA wa-

ter extracts against molar concentration ratios of FeSO4 and SOA

([Fe2+] / [SOA]) by (b) β-pinene, (c) α-pinene and (d) limonene.

The markers are experimental data, and the solid curves with shaded

area are modelled with uncertainty.

as shown in the spectrum (spectrum i) for solutions of

H2O2 and Fe2+, generating OH via the Fenton reaction

(Fe2+
+H2O2→Fe3+

+OH−+
q
OH (Zhao et al., 2001).

Figure 3 shows LC-MS chromatograms of the BMPO-OH

adduct (m/z 216.121) for aqueous BMPO solutions (black

line) and for BMPO in aqueous β-pinene SOA extract (red

line). A strong peak is observed at a retention time of

11.6 min for BMPO in aqueous β-pinene SOA extract, but

not for the aqueous BMPO solution, which served as a

blank. Confirmation of the BMPO structure for m/z 216.121

was achieved by comparing MS2 spectra of [BMPO+H+]+

(m/z 200.126) from the aqueous standard and m/z 216.121.

In both cases the loss of a characteristic fragment with a mass

of 56.062 Da is observed (panel c and f), which corresponds

to the loss of C4H8 from the t-butoxycarbonyl function of

BMPO. The above LC-MS/MS analysis confirms the pres-

ence of OH radicals in β-pinene SOA extracts observed by

EPR shown in Fig. 2.

The EPR and LC-MS/MS observations provide strong ev-

idence that OH radicals are generated in water extracts of

SOA by α-pinene, β-pinene, limonene and isoprene as well

as field fine particles, which can be enhanced by Fe2+. Note

Figure 5. OH yield of β-pinene SOA in three different kinds of

pure water: Milli-Q (squares), Savillex (triangles) and TraceSE-

LECT (Sigma, crosses).

that additional hyperfine splitting is observed for monoter-

pene and isoprene SOA and especially for field samples, indi-

cating the presence of organic radicals. Figure 4a shows that

the amount of OH radicals trapped by BMPO increases as the

SOA concentration increases in the aqueous phase. The OH

yield from β-pinene SOA is the highest generating ∼ 1.5 µM

of OH radicals at 1.5 mM SOA concentration, followed by α-

pinene, isoprene and limonene SOA. Naphthalene SOA has

a negligible yield of OH radicals.

For assessment of potential interferences from trace

amounts of impurities such as transition metals in water, the

OH yield was also measured in water with three different

purity grades – Milli-Q water (18.2 M, Thermo Scientific™

Barnstead™ GenPure™ xCAD Plus ultrapure water system),

TraceSELECT® Ultra ACS reagent water (Sigma Aldrich)

and Savillex water (DST-1000 Acid Purification System) –

which results in excellent agreement (Fig. 5) confirming that

OH radicals can be formed in the absence of transition met-

als.

Ambient particulate matter is often associated with iron

ions, which play an important role in aerosol chemistry via

Fenton-like reactions (Deguillaume et al., 2005). To inves-

tigate the effects of transition metals on OH formation by

SOA, different concentrations of Fe2+ were added in SOA

water extracts. Figure 4b–d show the OH formation effi-

ciency (molar concentration ratio of OH and SOA: [BMPO-

OH] / [SOA], in %) of β-pinene, α-pinene and limonene

SOA as a function of molar concentration ratio of FeSO4 to

SOA ([Fe2+] / [SOA]). The OH formation efficiency reaches

maximum values of 1.5 % for β-pinene SOA, 1.1 % for α-

pinene SOA and 0.5 % for limonene. Different behaviours in

OH formation efficiency of limonene compared to α-pinene

and β-pinene may be induced by different organic hydroper-

oxide concentrations and different R subgroup structure of
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ROOH. This order is the same as the order of the rela-

tive contribution of organic peroxides in these types of SOA

(Docherty et al., 2005). For isoprene SOA, the first results

of ongoing experiments indicate a significant increase of OH

yield with increasing Fe2+ concentrations. The EPR spectra

of the isoprene SOA show a dependence on the oxidant con-

centration level in the PAM chamber. The more complex be-

haviour of the isoprene SOA from OH photooxidation is un-

der investigation and will be presented in a follow-up study.

The observed formation of OH radicals is most likely

due to hydrolysis and thermal decomposition of organic

hydroperoxides (ROOH), which account for the predomi-

nant fraction of terpene SOA (Docherty et al., 2005; Ep-

stein et al., 2014) as well as in rain water (Hellpointner

and Gäb, 1989), but they have little contribution for naph-

thalene SOA (Kautzman et al., 2010). ROOH are formed

via multigenerational gas-phase oxidation and autoxidation,

introducing multiple hydroperoxy functional groups form-

ing extremely low volatility organic compounds (Crounse

et al., 2013; Ehn et al., 2014). Due to the low binding en-

ergy of the O–O bond induced by the electron-donating

R group, ROOH are well-known to undergo thermal ho-

molytic cleavage (ROOH→RO
q
+

q
OH; Nam et al., 2000).

In the presence of Fe2+, it has been reported that decom-

position of ROOH can be enhanced mainly via Fenton-like

reactions leading to heterolytic cleavage of the O–O bond

in the following two ways depending on the pH and reac-

tion environments: ROOH+Fe2+
→RO

q
+OH−+Fe3+ or

ROOH+Fe2+
→RO−+

q
OH+Fe3+ (Goldstein and Mey-

erstein, 1999; Deguillaume et al., 2005). Note that ho-

molytic cleavage can be catalysed by iron ions (Foster and

Caradonna, 2003). The formed alkoxy radicals (RO
q
) were

trapped by BMPO and found to increase as the Fe2+ con-

centration increases (Fig. 6). The formation of organic radi-

cals in α-pinene and limonene SOA has been also detected in

the previous studies (Pavlovic and Hopke, 2010; Chen et al.,

2011). As shown in Fig. 4, the chemical box model includ-

ing the above three ROOH decomposition pathways repro-

duces experimental data very well, strongly suggesting that

the source of OH radicals is decomposition of ROOH. The

decrease of OH radical production with increasing Fe2+ con-

centration is supposedly induced by reaction of the BMPO-

OH adduct with Fe2+ (Yamazaki and Piette, 1990) (see also

Supplement).

It has been suggested that hydrogen peroxide (H2O2) can

be generated from α- and β-pinene SOA in water, but the

mass yield of H2O2 is ∼ 0.2 % (Wang et al., 2011). In the

presence of Fe2+, H2O2 can yield OH radicals via the Fenton

reaction, and the formation efficiency of BMPO-OH adduct

by mixtures of H2O2 with Fe2+ was measured to be ∼ 0.6 %

(Fig. S2). Thus, the potential contribution of generated H2O2

to OH yields in β- and α-pinene SOA extracts is much lower

than the observed OH radicals. Moreover, the OH yield was

not affected, even if β-pinene SOA was dried under a N2

flow before the water extraction to evaporate particle-phase

	   6	  

 

Figure 6. Formation efficiency of organic radicals. Molar concen-

tration ratio of organic radicals to SOA ([BMPO-OR] / [SOA], in

%) in mixtures of Fe2+ and SOA solutions.

H2O2. Hence it is clear that the H2O2 in SOA should not be

the dominant source of OH radicals observed in this study.

4 Implications

The implications of this finding are illustrated in Figs. 7 and

8. The orange area in Fig. 7a shows OH production rate by

Fenton reactions between Fe2+ and H2O2 forming OH rad-

icals as a function of H2O2 concentration with typical dis-

solved iron concentrations in cloud droplets of 0.1–2.5 µM

(Deguillaume et al., 2005). The green area shows the OH pro-

duction rate by SOA decomposition in cloud or fog droplets,

which ranges of ∼ 0.01–100 nM s−1 depending on SOA pre-

cursors and the Fe2+ and SOA concentrations (see Supple-

ment). It clearly shows that SOA decomposition is compara-

bly important to the Fenton reaction in most conditions and

that SOA can be the main source of OH radicals at low con-

centrations of H2O2 and Fe2+. Water-soluble gases such as

aldehydes taken up by deliquesced particles may undergo re-

actions in the presence of OH radicals to form low-volatility

products, including organic acids, peroxides, peroxyhemiac-

etals and oligomers (Lim et al., 2010; Ervens et al., 2011; Liu

et al., 2012; Ervens, 2015; Lim and Turpin, 2015; McNeill,

2015). Thus, the formed OH radicals would promote chemi-

cal aging of SOA especially in the presence of iron ions (e.g.

SOA-coated mineral dust particles) (Chu et al., 2014) and

may also induce aqueous-phase oxidation of sulfur dioxide

forming sulfuric acid (Harris et al., 2013).

Recent studies have shown that OH radicals can trigger au-

toxidation reactions in the gas phase, generating highly ox-

idized and extremely low volatility compounds (Crounse et

al., 2013; Ehn et al., 2014). In addition, it has been shown

that some radicals can be long-lived in the condensed phase

Atmos. Chem. Phys., 16, 1761–1771, 2016 www.atmos-chem-phys.net/16/1761/2016/
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Figure 7. OH production rate in cloud droplets and lung lining fluid. (a) The OH production rate in cloud droplets by SOA decomposition

compared to the classical Fenton reaction. The data points were measured in the absence of Fe2+ for different precursors of β-pinene

(black squares), α-pinene (blue circles), limonene (red upward triangles) and isoprene (purple downward triangles). The shaded green area

represents the possible range in the presence of iron as a function of SOA concentration in the aqueous phase, which is based on the minimum

and maximum OH radical production efficiency of SOA in Fig. 4. The dashed lines represent OH production rates due to the Fenton reaction

from H2O2 with typical dissolved iron concentrations (Fe2+ : Fe3+
= 1 : 1) of 0.1 and 2.5 µM. (b) The OH production rate in lung lining

fluid by SOA decomposition as a function of ambient SOA concentrations, and by the classical Fenton reaction as a function of H2O2

concentrations with typical dissolved iron concentrations (Fe2+ : Fe3+
= 1 : 1) of 100 and 1 nM. The purple shaded area represents patients

with respiratory disease exhibiting high H2O2 concentrations in the bronchoalveolar lavage (Corradi et al., 2008).

Figure 8. Implications of OH formation by SOA. Formation of OH

radicals upon decomposition of organic hydroperoxides (ROOH) in

secondary organic aerosol leads to rapid chemical aging of SOA

particles upon deliquescence and cloud or fog processing in the at-

mosphere as well as oxidative stress upon inhalation and deposition

in the human respiratory tract. Mixing and Fenton-like reactions of

iron with ROOH from SOA can occur both in atmospheric particles

and in the lung lining fluid.

(Shiraiwa et al., 2011b; Gehling and Dellinger, 2013) by in-

teracting with transition metals (Truong et al., 2010). We hy-

pothesize that OH radicals formed from SOA decomposition

could also trigger autoxidation in the condensed phase. Such

a self-amplification cycle of SOA formation and aging may

be relevant for example in the Amazon, where cloud and fog

processing are important pathways forming a high fraction

of SOA with high O : C ratio, resulting in an enhancement

of cloud condensation nuclei activity of particles (Pöschl et

al., 2010; Pöhlker et al., 2012). Organic peroxides are often

used as the agent of the vulcanization processes to initiate the

radical polymerization by forming free radicals, which ab-

stract hydrogen atoms from the elastomer molecules con-

verting them into radicals that undergo oligomerization to

form elastic polymer or rubber. Similar processes might also

occur in SOA particles (“SOA vulcanization”), which may

contribute to formation of dimers and oligomers observed in

SOA particles (Kalberer et al., 2004) possibly leading to the

occurrence of an amorphous solid state (Virtanen et al., 2010;

Koop et al., 2011; Shiraiwa et al., 2011a; Renbaum-Wolff et

al., 2013; Kidd et al., 2014).

In indoor air, terpenes are commonly found at higher con-

centrations than in the ambient air due to their widespread

use as solvents and odorants in cleaning products and air

fresheners (Weschler, 2011). Depending on precursor con-

centrations, the SOA concentration in indoor air can reach

up to 30 µg m−3 with the highest contribution from limonene

SOA (Waring, 2014). To evaluate potential adverse health ef-

fects by SOA deposition into the lungs, we estimated the OH

production rate by SOA within the lung lining fluid (LLF) as
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a function of ambient SOA concentration considering breath-

ing and deposition rates (see Supplement) (Fig. 7b). The pH

of lung lining fluid for healthy people is about 7.4. Our re-

cent experiments have shown that the formation of OH radi-

cals was increased by ∼ 20 % at a pH of 7.4 in a phosphate-

buffered saline solution. Thus, the OH production rate by

SOA decomposition shown in Fig. 7b may represent the

lower limit. We intend to investigate pH effects on OH for-

mation in detail in follow-up studies.

Figure 7b also shows the OH production rate by the Fenton

reaction with typical iron (Gutteridge et al., 1996) and H2O2

concentrations in the LLF (Corradi et al., 2008). Patients with

respiratory diseases are reported to have high H2O2 concen-

trations in the bronchoalveolar lavage (Corradi et al., 2008)

(as shown in shaded purple area), and the Fenton reaction

may be the main source of OH radicals for such patients.

However, for healthy people with low H2O2 and Fe2+ con-

centrations, SOA decomposition can be more important than

the Fenton process under high ambient or indoor SOA con-

centrations. Excess concentrations of reactive oxygen species

including hydrogen peroxide, OH radicals (and potentially

also organic radicals) are shown to cause oxidative stress to

human lung fibroblasts, alveolar cells and tissues (Pöschl and

Shiraiwa, 2015). Thus, in polluted indoor or urban megaci-

ties with high SOA concentration such as in Beijing, SOA

particles may play a critical role in adverse aerosol health

effects.

The Supplement related to this article is available online

at doi:10.5194/acp-16-1761-2016-supplement.
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EPR experiments 

The spin counting method was applied for quantification of OH radicals using the embedded 

subroutine of the Bruker Xenon software (Weber, 2012).  Briefly, peaks and a baseline of spectra 

were selected, followed by double integration of the peak intensity. Spin concentrations were 

calculated through the following equation (Eaton et al., 2010): 

DI = c ∙ 𝐺! ∙ 𝐶! ∙ n ∙
𝑃 ∙ 𝐵! ∙ 𝑄 ∙ 𝑛! ∙ 𝑆 ∙ (𝑆 + 1) ∙ 𝑛!

𝑓(𝐵!,𝐵!)
 

where c = constant determined by a standard sample with known number of spins, GR = Receiver 

gain, Ct = Conversion time, n = Number of scans, P = Microwave power (W), Bm = Modulation 

amplitude (Gauss), Q = Quality factor of resonator, nB = Boltzmann factor for temperature 

dependence, S = Total electron spin, ns = Number of spins, ƒ(B1, Bm) = Spatial distribution of the 

microwave field and the modulation field, experienced by the sample. We calibrated this method 

using the stable radical TEMPOL and obtained a difference < 5% between the calculated and 

measured concentrations, confirming the reliability of the spin counting method. The absolute 

detection limit of number of spins in an EPR cavity (~20 µL) is estimated to be ~1012 spins, which 

translates to a detection limit of spin concentration of ~100 nM under our experimental conditions. 

The error bars in x-axis in Fig. 4 to 7 are based on uncertainties in SOA mass measurements 

in the balance. The same procedure was also applied to blank filters by immersing them into 10 mM 

BMPO and 0.5 mM Fe2+ (FeSO4·7H2O, ≥ 99%, Sigma Aldrich) solutions, confirming that very little 

BMPO or iron residues would stick to filters upon extraction. Extractions and EPR measurements 

were conducted under dark conditions to avoid interferences due to photolysis. 16 ml glass vials with 

PTFE closure from VWR International GmbH were used. All the vials have been rinsed for 5-10 

times with 10 mL fresh Milli-Q water each time and dried under ultrapure dry nitrogen gas (99.999%, 

Westfalen AG) before SOA extraction. Power free gloves (Carl Roth GmbH + Co.KG) and lab coat 

were used to avoid particles deposition from human body. Vials were used only once to avoid residue 

contaminations. Experiments were repeated with vials from different sets and there were no 

differences in the experimental results. In addition, the experimental results were fully consistent 

when the vials made from different materials (glass or polystyrene 15 ml conical tubes (VWR 
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International GmbH)) were used. Particle concentrations in the laboratory were less than ~ 400 m-3 

and we spent <3 s for opening and closing the vial caps to avoid contamination from deposition of 

particles into the samples. The filters were cleaned three times with 2-3 mL pure ethanol (ACS grade, 

VWR International S. A.S.) each time and dried with ultrapure dry nitrogen gas before SOA 

collection. The filter holder were cleaned with pure ethanol and Milli-Q water and dried with 

ultrapure dry nitrogen before experiment. OH radicals were not observed in different concentrations 

of hydrogen peroxide (TraceSELECT® Ultra, for ultratrace analysis) mixed with BMPO by an EPR. 

Thus, contaminations of transition metals during our handling procedure for particle extraction and 

analysis are negligible.  

One example that includes the original and fitted spectra for BMPO/˙OH adduct of β-pinene 

SOA and cumene hydroperoxide is shown in Fig. S1. The final root mean square deviation of the 

fitting was ~0.03, indicating a very good agreement between the experimental and simulated spectra. 

Five different radicals (BMPO-CH3, t-BuO-BMPO, BMPO-OCH3, and two isomers for BMPO-OH 

adduct) were found to coexist in tert-Butyl hydroperoxide solution. Good agreement between the 

fitted and measured spectrum confirms the dominance of OH radicals. The residual of the spectra can 

be regarded as trapped organic radicals. 

Considering that the BMPO-OH adduct is stable over ~30 minutes, we have scanned samples 

over 50 times in ~20 min to elevate the signal to noise ratio of EPR spectra. The decay of DMPO-OH 

in water leads to uncertainty of ~11 % in quantification of trapped OH radicals. OH radicals in SOA 

water extracts were quantified using the spin counting method by removing interferences from 

organic radicals with the spin fitting method (see Methods and Fig. S1). 

To investigate the role of water in the formation of OH radicals, ethanol (ACS grade, VWR 

International S. A.S.) was used as solvent. As shown in Fig. S5 c, BMPO-OH adducts were also 

observed in β-pinene SOA (E) and tert-Butyl hydroperoxide (F) in ethanol. These observations 

clearly show that OH radicals can be generated in the absence of water. Note that β-pinene SOA (Fig. 

2B) and tert-Butyl hydroperoxide (Fig. 2G) yielded stronger OH signals in water compared to in 

ethanol. Additional experiments have shown that the OH formation efficiency of β-pinene SOA and 

tert-Butyl hydroperoxide in water increased by ~30% at 310 K compared to at a room temperature of 
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295 K. These results indicate that the source of OH radicals may be a combination of hydrolysis and 

thermal decomposition by organic hydroperoxides(Choe and Min, 2005). 

Fig. S5 shows EPR spectra of mixtures of BMPO and cumene hydroperoxide (80%, Sigma 

Aldrich) with and without Fe2+. The formation of OH and organic radicals upon decomposition of 

cumene hydroperoxide is clearly observed (A), which is substantially enhanced in the presence of 

Fe2+ due to Fenton-like reactions (B) (Chevallier., 2004). This is in agreement with previous 

observations of OH radicals generated by organic hydroperoxides in water (Guo et al., 2003). In 

contrast, no significant signals were observed for Di-tert-butyl peroxide solutions with and without 

Fe2+ (Fig. S5). These observations suggest that the source of OH radicals is organic hydroperoxides 

(ROOH), but not organic peroxides (ROOR). 

 

Kinetic Modelling 

The modelling result is in agreement with the experimental observations of trapping OH with 

the BMPO spin trap shown in Fig. S2 for H2O2. The aqueous phase chemistry is dominated by the 

reaction between	   Fe2+ and H2O2 (R8) and subsequent trapping of OH by BMPO (R14). The 

predominant loss channel for the BMPO-OH adduct is oxidation by Fe3+ (R17). The same strategy is 

applied for modelling the dissociation of organic hydroperoxides (ROOH) in the absence and 

presence of Fe2+ in extracts of secondary organic aerosol (SOA). We assume that the reactions (1), 

(8), (10) and (12) for H2O2 also apply for ROOH as reactions (19) – (22). Additionally, thermal 

decomposition of ROOH is included, which dominates dissociation and hence OH production in the 

absence of Fe2+ (Fig. 4a). Reaction with organic molecules (“SOA”) is a significant loss pathway for 

OH in our experiments. Since the initial concentration of BMPO was the same for all experiments, 

the ratio of SOA and BMPO varies between the different experiments. Hence, at higher SOA 

concentrations (Fig. 4a), a larger fraction of OH will react with organic molecules instead of BMPO, 

leading to the observed non-linear increase of the BMPO-OH signal. In the presence of Fe2+, the 

Fenton-like reactions (19) and (20) lead to a much faster decomposition of ROOH. At higher Fe2+ 

concentrations however, the BMPO-OH adduct is effectively removed (Yamazaki and Piette, 1990) 

and the measured concentrations significantly reduced (Fig. 4b - d). Destruction of BMPO-OH can 
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be viewed as iron-catalysed reactions, as Fe2+ is constantly recovered in the presence of peroxides. 

Hence, at high [Fe2+]/[SOA], destruction dominates over production. Such behaviour is more 

prominent for α–pinene and β–pinene SOA, due to higher concentrations of organic hydroperoxides. 

For limonene SOA, the OH production increased rather gradually with lower abundance of organic 

hydroperoxides, leading in return to a less prominent destruction of the BMPO-OH adducts by Fe2+.  

 

OH production rate in clouds and lung lining fluid 

The OH production rate in cloud water due to Fenton reactions has been calculated. Typical 

dissolvable iron concentrations (Fe2+ and Fe3+ with a molar ratio of 1:1) and H2O2 concentrations in 

clouds (‘Typical cloud’ in Fig. 7a) were set to be 0.1 to 2.5 µM (Deguillaume et al., 2005) and 0.1 to 

100 µM, respectively(Herrmann et al., 2015). A typical cloud water pH of 6 was assumed with a k8 

value of 1.1 × 10-18 cm3 s-1 (Bataineh et al., 2012).  

For estimation of the OH production rate in lung lining fluid by Fenton reactions, a typical 

iron concentration range of between 1 to 100 nM was used with Fe2+ to Fe3+ molar ratio of 1:1 

(Hunter et al., 2013). It should be noted that there is a background concentration of iron within the 

LLF but this is not included during calculations as these iron ions are associated with ferritin and 

therefore unavailable for Fenton reactions (Ghio et al., 2006; Ghio, 2009). Additionally, typical H2O2 

concentrations range of 0.001 to 1 µM in the LLF were chosen (Corradi et al., 2008). A pH value of 7 

in the LLF (which is typical in healthy people (Paget-Brown et al., 2006)) was assumed and therefore 

k8 in Table S1 would be expected to be 9.8 × 10-18 cm3 s-1 (Bataineh et al., 2012), which lies within the 

range determined by global optimization. 

In order to convert ambient concentration of SOA (µg m-3) into an OH production rate in the 

LLF (POH, nM s-1) the following equation was used: POH = (Ambient SOA concentration × breathing 

rate × PM deposition rate × ROH) / total LLF volume, where ambient SOA concentrations ranged 

from 1 to 100 µg m-3. ROH is the OH formation efficiency of SOA in aqueous phase (Fig. 4). The 

breathing rate was assumed to be 230 cm3 s-1, the PM deposition rate was assumed to be 45% 

(Sarangapani and Wexler, 2000) and the total ELF volume was set to 25 ml (Walters, 2002).  
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Table S1. Equations and parameters used in the kinetic model. 

Reaction	  

number	  

Equation	   Rate	  coefficient	  /	  

cm3	  s-‐1	  

Reference	  

	   	   	   	  

1	   H2O2	  +	  OH	  →	  H2O	  +	  HO2	   k1	  =	  5.5	  ×	  10-‐14	   Christensen,	  et	  

al.(Christensen	  et	  al.,	  

1982)	  

2	   OH	  +	  OH	  →	  H2O2	   k2	  =	  8.6	  ×	  10-‐12	   Sehested,	  et	  al.(Sehested	  

et	  al.,	  1968)	  	  

3	   OH	  +	  HO2	  →	  H2O	  +	  O2	   k3	  =	  1.2	  ×	  10-‐11	   Sehested,	  et	  al.(Sehested	  

et	  al.,	  1968)	  	  

4	   HO2	  +	  HO2	  →	  H2O2	  +	  O2	  	   k4	  =	  1.4	  ×	  10-‐15	   Rush	  and	  Bielski(Rush	  

and	  Bielski,	  1985)	  

5	   H2O2	  +	  HO2	  →	  H2O	  +	  O2	  +	  OH	   k5	  =	  5.0	  ×	  10-‐21	   Koppenol	  et	  al.	  (1978)	  

6	   HO2	  +	  O2
-‐	  →	  H2O2	  +	  OH-‐	  +	  O2	   k6	  =	  1.6	  ×	  10-‐13	   Rush	  and	  Bielski(Rush	  

and	  Bielski,	  1985)	  

7	   H+	  +	  O2
-‐	  →	  HO2	   k7	  =	  8.0	  ×	  10-‐11	   Divišek	  and	  

Kastening(Divišek	  and	  

Kastening,	  1975)	  

8	   Fe2+	  +	  H2O2	  →	  Fe3+	  +	  OH-‐	  +	  OH	   k8	  =	  1.0	  –	  6.0	  ×	  10-‐17	   	  

9	   Fe2+	  +	  OH	  →	  Fe3+	  +	  OH-‐	   k9	  =	  0.01	  –	  1.0	  ×	  10-‐11	   Stuglik	  and	  
Zagorski(Stuglik	  and	  
PawełZagórski,	  1981)	  

10	   Fe3+	  +	  H2O2	  →	  Fe2+	  +	  HO2	  +	  H+	   k10	  <	  1.0	  ×	  10-‐20	   	  

11	   Fe3+	  +	  HO2	  →	  Fe2+	  +	  O2	  +	  H+	   k11	  =	  3.3	  ×	  10-‐18	   Rush	  and	  Bielski(Rush	  
and	  Bielski,	  1985)	  

12	   Fe2+	  +	  H2O2	  →	  Fe4+O2+	  +	  H2O	   k12	  =	  0.5	  -‐	  8	  ×	  10-‐17	   	  

13	   Fe4+	  +	  Fe2+	  →	  2Fe3+	   k13	  =	  10-‐19	  –	  10-‐16	   	  

14	   BMPO	  +	  OH	  →	  BMPO-‐OH	   k14	  =	  0.06	  -‐	  6.0	  ×	  10-‐12	   	  

15	   BMPO-‐OH	  →	  Product	   k15	  =	  0.02	  -‐	  2.0	  ×	  10-‐4	  	   	  

62



	   6	  

16	   BMPO-‐OH	  +	  Fe2+	  →	  Product	  +	  Fe3+	   k16	  =	  0.1	  -‐	  1.0	  ×	  10-‐19	   	  

17	   BMPO-‐OH	  +	  Fe3+	  →	  Product	  +	  Fe2+	   k17	  <	  1.0	  ×	  10-‐20	   	  

18	   BMPO-‐OH	  +	  Fe4+	  →	  Product	  +	  Fe3+	   k18	  =	  1	  -‐	  8.0	  ×	  10-‐18	   	  

19	   Fe2+	  +	  ROOH	  →	  Fe3+	  +	  RO-‐	  +	  OH	   k19	  =	  k8	   	  

20	   Fe2+	  +	  ROOH	  →	  Fe3+	  +	  RO	  +	  OH-‐	   k20	  <	  1.0×	  10-‐20	   	  

21	   Fe3+	  +	  ROOH	  →	  Fe2+	  +	  RO2	  +	  H+	   k21	  =k10	   	  

22	   OH	  +	  ROOH	  →	  ROH	  +	  HO2	   k22	  =	  k1	   	  

23	   ROOH	  →	  RO	  +	  OH	   k23	  =	  0.1	  –	  4	  ×	  10-‐5	   	  

24	   SOA	  +	  OH	  →	  SOA’	   k24	  =	  0.3	  –	  2.0	  ×	  10-‐12	   	  

25	   BMPO-‐OH	  +	  OH	  →	  Product	   k25	  =	  0.1	  –	  8.0	  ×	  10-‐12	   	  
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Figure S1. Measured, fitted and simulated EPR spectra. (a) Measured (black) and fitted (red) 

EPR spectra of water extracts of β-pinene SOA mixed with BMPO. (b) Measured (black) and 

simulated (pink) EPR spectra of a solution of tert-Butyl hydroperoxide mixed with BMPO. 
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Figure S2. OH formation efficiency in H2O2/Fe2+ solutions. The concentrations of H2O2 and 

BMPO were 0.1 mM and 10 mM, respectively. The solid curve with shaded area is modelled with 

uncertainty. 
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Figure S3. OH formation efficiency of β-pinene SOA/Fe2+ solutions as a function of BMPO 

concentration. The markers are colour coded with the molar ration of Fe2+ to SOA ([BMPO-OH]/[β-

pinene SOA]).  
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Figure S4. EPR spectra of BMPO mixtures. BMPO adducts with a 0.7 mM β-pinene SOA extracts 

(black line). Blank spectra of BMPO mixed with 14.7 mM H2O2 (blue line), 1.1 mM Fe2+ (pink line), 

and 0.1 mM Fe3+ (olive line) solutions. The BMPO concentration is 10 mM for all the samples. 
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Figure S5. EPR spectra of various samples. EPR spectra of 15 mM cumene hydroperoxide solution 

in the absence of Fe2+ (A) and in the presence of 1.5 mM Fe2+ (B). EPR spectra of 15 mM Di-tert-

Butyl peroxide solution in the absence of Fe2+ (C) and in the presence of 1.5 mM Fe2+. EPR spectra 

of β-pinene SOA (E) and tert-Butyl hydroperoxide (F) in ethanol.  
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Abstract. Fine particulate matter plays a central role in the
adverse health effects of air pollution. Inhalation and deposi-
tion of aerosol particles in the respiratory tract can lead to
the release of reactive oxygen species (ROS), which may
cause oxidative stress. In this study, we have detected and
quantified a wide range of particle-associated radicals using
electron paramagnetic resonance (EPR) spectroscopy. Ambi-
ent particle samples were collected using a cascade impactor
at a semi-urban site in central Europe, Mainz, Germany, in
May–June 2015. Concentrations of environmentally persis-
tent free radicals (EPFR), most likely semiquinone radicals,
were found to be in the range of (1–7) × 1011 spins µg−1 for
particles in the accumulation mode, whereas coarse particles
with a diameter larger than 1 µm did not contain substantial
amounts of EPFR. Using a spin trapping technique followed
by deconvolution of EPR spectra, we have also character-
ized and quantified ROS, including OH, superoxide (O−2 ) and
carbon- and oxygen-centered organic radicals, which were
formed upon extraction of the particle samples in water. To-
tal ROS amounts of (0.1–3)×1011 spins µg−1 were released
by submicron particle samples and the relative contributions
of OH, O−2 , C-centered and O-centered organic radicals were
∼ 11–31, ∼ 2–8, ∼ 41–72 and ∼ 0–25 %, respectively, de-
pending on particle sizes. OH was the dominant species for
coarse particles. Based on comparisons of the EPR spectra of
ambient particulate matter with those of mixtures of organic
hydroperoxides, quinones and iron ions followed by chemi-
cal analysis using liquid chromatography mass spectrometry
(LC-MS), we suggest that the particle-associated ROS were
formed by decomposition of organic hydroperoxides inter-
acting with transition metal ions and quinones contained in
atmospheric humic-like substances (HULIS).

1 Introduction

Epidemiological studies have clearly shown positive corre-
lations between respiratory diseases and ambient fine par-
ticulate matter (Pope and Dockery, 2006; Strak et al., 2012;
West et al., 2016). A recent study has estimated that outdoor
air pollution leads to 3.3 million premature deaths per year
worldwide, which is mostly due to particular matter with a
particle diameter less than 2.5 µm (PM2.5) (Lelieveld et al.,
2015). Plausible reasons include the cytotoxicity of ambient
PM2.5 and its ability to induce inflammatory responses by
oxidative stress causing functional alterations of pulmonary
epithelial cells (Nel, 2005; Gualtieri et al., 2009). Oxida-
tive stress is mediated by reactive oxygen species (ROS),
including OH, H2O2 and superoxide (O−2 ), as well as or-
ganic radicals (Pryor et al., 1995; Winterbourn, 2008; Bir-
ben et al., 2012; Pöschl and Shiraiwa, 2015). Upon PM de-
position into the respiratory tract and interactions with lung
antioxidants, H2O2 can be generated by redox-active com-
ponents contained in PM2.5 such as transition metals (Char-
rier et al., 2014; Fang et al., 2016), semiquinones (Kuma-
gai et al., 1997; Cho et al., 2005; Khachatryan et al., 2011;
McWhinney et al., 2013) and humic-like substances (Kuma-
gai et al., 1997; Cho et al., 2005; Lin and Yu, 2011; Charrier
et al., 2014; Dou et al., 2015; Fang et al., 2016; Verma et
al., 2015a). H2O2 can be converted into highly reactive OH
radicals via Fenton-like reactions with iron and copper ions
(Charrier et al., 2014; Enami et al., 2014).

Ambient particles have been found to contain large
amounts of ROS (mostly H2O2) in the particle phase (Hung
and Wang, 2001; Venkatachari et al., 2005, 2007; Fuller et
al., 2014). Substantial amounts of particle-bound ROS are
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found on biogenic secondary organic aerosols (SOA) pro-
duced from the oxidation of α-pinene, linalool, and limonene
(Chen and Hopke, 2010; Chen et al., 2011; Pavlovic and
Hopke, 2011; Wang et al., 2011, 2012). Recently, Tong et
al. (2016) have shown that terpene and isoprene SOA can
form OH radicals upon interactions with liquid water and
iron ions under dark conditions. This can be explained by
the decomposition of organic hydroperoxides, which account
for the predominant fraction of SOA mass and are generated
via multigenerational oxidation and autoxidation (Docherty
et al., 2005; Ziemann and Atkinson, 2012; Crounse et al.,
2013; Ehn et al., 2014; Epstein et al., 2014; Badali et al.,
2015).

In addition, PM2.5 contains environmentally persistent
free radicals (EPFR) that can be detected directly by elec-
tron paramagnetic resonance (EPR) spectroscopy (Dellinger
et al., 2001; Khachatryan et al., 2011; Gehling and Dellinger,
2013). EPFR are stable radicals with an e folding lifetime
exceeding one day (Gehling and Dellinger, 2013; Jia et al.,
2016). The chemical nature of EPFR is remarkably similar
to semiquinone radicals, which can be stabilized via electron
transfer with transition metals in the particle phase (Truong
et al., 2010; Vejerano et al., 2011; Gehling and Dellinger,
2013). EPFR are formed upon combustion and pyrolysis
of organic matter (Dellinger et al., 2001, 2007). The for-
mation of stable radicals can also be induced by heteroge-
neous and multiphase chemistry of organic aerosols. Hetero-
geneous ozonolysis of aerosol particles such as polycyclic
aromatic hydrocarbons (PAH) and pollen proteins can lead
to the formation of long-lived reactive oxygen intermediates
(ROI) (Shiraiwa et al., 2011, 2012; Reinmuth-Selzle et al.,
2014; Borrowman et al., 2015; Kampf et al., 2015; Berke-
meier et al., 2016).

In this work, ambient particles with a diameter in the
range of 56 nm to 3.2 µm were collected using a cascade im-
pactor during May–July 2015 in Mainz, Germany. Size de-
pendences of EPFR concentrations contained in ambient par-
ticles have been measured using an EPR spectrometer. Parti-
cles were also extracted in water containing a spin-trapping
agent followed by EPR analysis to quantify the formation
of various radical forms of ROS, including OH, superoxide
(O−2 ) and carbon- and oxygen-centered organic radicals.

2 Methods

Ambient particles were collected using a micro-orifice uni-
form deposition impactor (MOUDI, 110-R, MSP Corpora-
tion) on the roof of the Max Planck Institute for Chem-
istry, Mainz, Germany (49.99◦ N, 8.23◦ E). The sampling
was conducted every 24 h starting at 17:00 during 28 May–
9 June 2015. Particles were collected with a sampling time
of 48 h during 26–27 June and 18–19 July 2015 in order
to collect sufficiently high mass loadings for all stages of
different particle size ranges. The sampling was conducted

with a flow rate of 30 L min−1 with the following nominal
lower cut-off particle diameters: 56, 100, 180, 320, 560 nm,
1, and 1.8 µm. Note that transmission and bouncing effects
might have caused mixing of particles exhibiting relatively
different sizes on one stage, particularly for coarse parti-
cles (Gomes et al., 1990; Bateman et al., 2014). Particles
were collected on 47 mm diameter Teflon filters (100 nm pore
size, Merck Chemicals GmbH). Before sampling, each filter
was cleaned and sonicated for 10 min with pure ethanol and
ultra-pure water and dried with nitrogen gas before weigh-
ing. Teflon filters were weighed four times using a balance
(Mettler Toledo XSE105DU) and mounted in the MOUDI.
After sampling, each filter was conditioned for at least 1 h
(22–23 ◦C and 40–50 % RH) and weighted four times be-
fore being folded and inserted in a 4 mm EPR tube. Particles
were extracted by immersing the filter into a solution con-
taining 350 µL of 20 mM 5-tert-Butoxycarbonyl-5-methyl-1-
pyrroline-N-oxide (BMPO, high purity; Enzo Life Sciences,
Inc.) and stirred with a vortex shaker (Heidolph Reax 1) for
7–9 min. BMPO is an efficient spin-trapping agent for OH,
O−2 and organic radicals (Zhao et al., 2001; Tong et al., 2016).
Note that the trapping efficiency of O−2 and organic radicals
might be lower compared to OH radicals, as the recent study
has reported that nitrone-based spin traps have the highest re-
activity towards OH and somewhat lower reactivity towards
organic radicals and superoxide (Sueishi et al., 2015). Ex-
tracts were dried for approximately 14–17 min under 1–3 bar
flow to reduce the volume of the solution to 50 µL, and then
20 µL were used for EPR measurements.

A continuous-wave electron paramagnetic resonance
(CW-EPR) X-band spectrometer (EMXplus-10/12; Bruker
Corporation) was used for detection and quantification of
stable radicals and ROS. Filters containing particles were
folded and introduced into a 4 mm I.D. quartz tube and
inserted directly into a high sensitivity cavity. EPR spec-
tra were recorded at a room temperature of 23 ◦C by set-
ting the following operating parameters: a modulation fre-
quency of 100 kHz; a microwave frequency of 9.84 GHz, a
microwave power of 2.149 mW (20 db), a modulation ampli-
tude of 1.0 G, a sweep width of 110.0 G, a sweep time of
175 s, a receiver gain of 40 db, a time constant of 40.96 ms,
a conversion time of 160 ms and a scan number of 6. Para-
magnetic species are characterized based on their g factor
values. Free electrons have a g factor value of 2.0023 and or-
ganic radicals have higher g factor values (2.0030–2.0060),
depending on the number of oxygen atoms in the molecule
(Dellinger et al., 2007).

The spin-counting method embedded in the Bruker soft-
ware, Xenon, was used to quantify detected radicals.
The spin-counting method was calibrated using a stan-
dard compound 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-
oxyl (TEMPOL). The detection limit of EPR was ∼ 1×
1010 spins µg−1. Concentrations of EPFR and ROS are re-
ported in the unit of spins µg−1, which indicates the number
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Figure 1. Electron paramagnetic resonance (EPR) spectra of atmo-
spheric aerosol impactor samples with lower cut-off diameters in
the range of 56 nm to 1.8 µm collected in Mainz, Germany, during
26–27 June, 2015.

of spins (or radicals) per µg of particle mass. For better quan-
tification and determination of the relative contributions of
OH, O−2 , carbon-centered and oxygen-centered organic radi-
cals, EPR spectra were fitted and simulated using Xenon and
the MATLAB-based computational package EasySpin (Stoll
and Schweiger, 2006).

3 Results and discussion

3.1 Environmentally persistent free radicals

Figure 1 shows EPR spectra of ambient particles in the lower
cut-off diameter range of 56 nm–1.8 µm. Fine particles, with
lower cut-off diameters of 56–320 nm, show a single and un-
structured peak with a g factor of ∼ 2.003 and with a peak
to peak distance (1Hp-p) ranging from 3 to 8 G. Such spec-
tra are characteristic for EPFR, which have been attributed to
semiquinone radicals (Dellinger et al., 2001, 2007; Vejerano
et al., 2011; Bahrle et al., 2015). Particles with a diameter
smaller than 56 nm and larger than 560 nm did not show sig-
nificant signals, indicating the reduced amount of EPFR in
these size ranges. EPR spectra for particles with the lower
cut-off diameters of 56–320 nm for each sampling day are
presented in Fig. A1 in the Appendix.

The black line in Fig. 2 shows the size distribution of
EPFR concentrations. Particles with different sizes had dif-
ferent radical contents and particles with the lower cut-off di-
ameter of 100 nm contained the highest EPFR concentrations
of 7.0 (± 0.7)× 1011 spins µg−1. High abundances of EPFR
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vironmentally persistent free radicals (EPFR) and radical forms of
reactive oxygen species (ROS) in atmospheric aerosol samples plot-
ted against particle diameter. The error bars represent standard er-
rors based on uncertainties in the particle mass and signal integra-
tion of EPR spectra.
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Figure 3. Temporal evolution of concentrations of environmentally
persistent free radicals (EPFR) contained in atmospheric aerosol
samples with lower cutoff diameters of 100 nm (red) and 180 nm
(blue), measured in Mainz, Germany, during May–June 2015. The
error bars represent standard errors based on uncertainties in the
particle mass and signal integration of EPR spectra.

in particles in the accumulation mode is consistent with mass
size distributions of combustion-generated particles, such as
soot or black carbon, which typically have peak concentra-
tions around 100–200 nm (Bond et al., 2013). This observa-
tion is in line with the fact that EPFR may often be associated
with soot particles (Dellinger et al., 2007).

Figure 3 shows the temporal evolution of EPFR concen-
trations contained in particles with lower cut-off diameters
of 100 and 180 nm. During the sampling period of 2 weeks,
there were two rain events (on 30 May and 1 June 2015) and
three sunny days (4–6 June 2015), and the other days were
cloudy. The mass concentrations of particles within the di-
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Figure 4. (a) Electron paramagnetic resonance (EPR) spectra of ambient aerosol impactor samples (Mainz, Germany; 26–27 June 2015) with
lower cut-off diameters in the range of 56 nm to 1.8 µm extracted in water mixed with the spin-trapping agent BMPO. Dashed lines indicate
the position of each peak for different types of trapped radicals of O−2 (red), OH (green), carbon-centered (orange) and oxygen-centered
organic radicals (light blue). (b) Simulation of the EPR spectrum of the atmospheric aerosol impactor sample with particle diameters in the
range of 180–320 nm (lower to upper cut-off) by deconvolution into O−2 , OH, O-centered and C-centered organic radicals (Blue is synthesis,
grey is residual).

ameters of 56–560 nm were in the range of 3.9–12.8 µg m−3.
Maximum values of∼ 7×1011 spins µg−1 were reached dur-
ing sunny days, indicating that photochemistry may be re-
lated to EPFR production. For example, heterogeneous reac-
tions of photo-oxidants including O3 and OH with soot or
PAH may contribute to the formation of long-lived radicals
(Shiraiwa et al., 2011; Borrowman et al., 2015). Radical con-
centrations were as low as 6.3× 1010 spins µg−1 during rain
events, most likely due to low production of EPFR and scav-
enging by precipitation.

The EPFR concentration contained in particles within the
diameter of 56 nm–3.2 µm collected for 48 h during 26–
27 June 2015 was ∼ 2.2× 1011 spins µg−1. EPFR concen-
trations contained in particles within the diameter of 56–
560 nm averaged over the entire measurement period was
2.0 (± 1.3)× 1011 spins µg−1. Squadrito et al. (2001) deter-
mined the EPFR concentrations to be in the range of (1–
10)×1011 spins µg−1 in PM2.5 sampled for 24 h in five dif-
ferent urban sites in the United States. Gehling et al. (2014)
reported that the EPFR concentration was in the range of (7–
55)×1010 spins µg−1 at a site in Louisiana near heavy inter-
state traffic along a major industrial corridor of the Missis-
sippi River. Shaltout et al. (2015) measured radical concen-
trations in the range of (2–6)×1010 spins µg−1 in PM2.5 col-
lected in industrial-, residential- and traffic-dominated sites
in Taif, Saudi Arabia. The EPFR concentrations measured in
this work are comparable with these previous measurements.

3.2 Reactive oxygen species

Figure 4a shows EPR spectra of ambient particles with lower
cut-off diameters of 56 nm–1.8 µm extracted in water with
the spin-trapping agent BMPO. Each EPR spectrum is com-
posed of several overlapped lines, originating from differ-
ent radical forms of ROS. Dashed lines indicate the posi-
tions of each peak for each type of trapped ROS, includ-
ing OH (green), superoxide (red), carbon-centered (orange)
and oxygen-centered organic radicals (light blue). The rela-
tive abundance of these radicals was different for each size
range, causing the EPR spectral features to be highly vari-
able. For example, spectra from particles larger than 1.0 µm
consist mainly of four peaks that are typical for OH radicals,
whereas those for smaller particles contain more peaks indi-
cating the presence of multiple radicals.

To estimate the relative amount of each type of ROS,
the observed EPR spectra were fitted and simulated using
the softwares EasySpin 5.0 and Xenon. Four types of rad-
icals have been used to fit the spectra: BMPO-OH (hyper-
fine coupling constants of aN

= 14.3 G, aH
β = 12.7 G, aH

γ =

0.61 G), BMPO-OOH (aN
= 14.3 G, aH

= 8.1 G), BMPO-R
(aN
= 15.2 G, aH

= 21.6 G) and BMPO-OR (aN
= 14.5 G,

aH
β = 16.6 G). As shown in Fig. 4b, the simulated EPR spec-

trum reproduced the observed spectrum very well with a
small residual. The deconvolution of spectra allowed us to
estimate the relative contribution of four types of ROS within
each particle size range.

Figure 5 shows the relative contributions of OH (green),
superoxide (red), carbon-centered (orange) and oxygen-
centered (blue) organic radicals to the total radicals trapped
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Figure 5. Relative amount of ROS in atmospheric aerosol impactor
samples with lower cut-off diameters in the range of 50 nm–1.8 µm
(Mainz, Germany; 26–27 June 2015) are as follows: O−2 (red), OH
(green), carbon-centered (orange), oxygen-centered organic radi-
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by BMPO in water extracts of particles collected for 48 h
during 26–27 June 2015. Carbon-centered radicals are the
most abundant type of radicals, contributing ∼ 50–72 % of
total ROS for PM1. It decreases to 41 and 9 % for particles
with lower cut-off diameters of 1 and 1.8 µm, respectively.
The OH radical accounts for ∼ 11–31 % of total trapped
radicals for PM1, whereas OH was the dominant species
for coarse particles with diameters of 1.8–3.2 µm. The least
abundant radical for all size ranges was O−2 , with contri-
butions of ∼ 2–8 % and without any clear size dependence.
The amount of oxygen-centered organic radicals ranges be-
tween 12 and 25 % in particles with a diameter below 1 µm
and its contribution was negligible for coarse particles. Note
that the contribution of oxygen-centered organic radicals for
particles with a diameter of 1–1.8 µm might be attributed to
the OH radical, since the hyperfine coupling constants for
BMPO-OR for better fitting the spectrum for this size range
needed to be changed slightly (aN

= 13.5 G, aH
β = 15.3 G,

aH
γ = 0.6 G). These values are similar to constants of a sec-

ond conformer of BMPO-OH.
The red line in Fig. 2 shows the size-dependent concentra-

tions of radical forms of ROS (e.g., sum of OH, O−2 , C- and
O- centered organic radicals). Particles with the lower cut-off
diameter of 100 nm have the highest ROS concentrations of
2.7 (± 0.2)×1011 spins µg−1. Concentrations are smaller for
particles in the coarse mode with a diameter larger than 1 µm.
This is consistent with previous studies, suggesting that par-
ticles in the accumulation mode are the most active in the
ROS generation (Hung and Wang, 2001; Venkatachari et al.,
2007; Saffari et al., 2013, 2014; Wang et al., 2013). The total
concentration of radical forms of ROS was measured to be
1.2×1011 spins µg−1. Note that O−2 concentrations might be
underestimated as the lifetime of the BMPO-OOH adduct is

relatively short (∼ 23 min) (Ouari et al., 2011; Abbas et al.,
2014).

Previous studies have measured redox activity and oxida-
tive potential of PM by the dichlorofluorescein (DCFH) and
dithiothreitol (DTT) assays. The DCFH assay is mostly sen-
sitive to H2O2 and other peroxides. For example, Hung and
Wang (2001) reported ROS concentrations as 1× 1013 µg−1

in Taipei, Taiwan. This value is very similar to H2O2 con-
centrations contained in ambient PM2.5, which has been
quantified to be up to 1× 1013 µg−1 in an urban environ-
ment in southern California using high-performance thin-
layer chromatography (HPLC) fluorescence (Wang et al.,
2012). The DTT assay is based on the decay of DTT due
to redox reactions with PM components, reporting the ox-
idative potential of PM in moles of DTT consumed per unit
of time and mass of PM. Verma et al. (2015a) and Fang
et al. (2016) reported that PM2.5 sampled in an urban en-
vironment in Atlanta, Georgia, USA, has a DTT activity in
the range of 10–70 pmol min−1 µg−1. Assuming an integra-
tion time of 20 min needed for the extraction of PM in this
work, this value corresponds to (1–8)×1014 µg−1 of DTT
molecules consumed. Charrier et al. (2012) also reported that
PM2.5 sampled in an urban environment in Fresno, Califor-
nia, USA, has a DTT activity of 27–61 pmol min−1 µg−1,
corresponding to (2–7)×1014 µg−1 of DTT molecules con-
sumed in 20 min. Assuming that the consumption of one
DTT molecule would correspond to the generation of one
ROS molecule (e.g., H2O2), these values are about a few
orders of magnitude higher than concentrations of radical
forms of ROS measured in this study. This is reasonable as
H2O2 is closed shell and much more stable than open-shell
radical forms of ROS.

3.3 ROS formation mechanism

It has been shown that semiquinones and reduced transition
metals including, Fe(II) and Cu(I), can react with O2 to form
O−2 , which can be further converted into H2O2 (Gehling et
al., 2014; Fang et al., 2016). Fenton-like reactions of H2O2
with Fe(II) or Cu(I) can lead to the formation of OH rad-
icals (Winterbourn, 2008; Pöschl and Shiraiwa, 2015). OH
radicals can also be generated by the decomposition of or-
ganic hydroperoxides (ROOH) contained in SOA, yielding
RO radicals (Tong et al., 2016). Several studies have reported
a metal-independent decomposition of hydroperoxides and
organic hydroperoxides driven by substituted quinones pro-
ducing RO radicals (Sanchez-Cruz et al., 2014; Huang et al.,
2015). The presence of Fe(II) or quinones is suggested to en-
hance ROOH decomposition and the formation of RO and
OH radicals (Zhu et al., 2007a, b, 2009; Sanchez-Cruz et al.,
2014). Organic peroxides (ROOR) do not yield OH and RO
radicals even in the presence of iron ions (Tong et al., 2016).

Based on these previous studies and considering that am-
bient particles may contain quinones, organic hydroperox-
ides and transition metals, the observed ROS formation may
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Figure 6. Electron paramagnetic resonance (EPR) spectra of atmospheric aerosol impactor sample with particle diameters in the range
of 180–320 nm (lower to upper cut-off) extracted with water and BMPO (black) and of aqueous substance mixtures with the following
ingredients: cumene hydroperoxide (CHP), p-benzoquinone (pBq) and Fe(II) (light blue) and t-butyl hydroperoxide (TBHP). The dashed
vertical lines indicate the main peaks of BMPO adducts with O−2 (red), OH (green), carbon- (light blown) and oxygen-centered organic
radicals (light blue).

be caused by interactions of these chemical components.
To further investigate this aspect, mixtures of organic hy-
droperoxides, quinones and Fe(II) were analyzed by EPR
and liquid chromatography mass spectrometry (LC-MS).
Two standard organic hydroperoxides, cumene hydroperox-
ide and tert-butyl hydroperoxide, were used. For quinones, p-
benzoquinone and humic-like substances are used, as humic-
like substance (HULIS) are known to contain substantial
amounts of quinones (Verma et al., 2015b).

Figure 6 shows the comparison of EPR spectra of ambient
particles with a diameter of 180–320 nm (black) sampled on
26 June 2015 (same as shown in Fig. 4) and the above mix-
tures of organic compounds. Panel a includes EPR spectra of
mixtures of all three different components (ROOH, quinone,
metal) and panel b presents mixtures of two different com-
ponents. All three of the organic mixtures in panel a resem-
ble the EPR spectrum of ambient particles by reproducing
almost all of the peaks. In particular, the EPR spectrum of
the mixture containing cumene hydroperoxide, humic acid
and Fe(II) closely overlaps with the ambient particle EPR
spectrum. Similarity of spectra between p-benzoquinone and
HULIS suggests that the chemical nature of quinones and
HULIS is very similar. Note that peaks related to the BMPO-
OOH adduct at 3497 G and at 3530 G are more prominent
in standard organic mixtures compared to ambient particles.
This may be due to the relatively short lifetime of BMPO-
OOH of ∼ 23 min (Zhao et al., 2001), which is compara-
ble to the extraction and mixing time of BMPO with the at-
mospheric particles (21–28 min), during which BMPO-OOH
may decay. The trapped radicals have been further char-
acterized by LC-MS, confirming the presence of OH and

semiquinone radicals as well as carbon- and oxygen-centered
organic radicals, as detailed in Appendix A and Figs. A1 and
A2.

EPR spectra of mixtures containing two compounds in
panel b reproduce only a part of the observed peaks. These
observations strongly suggest that the combination of these
three chemical components play an important role in gener-
ating ROS species by atmospheric particles. The role of tran-
sition metals is crucial to enhance radical formation, most
likely via Fenton-like reactions (Tong et al., 2016) and by
participating in redox-cycling of quinones (Khachatryan and
Dellinger, 2011), as intensities of EPR spectra without Fe(II)
(CHP+HULIS, dark blue; CHP+ pBq, orange) are small.
Carbon-centered radicals may have multiple sources, such
as the decomposition of the BMPO-OR adduct by scission
of the carbon in β position, yielding for example CH3 rad-
icals (Zhu et al., 2007b; Huang et al., 2015), as detected by
LC-MS (Fig. A2). They may also be generated by secondary
reactions of non-trapped OH radicals with water-soluble or-
ganic compounds.

SOA particles, which may contain large amounts of or-
ganic hydroperoxides, account for a major fraction in PM1
(Jimenez et al., 2009). SOA compounds may also coat coarse
particles such as biological particles (Pöhlker et al., 2012).
As shown in Fig. 2, semiquinones are mostly contained in
submicron particles but not in coarse particles. Thus, the re-
lease of a variety of ROS species is most likely due to the in-
teractions of organic hydroperoxides, semiquinones and tran-
sition metal ions, whereas the dominance of OH radicals in
coarse particles may be due to the decomposition of organic
hydroperoxides in the absence of semiquinones.
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4 Conclusions and implications

In this study particle-associated environmentally persistent
free radicals (EPFR) and radical forms of ROS have been
quantified using electron paramagnetic resonance (EPR)
spectroscopy. Average EPFR concentrations were measured
to be ∼ 2× 1011 spins µg−1 in ambient particles collected
in Mainz, Germany, in May–June 2015. The chemical iden-
tity of EPFR is likely to be semiquinone radicals based on
the g factors observed by EPR spectroscopy. We found that
particles with different sizes had different radical contents
and particles with a diameter of 100–180 nm had the highest
abundance of EPFR, whereas coarse particles did not con-
tain EPFR. This is consistent with the size distribution of
combustion particles, such as soot and humic-like substances
(HULIS), which may contain substantial amounts of EPFR.

Reactive oxygen species (ROS) are formed upon extrac-
tion of particles into water. Particles with the diameter of
100–180 nm have released the highest ROS concentrations
of 2.7 (± 0.2)×1011 spins µg−1. By deconvolution of the ob-
tained EPR spectra, four types of radicals, including OH,
O−2 , carbon-centered and oxygen-centered organic radicals
were quantified. The relative amounts of OH, O−2 , C-centered
and O-centered organic radicals in submicron particles were
found to be∼ 11–31,∼ 2–8,∼ 41–72 and∼ 0–25 %, respec-
tively, depending on the particle size. OH was the dominant
species for coarse particles with a diameter larger than 1 µm.
We suggest that the formation of these ROS species is due
to the decomposition of organic hydroperoxides, which are
a major component in SOA, interacting with semiquinones
contained in soot or HULIS. ROS formation by Fenton-like
reactions can be enhanced in the presence of iron ions.

These findings have significant implications for the chem-
ical processing of organic aerosols in deliquesced particles
and cloud water. The released OH radicals within particles
or cloud droplets can oxidize other organic compounds, pro-
ducing low-volatility products, including organic acids, per-
oxides and oligomers (Lim et al., 2010; McNeill et al., 2012;
Ervens, 2015; Herrmann et al., 2015). Autoxidation in the
condensed phase might be triggered by OH radicals forming
highly oxidized compounds (Shiraiwa et al., 2014; Tong et
al., 2016). High aqueous oxidant levels may cause fragmen-

tation of organic compounds, resulting in an increased loss
of carbon from the condensed phase (Daumit et al., 2016).
The formed carbon- and oxygen-centered organic radicals
are also expected to enhance chemical aging by participating
in particle-phase chemistry involving aldehydes, carbonyls
and organic peroxides (Ziemann and Atkinson, 2012), al-
though the exact role and impact of formed organic radicals
are still unclear and subject to further studies.

Previous studies have shown that redox-active components
such as transition metals and quinones can induce ROS for-
mation in surrogate lung lining fluid upon interactions with
antioxidants (Charrier and Anastasio, 2011; Charrier et al.,
2014). This study also implies that ROS can be formed in
lung lining fluid upon inhalation and respiratory deposition
of atmospheric aerosol particles. Even though some fractions
of ROS may be scavenged by antioxidants contained in lung
lining fluid, excess concentrations of ROS, including OH rad-
icals, superoxide and also, potentially, carbon- and oxygen-
centered organic radicals may cause oxidative stress to lung
cells and tissues (Winterbourn, 2008; Pöschl and Shiraiwa,
2015; Tong et al., 2016). Recently, Lakey et al. (2016) have
shown that fine particulate matter containing redox-active
transition metals, quinones and secondary organic aerosols
can increase ROS concentrations in the lung lining fluid to
levels characteristic for respiratory diseases. ROS play a cen-
tral role in chemical transformation of biomolecules, such
as proteins and lipids, in lung fluid to form damage associ-
ated molecular patterns (DAMPs), which can trigger immune
reactions causing inflammation through the tolling receptor
radical cycle (Lucas and Maes, 2013). Due to the important
implications of adverse aerosol health effects, further studies
are warranted to characterize and quantify EPFR and ROS
contained in atmospheric aerosol particles in various loca-
tions, including highly polluted regions such as East Asia and
India.

5 Data availability

Data are available upon request by contacting M. Shiraiwa
(m.shiraiwa@uci.edu).
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Appendix A: LC-MS analysis of organic mixtures

Two solutions of mixtures of standard organic hydroper-
oxides and quinones were analyzed by liquid chromatog-
raphy mass spectrometry (LC-MS). Solution (1) was the
mixture of 200 µL of p-benzoquinone solution at a con-
centration of 0.2 g L−1 (Reagent grade, ≥ 98 %, Sigma-
Aldrich) in water (trace SELECT® Ultra, ACS reagent,
for ultratrace analysis, Sigma-Aldrich), 100 µL of Tert-
Butyl hydroperoxide solution at a concentration of 8.9 g L−1

(Luperox® TBH70X, 70 wt. in % H2O, Sigma-Aldrich) in
water, 2.5 µL of Iron (II) sulfate heptahydrate solution at
0.3 g L−1 (reagentPlus®, ≥ 99 %, Sigma-Aldrich) in water
and 1 mg of 5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-
oxide (BMPO, high purity, Enzo Life Sciences, Inc.). Solu-
tion (2) was the same as solution (1) but without Iron (II)
sulfate heptahydrate. These solutions were stirred with a vor-
tex shaker (Heidolph Reax 1) for 5 min.

These solutions were analyzed using a 1260 Infinity
Bio-inert Quaternary LC system with a quaternary pump
(G5611A), a HiP sampler (G5667A) and an electrospray ion-
ization (ESI) source interfaced to a Q-TOF mass spectrom-
eter (6540 UHD Accurate-Mass Q-TOF, Agilent Technolo-
gies). All modules were controlled by MassHunter software
(B.06.01, Agilent). The LC column was a Zorbax Extend-
C18 Rapid Resolution HT (2.1× 50 mm, 1.8 µm) with a col-
umn temperature of 30 ◦C. The mobile phases were 3 %
(v/v) acetonitrile (HPLC Gradient Grade, Fisher Chemi-
cal) in water with formic acid (0.1 % v/v, LC-MS Chroma-
solv, Sigma-Aldrich) (Eluent A) and 3 % water in acetonitrile
(Eluent B). The injection volume was 10 µL. The flow rate
was 0.2 mL min−1 with a gradient program that starting with
3 % B for 3 min followed by a 36 min steps that raised Eluent
B to 60 %. Furthermore, Eluent B was increased to 80 % at
40 min and returned to initial conditions within 0.1 min, fol-
lowed by column re-equilibration for 9.9 min before the next
run.

The ESI-Q-TOF instrument was operated in the positive
ionization mode (ESI+) with a gas temperature of 325 ◦C,
20 psig nebulizer, 4000 V capillary voltage and 90 V frag-
mental voltage. During the full spectrum MS mode, no col-
lision energy was used in order to collect species as their
molecular ions. During MS/MS analysis employed for the
structure determination, the fragmentation of protonated ions
was conducted using the target MS/MS mode with 20 V col-
lision energy. Spectra were recorded over the mass range of
m/z 50–1000. Data analysis was performed using qualita-
tive data analysis software (B.06.00, Agilent). Blank solu-
tions without BMPO were also prepared and analyzed. Back-
ground signals were subtracted from the MS spectrum.

Figure A2 shows LC-MS/MS mass spectra of the prod-
ucts formed from the reaction of tert-butyl hydroperoxide,
p-benzoquinone and BMPO in the presence of iron (so-
lution 1). Very similar results were obtained for solutions
in the absence of iron (solution 2). BMPO adducts with
radicals ·OH, ·CH3 and ·OCH3 were identified by LC-
MS/MS. As shown in Fig. A2a.1, it was observed that ions
at m/z 160.0596, 216.1221 and 238.1020 were major ions
formed in the positive mode. These protonated ions rep-
resent the [BMPO+OH–C4H8+H]+, [BMPO+OH+H]+

and [BMPO+OH+Na+H]+ spin adducts, respectively.
Figure A2a.2 displays the mass spectrum in the MS/MS
mode for the fragmentation of the ion m/z 216.1221. Re-
sults confirmed the loss of the t-butoxycarbonyl function
(−C4H8), which is a characteristic fragment of BMPO,
to form the ion m/z 160.0585. The observed ion frag-
ment m/z 114.0544, can be formed by the loss of
CH2O2, as shown in Fig. A2a.3. In Fig. A2b.1, the spec-
trum showed the mass m/z 158.0804 and 214.1431 that
can be attributed to the [BMPO+CH3 –C4 H8+H]+ and
[BMPO+CH3+H]+, respectively. The most abundant frag-
ment ion (m/z 158.0803) in the MS/MS mode confirmed the
formation of BMPO+CH3 adduct, as shown in Fig. A2b.2.
The peakm/z 112.0752 can be formed by the loss of CH2O2
(Fig. A2b.3). The spectrum in Fig. A2c.1 shows major peaks
at m/z 174.0752, 230.1378 and 252.1198, corresponding to
[BMPO+OCH3 –C4H8+H]+, [BMPO+OCH3+H]+ and
[BMPO+OCH3+Na+H]+, respectively. The formation of
BMPO-OCH3 was confirmed in MS/MS by the loss of the
t-butoxycarbonyl functional group of BMPO to form the ion
at m/z 174.0749 (panels c.2 and c.3).

In addition, the radicals C6H5O2· or ·C6H5O2 and
C6H9O2· or ·C6H9O2 were detected, although it was
not possible to determine whether the chemical struc-
ture represented carbon- or oxygen-centered organic rad-
icals using the applied method. Figure A3a.1 shows
the formation of protonated ions [BMPO+C6H5O2+H]+

and [BMPO+C6H5O2+Na+H]+ with m/z 308.1475
and 330.1298, respectively. The fragmentation in the
MS/MS mode confirms the formation of BMPO+C6H5O2
(m/z 252.0855) that corresponds to the loss of the charac-
teristic t-butoxycarbonyl function as shown in Fig. A3a.2.
The ion fragment observed m/z 128.0702, can be formed
by the loss of C5O4 (Fig. A3a.3). Figure A3b.1 shows
the ion m/z 312.1789, which can be attributed to the
BMPO+C6H9O2 spin adduct. Figure A3b.2 suggests that
the fragmentation of m/z 312.1789 to 256.1166 by the loss
of −C4H8 (Fig. A3b.3).
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Figure A1. EPR spectra of atmospheric aerosol impactor samples with lower cut-off diameters of 56 nm (black), 100 nm (red), 180 nm (light
blue) and 320 nm (green) for the measurement period during 28 May–9 June 2015.
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Figure A2. Mass spectra obtained with LC-MS/MS in the positive ionization mode from the mixture of tert-butyl hydroperox-
ide, p-benzoquinone and BMPO in the presence of iron (solution 1). MS spectra of (a.1) BMPO+OH, (b.1) BMPO+CH3 and
(c.1) BMPO+OCH3. MS/MS spectra of (a.2) BMPO+OH, (b.2) BMPO+CH3 and (c.2) BMPO+OCH3. Proposed fragmentation path-
ways of (a.3) BMPO+OH, (b.3) BMPO+CH3 and (c.3) BMPO+OCH3.
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Figure A3. Mass spectra obtained with LC-MS/MS in the positive ionization mode for solution (1). MS spectra of (a.1) BMPO+C6H5O2
and (b.1) BMPO+C6H9O2. MS/MS spectra of (a.2) BMPO+C6H5O2 and (b.2) BMPO+C6H9O2. Proposed fragmentation pathways of
(a.3) BMPO+C6H5O2 and (b.3) BMPO+C6H9O2.
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1. Introduction

Free  radicals,  molecules,  atoms  and  ions  with  unpaired  electrons,  are  chemical  species

involved in many chemical transformations and processes in both biological systems and in the

atmosphere [1, 2]. Direct detection of free radicals and their reactions are extremely challenging to

accomplish due to their extremely high reactivity and their low concentration. Radical reactions

typically occur in complex matrices and generate several types of radicals. Therefore, to investigate

radical  reactions  requires  sensitive  and  selective  techniques  for  unambiguous  detection,

identification and quantification of the radicals involved. Optical techniques including IR, UV-vis,

and fluorescence spectroscopies can be applied to detect radicals in simple gaseous matrix [3], but,

for  more  complex  matrices  their  applicability  becomes  difficult.  Continuous  wave  Electron

Paramagnetic Resonance (cw-EPR) spectroscopy is among a few techniques that permit to directly

detect and quantify species with unpaired electrons even in complex matrices being sensitive to

only paramagnetic  species.  In  practice,  EPR has severe limitations  in many of its  applications.

Although EPR spectroscopy is highly sensitive (minimum detectable radical concentration is 10 nM

[4] ),  at  room temperature and in liquid solutions,  radical concentrations are usually below the

instrumental  detection  limit  due  to  their  short  chemical  life-time.  Moreover,  EPR is  unable  to

unambiguously distinguish the types of free radical detected directly and therefore it is unable to

resolve complex mixtures of free radicals. To overcome these problems two main solutions can be

adopted: the Rapid Freeze-Quench (RFQ) technique and the spin-trapping technique. RFQ-EPR is

usually applied to isolate enzymatic intermediates for a time scale of milliseconds [5 – 7] and it is

useful mainly for qualitative studies. The spin trapping is a versatile, qualitative and quantitative

technique that has been successfully applied to study free radicals reactions also involving Reactive

Oxygen Species (ROS) in several fields [8 – 11]. The technique is an indirect analytical method

based on the reaction between a target radical and a molecular probe containing a nitrone or nitroso

functional  group  that  produces  long-lived  nitroxide  radicals  upon  reaction  [10].  The  nitroxide

adducts formed by trapping the target radical accumulates in concentration until it can be detected
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and quantified using conventional EPR at room temperature and in liquid solution. For nitrone-

based spin traps, the radical adds directly to the carbon adjacent to the nitrogen of the nitrone group.

Nuclei with nuclear magnetic moments eventually present in the vicinal positions to the nitroxide

group  generates  peculiar  magnetic  properties,  such  as  the  hyperfine  splitting;  this  causes  the

absorption EPR signal to have a precise pattern depending on the species trapped. Among others,

5,5-dimethyl-1-pyrroline  N-oxide  (DMPO)  and  5-tert-butoxycarbonyl  5-methyl-1-pyrroline  N-

oxide (BMPO) are widely used spin-trap agents because of their higher redox stability compared to

other nitrone based spin-traps. Moreover, they can form radical-adducts with several N-, S-, C- and

O- centered radicals with very distinguishable EPR spectra, allowing the identification of a wide

range of radical intermediates [11]. An advantage of using BMPO compared to DMPO is its ability

to  form  a  much  more  stable  radical  adduct  with  superoxide  (BMPO/.OOH, t1/2 =  23  min,

DMPO/.OOH, t 1/2 = 45 s) with a higher signal-to-noise ratio compared to DMPO [11]. 

Although  spin-trapping  experiments  are  practically  and  conceptually  rather  easy  to

accomplish, interpretation and analysis of results remain a difficult task that could lead to erroneous

and misleading conclusions. Radical reactions usually generate complex mixtures of radicals that

are cumulatively trapped with different kinetics [12, 13] and generate intricate EPR spectra that

evolve over time according the chemical stability of each radical adduct. Morever, in a spin trapping

experiment,  radical  adducts  concentrations  should  be  determined  once  the  steady-state

concentrations  for  all  radical-adducts  has  been  reached.  However,  depending  on  the  chemical

environment and on the initial concentrations of reactants and the spin-trap agent, radical-adduct

concentrations can be severely affected by secondary reactions.  Indeed,  free radicals  and redox

active transition metals can reduce the nitroxide radicals to the corresponding EPR-silent products,

leading to underestimate the actual radical concentrations [14]. 

Simulation  and  fitting  of  experimental  spectra  are  powerful  tools  used  to  gain  more

information  about  the  system under  investigation  [15].  Complex EPR spectra  resulting  from a

mixture  of  radical-adducts  can  be  simulated  to  separate  and  eventually  quantify  singular
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contributions. EasySpin is among the most commonly used toolbox to simulate and fit EPR spectra

[16]. EasySpin allows a wide range of simulation and fitting options including scaling and least-

squares  fitting  of  experimental  spectra  with  several  optimization  methods  [17].  Despite  its

flexibility, EasySpin usage remains unpractical for inexperienced users and inefficient for expert

users  who  want  to  carry  out  routine  analysis  on  large  experimental  datasets.  Moreover,  with

EasySpin it is not possible to perform radical quantifications and analyze the time evolution of EPR

spectra which is crucial for kinetics studies and interpretation of spin-trapping experiments. 

In this work we propose EPR-STICK (Electron Paramagnetic Resonance for Spin TrappIng

Chemical Kinetics), a MATLAB toolbox, based on EasySpin, planned to facilitate the interpretation

of spin trapping EPR experiments. The toolbox includes a user-friendly interface that allows users

to easily process, fit and simulate experimental EPR spectra and includes modules for signal-to-

noise optimization, baseline correction, spectrum integration for radical quantification and a kinetic

module  to  study  kinetics  of  radical  reaction.  To  illustrate  the  applicability  of EPR-STICK,

experiments were carried out to investigate the kinetics of the spin trapping, the yield and efficiency

of radical-adducts formed upon Fenton-like decomposition of tert-butyl-hydroperoxide catalyzed by

iron ions in presence of BMPO. The kinetic parameters such as kinetic rate constant for radical

production, trapping, and adduct decomposition reactions were determined by a global-optimization

algorithm.

2. EPR-STICK description

EPR-STICK is a MATLAB toolbox which allows fast and easy EPR spectra processing,

radical quantification, simulation, fitting and kinetic modeling of spin trapping EPR experimental

data. Through a Graphic User Interface (GUI) users can perform the entire analysis directly in EPR-

STICK or by using each functionality as a standalone tool. 
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2.1. Signal Processing and Quantification

Files  containing instrumental  parameters  and 2D or 3D EPR spectra  can be loaded and

plotted directly  in  the GUI.  The user  can then easily  smooth noisy spectra  by applying filters,

including a moving average, binomial, flat and Savitzky-Golay filter, which are already optimized

to maximize the signal-to-noise ratio.

Before starting to quantify the number of radicals or to fit experimental EPR spectra, it is

good practice to correct the spectral baseline. EPR-STICK includes both a simple and fast linear

correction of the spectral baseline, perfect to be perform before fitting, and a more advanced and

accurate  module  to  correct  the  first  integral  of  the  spectrum.  The  advanced  mode  includes  a

polynomial baseline fitting to be applied on spectral region selected through the automatic peak

recognition function or by manual selection in case high accuracy is requested.

After the baseline correction, single and double integrations operations can be easily applied

to the entire spectrum to evaluate the double integral (DI), that is,  the area underneath the first

integral  of  the  original  EPR  spectrum.  DI  is  the  key  value  for  radical  quantification  being

proportional to the absolute number of radicals in the sample. The two quantities are related by the

following equation [18]:

DI = c ⋅ [GR ⋅Ct ⋅ n ]⋅ [ √ P⋅Bm ⋅Q ⋅nB ⋅ S ⋅ ( S+1 ) ⋅nS

f (B1 ,Bm ) ] (1)

where the  receiver gain (GR),  conversion time (Ct),  number of scans (n),  microwave power (P),

modulation  amplitude (Bm),  quality  factor of  the  resonator  (Q)  and  spatial  distribution  of  the

microwave field and the modulation field experienced by the sample (f(B1, Bm)) are instrumental

parameters and the  Boltzmann factor for temperature dependence (nB),  total electron spin of the

species in the sample (S) and the total number of spins (nS) are experimental parameters.

Instrumental parameters c, GR , Ct, n and f(B1, Bm) are usually held constant during an entire

or  even multiple  experimental  sessions  and their  product  can  be  gathered  together  in  a  single
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constant  K  determined  by  signal  calibration.  For  spin-trapping  experiments  4-hydroxy-2,2,6,6-

tetramethylpiperidin-1-oxyl (TEMPOL) can be used as a standard as it is also a nitroxide-based

stable radical with molecular structure and magnetic properties similar to radical-adducts formed by

BMPO.  For  the  calibration,  users  can  choose  the  standard  compound  that  better  fits  their

experimental conditions. The relative calibration curve can then be stored in the toolbox. Equation 1

can be simplified as follows:

DI = K ∙ √P ∙ Bm ∙ Q ∙ nB ∙ S ∙ (S + 1) ∙ nS (2)

parameters P, Bm, Q, nB and S are loaded in together with the EPR spectrum under investigation, for

simplicity, we included them in a second constant H = K ∙ √P ∙ Bm ∙ Q ∙ nB ∙ S ∙ (S + 1). The

relationship between DI and the number of spins is reduced to:

DI = H ∙ ns (3)

it should be noted that calibration of the constant H are not necessary as it contains instrumental

parameters  that  are  loaded  in  the  toolbox  from the  experimental  file  and  are  specific  for  the

spectrum under analysis.

2.2. Simulation and fitting

EPR spectra simulations of radical-adducts are performed through the garlic function from

EasySpin which computes isotropic and fast-motional cw-EPR spectra of radicals in solution [15].

The  garlic function requires two inputs. The first input defines the experimental conditions and

includes the resonance frequency and the magnetic field range swept. The second input defines the

magnetic  and  spectral  features  of  the  spin  system to  simulate.  It  includes  hyperfine  coupling
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constants of all magnetically active nuclei in the molecule (e.g. AN, AH, in MHz), g-factors (g),

peak-to-peak distances (lwpp) and weights of contributions of each radical to the total spectrum (w).

The  least-squares  fitting  of  experimental  spectra  is  carried  out  by  tuning  one  or  more

magnetic  and  spectral  parameters  of  each  spin  system.  For  this  purpose  the  esfit function  in

EasySpin  contains  a  wide  range of  optimization  methods  including global  (Genetic  Algorithm,

Monte Carlo, Particle Swarm, Grid Search) and local (Simplex, Levenberg/Marquardt) optimization

algorithms  [16].  In  spin-trapping  experiments  only  a  restricted  number  of  radical-adducts  are

expected and a relatively small number of magnetic and spectral parameters needs to be optimized.

Therefore, the fitting procedure in EPR-STICK is restricted to one local optimization algorithm and

initial values of magnetic and spectral parameters of the radical-adducts are contrained. A local and

editable  library  stores  the  literature  values  for  magnetic  and  spectral  parameters  of  the  most

common radical-adducts. These values are automatically loaded once EPR-STICK is launched. The

user  selects  the  most  appropriate  radical-adducts  for  fitting  the  experimental  spectrum and  the

parameters to be optimized. The simplex optimization algorithm quickly finds the local minimum of

the error function. The fitting procedure can be further constrained to optimize parameters of the

same type but related to different radical-adducts (e.g.  w1 for adduct 1 and  w2 for adduct 2 are

optimized together, but  w1 and g1 are not). All parameters can be optimized in one single step by

selecting the automatic procedure in which all g’s, lwpp’s and w’s are optimized in sequence. In this

case, at the end of the optimization of one group of parameters, the automatic procedure calculates

the resulting root mean square of the standard deviation (RMSD) and evaluates the goodness of the

fitting.  The  procedure  will  continue  until  the  difference  of  the  RMSDs  of  two  sequential

optimization steps is less than a tolerance value (default value 10-4).  Although the default fitting

procedure  is  severely  constrained,  the  user  can  also  run  the  more  flexible  easyfit  function  in

EasySpin. The concentration of each radical-adduct are then automatically evaluated by simulating

and double integrating the corresponding EPR spectrum.
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2.3. Kinetic model

Free radical concentrations estimated from spin-trapping experiments depend on trapping

reactions, experimental conditions, chemical environment and the reaction time. The influence of

each of these factors on spin-adduct concentrations can heavily affect the final concentration. A

good strategy to keep under control secondary reactions consists in monitoring the time evolution of

resulting EPR spectra. At each time step the spectrum can be fitted, and simulated to separate each

single contributor to the total spectrum and finally, the concentration curve of each species can be

plotted. The concentration evolution can be modeled in EPR-STICK through the kinetic module.

Through this model users can explicitly study the radical and the trapping reaction involved in the

system under investigation. The time evolution of the concentrations of each single radical-adduct

can  be  simulated  and  information  such  as  trapping  efficiency  and  yield  under  user  defined

experimental  conditions  can  be  extrapolated.  The  kinetic  module  consists  of  a  box model  and

requires as inputs the schema which can be as complex as the user requires and includes three parts:

1) a list of all species involved in the reaction mechanism and their initial concentrations; 2) a list of

rate equations and rate constants; 3) a list of the loss and production terms for each species to be

inserted in the differential equation. Once the reaction time has been assigned, differential equations

are solved to evaluate the concentration of each reactant, intermediate and product at each time step.

The user  can then simulate  the EPR spectrum at  a  selected time.  The model  output  is  plotted

directly in the GUI according to the user instructions.

3. Experimental Materials and Method

Solutions of reactants were prepared by adding 10, 50, 100, 200 μL of 100mM of tert-butyl-

hydroperoxide (Luperox® TBH70X, 70 wt. % H2O, Sigma-Aldrich) and 1 μL of 1 mM iron sulfate

heptahydrate (99.0%, Sigma-Aldrich) to milli-Q water containing 5-tert-butoxycarbonyl 5-methyl-
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1-pyrroline N-oxide (BMPO) (>99%, Enzo Life Science) obtaining solutions with final volumes of

600 μL. The final concentrations of each reactant were 30 mM for BMPO, 1 μM for Fe(II) and 4, 8,

16, 33 mM for TBH. For each experiment fresh solutions of BMPO, iron and TBH were prepared.

After mechanical stirring, 20 μL aliquots were immediately injected into 50 μL capillaries with 0.9

mm I.D.  The capillary  was  inserted  in  a  high  sensitivity  cavity  of  a  continuous-wave electron

paramagnetic resonance (CW-EPR) X-band spectrometer (EMXplus-10/12; Bruker Corporation).

The resulting EPR spectrum was monitored for 30 min starting from the capillary insertion in the

cavity by recording a total of 6 spectra. The time between mixing and inserting the capillary in the

cavity (~ 2 min) was also monitored and added to the final experimental time. Each experiment was

performed at room temperature (23 °C) and the EPR instrumental parameters were set as follows:

modulation frequency of 100 kHz; microwave frequency of 9.866 GHz, microwave power of 13.44

mW (12 db), modulation amplitude of 1.0 G, sweep width of 100.0 G, sweep time of 50 s, receiver

gain of 40 db, time constant of 0.01 ms, conversion time of 25.09 ms and scan number of 6 per each

spectrum.  

4. Results and discussion: Application

The black line in Figure 1 shows the EPR spectrum obtained at 30 min of reaction time for

the solution containing 33 μM TBH, 1 μM Fe(II) and 30 mM BMPO. The experimental spectrum is

composed of several overlapping lines originating from spin-adducts formed upon trapping of ·OH

(blue), O2
-· (orange), and carbon-centered (green) radicals. The simulated and fitted EPR spectrum

(red) reproduced the experimental spectrum very well as shown by the small residuals (grey). The

fitting  was  performed  by  applying  the  automatic  procedure  of  EPR-STICK  and  consists  of

sequential  optimizations  of  g-factor’s,  lwpp’s and  weight’s of  all  radical-adducts  by  using  the

simplex algorithm with tolerance level of 10-4 for the RMSD. 

Spectral and magnetic properties of each spin system resulting from the fitting were used to

simulate  singular  EPR  spectra  and  to  evaluate  the  corresponding  DI  and  radical-adduct
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concentration. The error in the final concentrations was estimated from the area underneath the

residual line obtained by subtraction of the first integral of the simulated spectrum from the first

integral of the experimental spectrum. Using this methodology the error on the final concentration

ranges from 12 to 20 % and includes the fitting error, baseline correction and spectral signal-to-

noise.

Figure 1:  EPR spectrum (black) of reaction mixture containing 33 mM of TBH, 1 μM Fe(II) and 30 mM BMPO
recorded at 30 min of reaction, the corresponding fitted spectrum (red) and the residual resulting from the fitting (grey).
The trapped ·OH (blue), O2

-· (orange) and carbon-centered radical (green) used in the fitting curve are also shown.

The fitting and deconvolution procedure described above was applied to all EPR spectra

obtained from four different experiments where the TBH concentrations were 4, 8, 16, and 33 mM.

The time evolution of concentrations for BMPO-OH (blue),  BMPO-OOH (orange) and carbon-

centered  radicals,  BMPO-R (green)  resulting  from each experiment  are  reported  by  the  circles

shown in Figure 2.

The time evolution of radical-adduct concentrations shown by the solid lines in Figure 2

were simulated by using the kinetic box model described in Section 2.3 and take into account the

reactions reported in Table 1. Kinetic model parameters were estimated with the MonteCarlo and

Genetic  Algorithm (MCGA) global  optimization procedure  followed by a  simplex  optimization

algorithm. This optimization procedure is described in Berkemeier et al. [19 - 21]. The resulting rate
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constants are also reported in Table 1 together with the additional constrained and unconstrained

kinetic parameters used in the model.

Figure 2: Time evolution of BMPO-OH (blue), BMPO-OOH (orange) and BMPO-R (green) concentrations obtained 
from reaction mixtures containing 1 μM Fe(II), 30 mM BMPO and 4 mM (a), 8 mM (b), 16 mM (c) and 33 mM (d). 
Circles are experimental data, solid lines are calculated from modelling.

The  kinetic  parameters  resulting  from  fitting  experimental  data  were  further  used  to

calculate the trapping efficiency and yield during experiments and in simulated conditions obtained

by modify the initial concentration of BMPO. The trapping efficiency and yield are useful quantities

for optimization of experimental conditions and evaluation of chemical stability of radical-adducts.

Initial concentrations of reagents, the spin-trap and free radicals strongly affect the concentrations

and  stability  of  radical-adducts  formed  [22].  The  trapping  efficiency  compares  the  fraction  of

radicals in the trapped form with the total concentration of radicals according to Equation 4:
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Efficiency radical-adduct = 
[adduct ]

[adduct ]+ [ free radical ]
×100  (4)

Equation  4  neglects  reactions  of  free  radicals  with  species  other  than  the  spin-trap  agent.

Considering a radical X and a second species Y, this assumption is valid as long as the quantity

[BMPO] × kBMPO-X  >  [Y] × kY-X × 10, to avoid to underestimate the efficiency by the 10%. At the

working concentration of BMPO during the experiment this condition is held for all species. Figure

3 shows the time evolution of the trapping efficiency of  ·OH (blue),  O2
-· (orange),  and carbon-

centered radical R (green). The reactant concentrations were 33 mM of TBH, 1 μM of Fe(II) and

BMPO concentrations spanning from 30 μM to 300 mM. At reaction times in the millisecond scale

and with the exception of BMPO-OH, radical-adduct concentrations are negligible compared to the

concentrations  of  corresponding free  radicals.  As  the  reaction  proceeds,  the  production  of  free

radicals increases and the trapping reactions become effective. The efficiency increases with the

production rate of the adduct which depends on the type of radical and the initial concentration of

BMPO.  The trapping efficiency for  ·OH goes  up  to  100% almost  instantaneously, whereas  the

trapping efficiency of O2
-· and R· increase relatively slowly with time, with the R· trapping efficiency

increasing faster than O2
-·. Both radical species are sensitive to the initial concentration of BMPO.

The  almost  instantaneous  increase  of  ·OH trapping  efficiency  reflects  the  fast  and  quantitative

trapping reaction of the free radical even at low BMPO concentrations (kBMPO+OH = 8.0 × 10 -11 cm3 s-

1, kBMPO+R = 1.6 × 10-15 cm3 s-1, kBMPO+OOH = 1.1 × 10 -16 cm3 s-1). Once the trapping efficiency reaches

a  value  of  about  100%,  free  radical  concentrations  are  negligible  compared  to  radical-adduct

concentrations. Although O2
-· and R·  reach efficiency values of 100% later than ·OH, they seem to

still be fast within the experimental time scale, reaching 100% of efficiency in tenths of seconds

and, at the latest, within the first 2 minutes for O2
-· at a BMPO concentration of 30 μM. It worth

noting that even though one tenth of second is not an issue in the experimental time scale, on the

time scale of a radical reaction it can lead to an underestimation of the free radical concentration

because of secondary reactions. 
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Figure 3: Model calculation of the time evolution of the efficiency for BMPO-OOH at TBH concentration of 33 mM, 1 
μM Fe(II) and BMPO initial concentration ranging from 30 μM (light orange) to 300 mM (dark orange) .

Secondary reactions and decays of radical-adducts are not taken into account in the trapping

efficiency as described in Equation 4. To take into account the impact of these reactions on the final

radical-adducts concentrations the trapping yield η can be calculated as follow:

  η =  
[adduct ]actual

[adduct ]theoreticalmax

×100 (5)

where the numerator is the actual concentration of radical-adduct considering radical-adduct losses,

whereas at the denominator is the maximum theoretical concentration of radical-adducts resulting

when all  radical-adduct losses are null.  Figure 4 shows the time evolution of η for BMPO-OH

(blue),  BMPO-OOH (orange)  and BMPO-R (green)  adducts.  The  dark  and light  colored  areas

correspond to two regions of η where the TBH concentration was held constant at 33 mM (dark
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areas) and 4 mM (light areas) and initial BMPO concentrations were varied between 30 μM (black

line) and 300 mM (red line). Fe(II) concentration was held constant at 1 μM.

Figure 4:  Time evolution of  η for  BMPO-OH (blue),  BMPO-OOH (orange)  and  BMPO-R (green)  from reaction
mixtures containing 1 μM Fe(II), 4 mM (light colors) and 33 mM (dark colors) of TBH and initial concentration of
BMPO in the range of 30μM (black)  to 300 mM (red).

As defined above, η corresponds to the fraction of spin-adduct remaining after secondary

reactions or decay take place and it depends on the difference in the initial concentration between

the spin trap and TBH. At TBH concentrations of 33 mM and BMPO 30 μM  (black lines below

dark areas), η for all radical-adducts is about 25% after 10 min (600 s) and decreases down to 10%

after 30 min (1800 s) of reaction. These values rises to 65 – 95 % at 10 min (600 s) and 30 – 75% at

30 min (1800 s) at 4 mM TBH concentration (black lines light areas). At BMPO concentrations of

300 mM, η reaches much higher values ranging from 60 to 95% after 10 min (600 s) of reaction and

40 an  95  % after  30  min  (1800 s).  This  values  confirm that  at  higher  BMPO concentrations,
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compared to TBH, a lower fraction of radical-adducts are destroyed over time. In the experiment

described above, η never reaches 100% for all radical-adducts, even if 300 mM of BMPO are used.

As reported in Table 1, there are two types of reactions that destroy radical-adducts, the reaction

between  adducts  and  free  radicals  and  the  reaction  between  adducts  and  iron.  As  BMPO

concentrations increase, the contribution of radical-adduct losses due to the first type of reactions

are weaker as less free radicals are available. At high BMPO concentrations, reactions of the second

type are faster as radical-adducts concentrations increase. The reactions between radical-adducts

and iron prevent η from reaching the 100%.

5. Conclusions

In this work we presented a new MATLAB toolbox which has been developed to simplify

data processing, simulations and interpretations of spin-trapping EPR experiments. Combined with

data processing, quantification, fitting and simulation tools, EPR-STICK has an additional kinetic

module which allows users to  study radical reaction mechanisms and to optimize experimental

conditions.  Trapping  efficiency  and  yield  can  be  evaluated  and  used  to  explore  the  trapping

reactions  and  improve  precision  and  accuracy  of  free-radical  quantification  by  spin-trapping

technique.  

EPR-STICK has been applied to explore the kinetics of the trapping reaction  of radicals

formed during the TBH decomposition catalyzed by Fe(II) in the presence of the spin-trapping

agent BMPO. The experimental spectra were processed to separate each radical-adduct contribution

and  estimate  each  radical  concentration  at  each  time  step.  To  gain  insights  in  the  reaction

mechanism,  the  experimental  time  evolution  of  all  of  the  radical-adduct  concentrations  were

simulated  and  fitted  by  using  a  global  optimization  procedure  (MCGA).  The  resulting  kinetic

parameter were used to evaluate the trapping efficiency and yield. In the case study, we show that

high BMPO concentrations are desirable for quantification purposes as all free radicals are almost

instantaneously trapped and radical-adducts decompositions are  minimized.  However, very high
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BMPO concentrations could accelerate radical-adduct decomposition due to reactions with species

having constant concentrations over the reaction time (e.g. Fe2+ and Fe3+).

Table 1: List of reactions and kinetic parameters optimized with MCGA and simplex algorithm.

Model
reaction
number

Reaction
Rate constant (s-

1 or cm3 s-1)
Reference and comment 

3 Fe2+ + O2 → O2
- + Fe3+ 4.8 × 10 - 22 Determined from global

optimization
4 Fe2+ + O2

- + 2H+ → Fe3+ + H2O2 3.0 × 10 -14 20
5 Fe2+ + H2O2 → Fe3+ + OH- + OH 4.0 × 10 - 18 20
6 Fe2+ + OH → Fe3+ + OH- 5.0 × 10 - 13 24
7 Fe3+ + H2O2 → Fe2+ + HO2 + H+ 1.0 × 10 - 24 25
8 Fe3+ + HO2 → Fe2+ + O2 + H+ 3.0 × 10 - 18 26
11 H2O2 + OH → H2O + HO2 5.5 × 10 - 14 27
12 OH + OH → H2O2 8.6 × 10 - 12 28
13 OH + HO2 → H2O + O2 1.2 × 10 - 11 28
14 HO2 + HO2 → H2O2 + O2 1.4 × 10 - 15 26
15 H2O2 + HO2 → H2O + O2 + OH 5 × 10 - 21 29
16 HO2 + O2

- → H2O2 + OH- + O2 1.7 × 10 - 13 26
17 O2

- + OH → O2 + OH- 1.3 × 10 - 11 30
18 HO2 → Hplus + O2

- 2.3 × 10 5 31
19 H+ + O2

- → HO2 1 × 10 - 11 32
23 ROOH + Fe2+ → OH + RO- + Fe3+ 1.0 × 10 - 24 33

24 ROOH + Fe2+ → OH- + RO + Fe3+ 4.5 × 10 - 22 Determined from global
optimization

25 RO →  R 1.7 × 105 Determined from global
optimization

26 RH + OH → R + H2O 1.0 × 10 - 15 Determined from global
optimization

27 ROOH + HO2 → ROH + O2 + OH 5.0 × 10 - 21 Assumed to be the same as
for H2O2 (R15)

28 ROOH + Fe3+ → Fe2+ + HO2 + H+ 6.7 × 10 - 22 Determined from global
optimization

30 ROOH + OH  → ROO + H2O 2.3 × 10 - 12 Determined from global
optimization

31 R + O2 → ROO 2.0 × 10 - 15 Determined from global
optimization

32 ROO + OH- → RH + O2
- + H2O 1.0 × 10 - 12 Determined from global

optimization
34 ROO + HO2 → ROOH + O2 1.4 × 10 - 15 34
35 ROO + O2

- + H+ → ROOH + O2 1.5 × 10 - 13 34

36 BMPO + OH → BMPO-OH 8.0 × 10 - 11 Determined from global
optimization

37 BMPO + O2
- → BMPO-OO- 1.1 × 10 - 16 Determined from global

optimization

38 BMPO + HO2 → BMPO-OOH 1.1 × 10 - 16 Assumed to be the same as
for O2

- (R37)

39 BMPO + RO → BMPO-OR 1.1 × 10 - 16 Assumed to be the same as
for O2

- (R37)

40 BMPO + R → BMPO-R 1.6 × 10 - 15 Determined from global
optimization

41 ROO + ROO → 2RO + O2 3.0 × 10 - 17 Determined from global
optimization

42 ROO + BMPO → BMPO-OOR 1.1 × 10 - 16 Assumed to be the same as
for O2

- (R37)

49 BMPO-OOH → Product 1 × 10 - 4 Determined from global
optimization

50 BMPO-O2
- → Product 1 × 10 - 4 Assumed to be the same as

for OOH (R49)
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51 BMPO-OOR → Product 1 × 10 - 4 Assumed to be the same as
for OOH (R49)

52 BMPO-R → Product 1 × 10 - 4 Determined from global
optimization

53 BMPO-OH → Product 1 × 10 - 4 Assumed to be similar to R
(R52)

54 BMPO-OR → Product 1 × 10 - 4 Assumed to be similar to R
(R52)

55 ROOH → RO + OH 5.8 × 10 - 7 Determined from global
optimization

56 BMPO-OOH + Fe3+ → Fe2+ + Product 1.0 × 10 - 19 35

57 BMPO-O2
- + Fe3+ → Fe2+ + Product 1.0 × 10 - 19 Assumed to be the same as

for OOH (R56)

58 BMPO-OOR + Fe3+ → Fe2+ + Product 1.0 × 10 - 19 Assumed to be the same as
for OOH (R56)

59 BMPO-R + Fe3+ → Fe2+ + Product 4.1 × 10 - 18 Determined from global
optimization

60 BMPO-OH + Fe3+ → Fe2+ + Product 1.9 × 10 - 18 Determined from global
optimization

61 BMPO-OR + Fe3+ → Fe2+ + Product 1.1 × 10 - 18 Determined from global
optimization

62 R + Fe2+ → Fe3+ + Product 2.1 × 10 - 11 Determined from global
optimization

63 R + Fe3+ → Fe2+ + Product 1.0 × 10 - 12 36
64 RO2 + Fe2+ → Fe3+ + Product 1.0 × 10 - 15 37
65 RO2 + Fe3+ → Fe2+ + Product 4.5 × 10 - 14 37
66 R + R → Product 1.0 × 10 - 12 38
67 OR + OR → Product 3.3 × 10 - 13 39
68 RO2 + RO2 → Product 1.0 × 10 - 15 40
69 RO2 + HO2 → Product 1.4 × 10 - 15 40

70 All adducts + O2
- → Product 4.1 × 10 - 16 Close to the value for

TEMPOL + O2
- in 41

71 All adducts + OH → Product 1.0 × 10 - 11 Close to the value for
TEMPOL + OH in 42

72 All adducts + R → Product 5.5 × 10 - 14 Determined from global
optimization

73 All adducts + OR → Product 7.0 × 10 - 11 Determined from global
optimization

74 All adducts + OOR → Product 4.5 × 10 - 16 Determined from global
optimization
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Introduction

Environmentally Persistent Free Radicals (EPFR) are in a family of compounds with

unpaired electrons that have an e-folding life time exceeding one day under atmospherically

relevant conditions and are found in atmospheric particulate matters [1, 2]. The chemical

nature of EPFR is remarkably similar to semiquinone radicals and several studies report

EPFR formation from combustion and decomposition of aromatic compounds stabilized by

metal  oxides  [3-5]  and  from  pyrolysis  of  organic  matter  [6].  Other  studies  report  the

formation of stable organic radicals from heterogeneous processes such as the ozonolysis of

Polycyclic  Aromatic  Hydrocarbons  (PAH)  [7,  8]  suggesting  that  additional  metal-free

reaction  paths,  common  in  chemical  aging  processes  of  atmospheric  aerosol,  can  also

produce EPFRs. 

During the last decades, EPFR have received considerable attention because of their

ability to form reactive oxygen species (ROS) upon dissolution in water, ROS can induce

oxidative stress associated with pulmonary diseases [9, 10]. The ability of EPFR to form

ROS could also give rise to secondary chemistry in the particle phase that could explain the

increase of secondary organic aerosol (SOA) mass observed from biomass-burning emission

[11,12].  Therefore,  EPFR  concentrations  in  atmospheric  particles  gives  additional

information which is  helpful  in understanding and evaluating the impact  of aerosols  on

public  heath  and  aerosol  evolution.  Although  EPFRs  concentrations  in  atmospheric

particulate  matters  with  an  aerodynamic  diameter  <  2.5  μm (PM2.5)  have  already  been

measured in different urban sites [13, 14], EPFR concentrations in size segregated PM from

megacities  needs  further  investigation.   Squadrito  et  al.  [13]  determined  the  EPFR

concentrations to be in the range of (1–10) × 1011 spins μg-1 in PM2.5 sampled for 24 h in five

different urban sites in the United States, however, Arangio et al. [14] showed that particles

in the size range of 56 – 320 nm have an average EPFR concentration of 2.2 ± 1.3 × 1011

spins μg-1. Particles in the accumulation mode have the highest EPFR concentration of 7 ×
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1011 spins  μg-1.  Mass  size  distributions  of  soot  or  black  carbon  and  SOA have  typical

diameter  peak  concentrations  of  around  100  –  200  nm  [15],  suggesting  a  potential

relationship between EPFR, SOA and black carbon. To explore this potential relationship

EPFR concentrations from different environments need to be determined. This study reports

the size distribution and the time series of EPFR concentrations in atmospheric particles

with  size  diameters  between  100 nm and 320 nm sampled  in  Beijing  (China),  Nagoya

(Japan), and Mainz (Germany). The data collected from each location are discussed and

compared below.

Method

Ambient particles were collected using a micro-orifice uniform deposition impactor

(MOUDI, 110-R, MSP Corporation) at a flow rate of 30 L min -1 with the following nominal

lower cut-off particle diameters:  100, 180, 320 nm. The sampling periods and locations

were the 28 May – 9 June 2015 in the Max Planck Institute for Chemistry, Mainz, Germany

(49.99 N, 8.23 E), 1 – 10 January 2016 at the University of Chinese Academy of Science,

Beijing, China (40.41 N, 116.76 E), 11 – 22 April 2016 at  the department of Earth and

Environmental Science, Nagoya University, Nagoya, Japan (35.15 N, 136.97 E). Particles

were collected on 47 mm diameter Teflon filters (100 n pore size, Merk Chemicals GmbH)

with a sampling time of 24 h for samples from Mainz and Nagoya and 12 h for samples

from Beijing. Before sampling, each filter was cleaned and sonicated for 10 min in ultra-

pure water and dried with nitrogen gas before weighing. Teflon filters were weighed four

times using an analytical balance (Mettler Toledo XSE105DU) and mounted in the MOUDI.

A continuous-wave electron paramagnetic resonance (CW-EPR) X-band spectrometer

(EMXplus-10/12; Bruker Corporation) was used to detect and quantify EPFR in particulate

matter. Filters containing particles were folded and introduced into a 4 mm I.D. quartz tube

and inserted directly into a high sensitivity cavity. EPR spectra for Mainz samples were
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recorded at a room temperature of 23 °C whereas spectra for Beijing and Nagoya samples

were recorded at a temperature of 100 K. All EPR spectra were recorded using the following

instrumental parameters: modulation frequency, 100 kHz; microwave frequencies, 9.84 GHz

for  room  temperature  measurements,  9.43  GHz  for  100  K  measurements;   microwave

power, 2.143 mW (20 db), modulation amplitude, 1.0 G, sweep width, 110.0 G, sweep time,

175 s, receiver gain, 40 db, time constant, 40.96 ms, conversion time, 160 ms, and number

of scans, 6.  Paramagnetic species are characterized based on their g factor values, for free

electrons the g-factor has a value of 2.0023 and for organic radicals higher g-factor values in

the range of 2.0030 - 2.0060 are expected which depend on the number of oxygen atoms in

the molecule [16].

 

Results and Discussion

Figure 1 shows the time evolution of the EPFR concentration in particles sampled in

Beijing, Mainz and Nagoya. EPFR concentrations range from 6 × 1010 to 6 ×1013 spins μg-1

with the lowest value measured in Nagoya for particles with a lower cutoff size diameter of

320 nm and the highest value measured in Beijing for particles in the same size range. The

EPFR concentrations measured are comparable with the values reported in the literature

which  range  from  1  ×  1011 to  2.2  ×  1012 spins  μg-1 for  PM2.5 [13,  14].  Often  EPFR

concentrations for Beijing samples exceeded the highest literature value, to our knowledge,

this is the first time EPFR concentrations in size segregated particles are reported for this

location. Particles with a lower cut-off diameter of 320 nm, collected in Nagoya and Mainz

contain lower concentrations of EPFR compared to particles with a smaller size diameter.

This trend is inverted for particles sampled in Beijing where particles with lower cut-off

diameters of 100 nm have the lowest EPFR concentration. 
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Figure 1: Temporal evolution of concentrations of environmentally persistent free radicals (EPFR) contained
in atmospheric aerosol samples with lower cutoff diameters of 100 nm (red), 180 nm (yellow), 320 nm (blue),
collected in Beijing, China in January 2016, Mainz, Germany, in May – June 2015, Nagoya, Japan, in April
2016.  
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Particles of all sizes have comparable EPFR concentration in the first five Beijing samples.

These samples were collected during a haze event, which is typical in Beijing during the

wintertime when the atmospheric stability combined with intense biomass combustion due

to house heating causes aerosols to accumulate. The chemical evolution of particles during

haze events in Beijing is characterized by intense aqueous-phase processing associated with

the increased relative humidity [17]. Chemical processing together with particle coagulation

can be the reason of the homogeneity for the EPFR concentration among particles with

different size diameters collected between the 1st  and the 5th of January 2016.

The  box  plot  in  Figure  2  summarizes  the  median  and  the  range  of  EPFR

concentrations in particles with different sizes collected in Beijing, Mainz and Nagoya. The

average EPFR concentration in particles collected in Beijing is 1.3 × 1012 spins μg-1, which

is almost one order of magnitude higher than EPFR in the particles collected in Mainz and

Nagoya  for  which  the  EPFR  concentration  was  2.3  ×  1011  and  4.7  ×  1011 spins  μg-1

respectively. The difference is remarkably high for particles with lower cut-off sizes of 320

nm in which the EPFR concentrations were 1.6 × 1012 spins μg-1 in Beijing and 9.9 × 1010 and

2.5 × 1011  spins μg-1  in Mainz and Nagoya respectively. EPFR concentrations in 100 nm

diameter particles are similar in all cases. Figure 2 also shows that the size distribution of

the median EPFR concentrations tends to decrease with the increasing of particle sizes for

Nagoya and Mainz samples but increases for Beijing samples. 
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Figure 2: Comparison of average concentrations and standard deviations of environmentally persistent free
radicals in atmospheric aerosol samples with lower cutoff diameters of 100 nm (red), 180 nm (yellow), 320 nm
(blue), collected in Beijing (18 samples), China in January 2016, Mainz (13 samples), Germany, in May – June
2015, Nagoya (9 samples), Japan, in April 2016.  

The differences in the size distribution of EPFR concentrations could be attributed to the

types of emitting sources in the different locations. Domestic emissions of aerosols from

biomass burning and coal combustions are the main sources of particles in Beijing during

winter time [18]. Biomass burning sources produce particles in the accumulation mode that

increase in size upon aging, reaching volume median diameters of 260-350 nm [19]. Oil

combustion and traffic are instead the dominant sources of aerosol particles in Nagoya [20].

Size distributions of particles emitted by these sources typically have a peak in the Aitken

mode  in  which  particles  have  diameters  on  the  order  of  tenths  of  nanometers  [21].

Moreover,  the  peculiar  meteorological  conditions  such  as  high  relative  humidity  and

atmospheric  stability  in  Beijing  during  the  sampling  period,  could  also  have  facilitated

coagulation processes that led to the growth of particles [17]. However, further research is

necessary to confirm these hypothesis.
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Conclusions

EPFR time  series  and  its  size  distribution  have  been  measured  in  this  study  for

particles sampled in three different locations including Beijing (China), Nagoya (Japan) and

Mainz  (Germany).  The  average  EPFR  concentration  contained  in  particles  with  size

diameter range of 100 - 320 nm was  1.3 × 1012  spins μg-1 in Beijing  which is almost one

order of magnitude higher than  average EPFR concentration in Mainz, 2.3 × 1011 spins μg-1,

and  in  Nagoya, 4.7 ×  1011 spins  μg-1,  reflecting  heavy  emissions  from  anthropogenic

activities  and  biomass  burning  from  house  heating  and  coal  combustion. EPFR

concentrations were remarkably higher in 320 nm diameter particles collected in Beijing

compared to the particle of the same size collected in Mainz and Nagoya. The results could

be attributed to a different emission and processing pattern of aerosols between different

locations. Particles in the accumulation mode are produced by biomass burning and coal

combustions  which are the main sources  of  particles in  Beijing during winter  time.  Oil

combustion  and traffic  are  instead  the  dominant  sources  of  aerosol  particles  in  Nagoya

which  size distributions typically have a peak in the Aitken mode.
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