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Abstract 
 

 Aerosol particles affect climate by scattering and absorption of radiation and as nuclei for 

clouds and precipitation. Moreover, aerosols have a large impact on air pollution and human 

health. Gas-particle interactions are key processes because they can significantly change the 

physical and chemical properties of aerosols such as optical parameters, hygroscopicity and 

toxicity. Due to a lack of experimental data and rigorous model formalisms, however, the 

mechanisms and kinetics of gas uptake and chemical aging of organic aerosol are not well 

constrained. Moreover, the chemical transformation and adverse health effects of toxic and 

allergenic air particulate matter, such as soot, polycyclic aromatic hydrocarbons (PAHs) and 

proteins, are not well understood.  

 In this study, kinetic flux models for aerosol surface and bulk chemistry were developed 

based on the Pöschl-Rudich-Ammann framework for aerosol and cloud surface chemistry and 

gas-particle interactions. A kinetic double-layer model of surface chemistry (K2-SURF) was 

developed and applied to describe the degradation of PAHs on aerosol particles exposed to ozone, 

nitrogen dioxide, water vapor, hydroxyl and nitrate radicals. Competitive adsorption and 

chemical transformation of the surface lead to a strong non-linear dependence of gas uptake and 

PAH decay on gas phase composition. Under atmospheric conditions, the chemical half-life of 

PAHs is expected to range from a few minutes on the surface of soot to multiple hours on 

organic and inorganic solid particles and days on liquid particles.  

 A kinetic multi-layer model of surface and bulk chemistry (KM-SUB) was developed and 

applied to describe the chemical transformation of organic aerosol particles. KM-SUB explicitly 

resolves mass transport and chemical reaction at the surface and in the bulk of aerosol particles. 

Unlike earlier models, it does not require simplifying assumptions about steady-state conditions 

and radial mixing. In combination with literature data and new experimental results, KM-SUB 

was used to resolve the effects of interfacial and bulk transport on the ozonolysis and nitration of 

protein macromolecules, oleic acid and related organic compounds. The kinetic models 

developed in this study shall serve as a basis for the development of a comprehensive master 

mechanism of aerosol chemistry as well as for the derivation of simplified but realistic 

parameterizations for large-scale atmospheric and climate models. 
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 The experiments and model calculations performed in this study provide evidence for the 

formation of long-lived reactive oxygen intermediates (ROIs) in the heterogeneous reaction of 

ozone with aerosol particles. The chemical lifetime of these intermediates exceeds 100 s, which 

is much longer than the surface residence time of molecular O3 (~10-9 s). The ROIs explain and 

resolve apparent discrepancies between earlier quantum mechanical calculations and kinetic 

experiments. They play a key role in the chemical transformation and adverse health effects of 

toxic and allergenic air particulate matter, such as soot, PAHs and proteins. ROIs may also be 

involved in the decomposition of ozone on mineral dust and in the formation and growth of 

secondary organic aerosols. Moreover, they provide a link between atmospheric and biospheric 

multiphase processes (chemical and biological aging).    

 Organic substances can adopt an amorphous solid or semi-solid state, influencing the rate 

of heterogeneous reactions and multiphase processes in atmospheric aerosols. Flow tube 

experiments performed in this study show that the ozone uptake and oxidative aging of 

amorphous protein is kinetically limited by bulk diffusion. The reactive gas uptake exhibits a 

pronounced increase with relative humidity, which can be explained by a decrease of viscosity 

due to hygroscopic water uptake transforming the amorphous organic matrix from a glassy to a 

semi-solid state (moisture-induced phase transition). The chemical lifetime of reactive 

compounds in atmospheric particles can increase from seconds to days as the rate of diffusion in 

semi-solid phases can decrease by multiple orders of magnitude in response to low temperature 

or low relative humidity. The findings of this study demonstrate how amorphous semi-solid 

phases can influence the effects of organic aerosols on air quality, public health, and climate.
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Zusammenfassung 
 

 Aerosolpartikel beeinflussen das Klima durch Streuung und Absorption von Strahlung 

sowie als Nukleations-Kerne für Wolkentröpfchen und Eiskristalle. Darüber hinaus haben 

Aerosole einen starken Einfluss auf die Luftverschmutzung und die öffentliche Gesundheit. Gas-

Partikel-Wechselwirkunge sind wichtige Prozesse, weil sie die physikalischen und chemischen 

Eigenschaften von Aerosolen wie Toxizität, Reaktivität, Hygroskopizität und optische 

Eigenschaften beeinflussen. Durch einen Mangel an experimentellen Daten und universellen 

Modellformalismen sind jedoch die Mechanismen und die Kinetik der Gasaufnahme und der 

chemischen Transformation organischer Aerosolpartikel unzureichend erfasst. Sowohl die 

chemische Transformation als auch die negativen gesundheitlichen Auswirkungen von toxischen 

und allergenen Aerosolpartikeln, wie Ruß, polyzyklische aromatische Kohlenwasserstoffe (PAK) 

und Proteine, sind bislang nicht gut verstanden. 

 Kinetische Fluss-Modelle für Aerosoloberflächen- und Partikelbulk-Chemie wurden auf 

Basis des Pöschl-Rudich-Ammann-Formalismus  für Gas-Partikel-Wechselwirkungen entwickelt. 

Zunächst wurde das kinetische Doppelschicht-Oberflächenmodell K2-SURF entwickelt, welches 

den Abbau von PAK auf Aerosolpartikeln in Gegenwart von Ozon, Stickstoffdioxid, 

Wasserdampf, Hydroxyl- und Nitrat-Radikalen beschreibt. Kompetitive Adsorption und 

chemische Transformation der Oberfläche führen zu einer stark nicht-linearen Abhängigkeit der 

Ozon-Aufnahme bezüglich Gaszusammensetzung. Unter atmosphärischen Bedingungen reicht 

die chemische Lebensdauer von PAK von wenigen Minuten auf Ruß, über mehrere Stunden auf 

organischen und anorganischen Feststoffen bis hin zu Tagen auf flüssigen Partikeln.  

 Anschließend wurde das kinetische Mehrschichtenmodell KM-SUB entwickelt um die 

chemische Transformation organischer Aerosolpartikel zu beschreiben. KM-SUB ist in der Lage, 

Transportprozesse und chemische Reaktionen an der Oberfläche und im Bulk von Aerosol-

partikeln explizit aufzulösen. Es erforder im Gegensatz zu früheren Modellen keine 

vereinfachenden Annahmen über stationäre Zustände und radiale Durchmischung. In 

Kombination mit Literaturdaten und neuen experimentellen Ergebnissen wurde KM-SUB 

eingesetzt, um die Effekte von Grenzflächen- und Bulk-Transportprozessen auf die Ozonolyse 

und Nitrierung von Protein-Makromolekülen, Ölsäure, und verwandten organischen Verbin-

dungen aufzuklären. Die in dieser Studie entwickelten kinetischen Modelle sollen als Basis für 
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die Entwicklung eines detaillierten Mechanismus für Aerosolchemie dienen sowie für das 

Herleiten von vereinfachten, jedoch realistischen Parametrisierungen für großskalige globale 

Atmosphären- und Klima-Modelle.  

 Die in dieser Studie durchgeführten Experimente und Modellrechnungen liefern Beweise 

für die Bildung langlebiger reaktiver Sauerstoff-Intermediate (ROI)  in der heterogenen Reaktion 

von Ozon mit Aerosolpartikeln. Die chemische Lebensdauer dieser Zwischenformen beträgt 

mehr als 100 s, deutlich länger als die Oberflächen-Verweilzeit von molekularem O3 (~10-9 s). 

Die ROIs erklären scheinbare Diskrepanzen zwischen früheren quantenmechanischen 

Berechnungen und kinetischen Experimenten. Sie spielen eine Schlüsselrolle in der chemischen 

Transformation sowie in den negativen Gesundheitseffekten von toxischen und allergenen 

Feinstaubkomponenten, wie Ruß, PAK und Proteine. ROIs sind vermutlich auch an der 

Zersetzung von Ozon auf mineralischem Staub und an der Bildung sowie am Wachstum von 

sekundären organischen Aerosolen beteiligt. Darüber hinaus bilden ROIs eine Verbindung 

zwischen atmosphärischen und biosphärischen Mehrphasenprozessen (chemische und 

biologische Alterung). 

 Organische Verbindungen können als amorpher Feststoff oder in einem halbfesten 

Zustand vorliegen, der die Geschwindigkeit von heterogenen Reaktionenen und 

Mehrphasenprozessen in Aerosolen beeinflusst. Strömungsrohr-Experimente zeigen, dass die 

Ozonaufnahme und die oxidative Alterung von amorphen Proteinen durch Bulk-Diffusion 

kinetisch limitiert sind. Die reaktive Gasaufnahme zeigt eine deutliche Zunahme mit 

zunehmender Luftfeuchte, was durch eine Verringerung der Viskosität zu erklären ist, bedingt 

durch einen Phasenübergang der amorphen organischen Matrix von einem glasartigen zu einem 

halbfesten Zustand (feuchtigkeitsinduzierter Phasenübergang). Die chemische Lebensdauer 

reaktiver Verbindungen in organischen Partikeln kann von Sekunden bis zu Tagen ansteigen, da 

die Diffusionsrate in der halbfesten Phase bei niedriger Temperatur oder geringer Luftfeuchte um 

Größenordnungen absinken kann. Die Ergebnisse dieser Studie zeigen wie halbfeste Phasen die 

Auswirkung organischeer Aerosole auf Luftqualität, Gesundheit und Klima beeinflussen können.  
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1. Introduction 
 

1.1. Aerosol chemistry 

 Aerosols are ubiquitous in the atmosphere and have strong effects on climate and public 

health (Pöschl, 2005; IPCC, 2007; Finlayson-Pitts, 2010). Depending on chemical composition, 

phase state and surface properties, they can act as nuclei for cloud droplets and ice crystals, and 

they can affect the abundance of trace gases through heterogeneous chemical reactions (Ammann 

et al., 1998; Fuzzi et al., 2006; Andreae and Rosenfeld, 2008; Pöschl et al., 2010). Gas-particle 

interactions can also significantly change the physical and chemical properties of aerosols such 

as toxicity, reactivity, hygroscopicity and radiative properties (Rudich, 2003; Enami et al., 2008; 

Shiraiwa et al., 2008; Wiedensohler et al., 2009; Shiraiwa et al., 2011). Chemical reactions and 

mass transport lead to continuous transformation and changes in the composition of atmospheric 

aerosols (“chemical aging”) (Schwartz and Freiberg, 1981; Hanson, 1997; Smith et al., 2003; 

Maria et al., 2004; Ammann and Poschl, 2007; Jimenez et al., 2009; Shiraiwa et al., 2010; Kroll 

et al., 2011). Heterogeneous reactions of ozone with aerosol particles have been studied 

extensively, but the molecular mechanism and kinetics remained unresolved (Pöschl et al., 2001; 

Maranzana et al., 2005; Rudich et al., 2007; Finlayson-Pitts, 2009; McCabe and Abbatt, 2009; 

Kolb et al., 2010). 

 Chemical reactions can occur both at the surface and in the bulk of liquid and (semi-

)solid particles. It is often difficult to discriminate surface and bulk reactions, and the relative 

importance of surface and bulk processes is not well understood (e.g., Moise and Rudich, 2000; 

Hearn et al., 2005; Pfrang et al., 2010). Resistor model formulations are widely used to describe 

and investigate heterogeneous reactions and multiphase processes in laboratory, field and model 

studies of atmospheric chemistry (Hanson, 1997; Finlayson-Pitts and Pitts, 2000; Worsnop et al., 

2002; Anttila et al., 2006; King et al., 2009; and references therein). The traditional resistor 

models, however, are usually based on simplifying assumptions such as steady state conditions, 

homogeneous mixing, and limited numbers of non-interacting species and processes. 

 In order to overcome these limitations, Pöschl, Rudich and Ammann have developed a 

kinetic model framework (PRA framework) with a double-layer surface concept and universally 

applicable rate equations and parameters for mass transport and chemical reactions at the gas-

particle interface of aerosols and clouds (Pöschl et al., 2007). Ammann and Pöschl (2007) 
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provided first examples on how the PRA framework can be applied to describe various physico-

chemical processes in aerosols and clouds such as reactive gas uptake on solid particles and 

solubility saturation of liquid droplets under transient or steady-state conditions.   

 Atmospheric particles consist of a wide variety of organic and inorganic chemical 

compounds which can exist in different liquid or (semi-)solid states (crystalline, amorphous, 

glassy, ultraviscous, gel-like) (Seinfeld and Pandis, 1998; Finlayson-Pitts and Pitts, 2000; 

Martin, 2000; Zobrist et al., 2008; Mikhailov et al., 2009). Carbonaceous combustion aerosol 

particles such as soot and related substances are known to be quasi-solid and undergo chemical 

reactions at the surface rather than in the bulk (black or elemental carbon, graphene, polycyclic 

aromatic hydrocarbons) (Pöschl, 2005; Sadezky et al., 2005; Andreae and Gelencser, 2006; 

Shiraiwa et al., 2009). Until recently, secondary organic aerosol (SOA) particles formed in the 

atmosphere from condensable oxidation products of volatile organic compounds were assumed 

to be liquid (Pankow, 1994; Kanakidou et al., 2005; Hallquist et al., 2009). Virtanen et al. (2010), 

however, showed that biogenic SOA particles formed in plant chamber experiments and in new 

particle formation events over boreal forests can adopt an amorphous semi-solid state, which is 

in line with the observed presence of oligomers or other organic compounds with high molecular 

mass and low volatility in SOA (Kalberer et al., 2004; Russell et al., 2011). Many organic 

substances, including carboxylic acids, carbohydrates and proteins, tend to form amorphous 

phases upon cooling or drying of aqueous solution droplets (Mikhailov et al., 2009). Depending 

on viscosity and microstructure, the amorphous phases can be classified as glasses, rubbers, gels, 

or ultra-viscous liquids (Mikhailov et al., 2009).   

 

1.2. Impact of aerosols on human health 

 Airborne particulates and gaseous pollution are important environmental issues because 

they affect human health. Asthma and allergy are major health problems in most modern 

societies and numerous studies indicate that allergic diseases have been increasing during the 

past decades (Krämer et al., 1999; Wahn, 2000). Immune responses can be affected by air 

pollutants including atmospheric particles, semi-volatile hydrocarbons and exhaust gases, which 

drive proallergic inflammation through the generation of oxidative stress (Saxon and Diaz-

Sanchez, 2005). Traffic-related air pollution such as ozone and nitrogen dioxide and particulate 
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matter less than 10 or 2.5 µm in size appears to link allergic diseases and childhood respiratory 

health (Miguel et al., 1999; Brunekreef and Sunyer, 2003; Janssen et al., 2003). However, the 

effects of air pollution on the occurrence of allergic diseases are not yet well-understood (Ring et 

al., 2001). 

 Proteins contained in biogenic aerosol particles account for up to 5% of urban air 

particulate matter (Jaenicke, 2005; Fröhlich-Nowoisky et al., 2009; Huffman et al., 2010). They 

are not only contained in coarse biological particles (e.g., pollen, spores) but also in the fine 

fraction of air particulate matter (Schäppi et al., 1997). Several studies have shown that ozone 

can promote the nitration of protein molecules contained in primary biological aerosol particles 

(Franze et al., 2005; Yang et al., 2010). Nitration of protein leads to the formation of 3-

nitrotyrosine residues, which is a posttranslational modification (Zhang et al., 2010). Indeed, 

nitrated proteins were detected in dust samples from various urban environments (Franze et al., 

2005). Inhalation and deposition of these nitrated proteins in the human respiratory tract may 

lead to the adverse health effects. Accumulating data suggest a strong link between protein 3-

nitrotyrosine and the mechanism involved in disease development (Souza et al., 2008). This 

posttranslational modification provides a molecular rationale for the enhancement of allergic 

diseases by traffic-related air pollution in urban and rural environments, which has been 

observed in epidemiological studies but remains to be elucidated on a molecular level (Franze et 

al., 2005; Gruijthuijsen et al., 2006; Traidl-Hoffmann et al., 2009). 

 Reactive oxygen species (ROS) play important roles in atmospheric chemistry as well as 

in physiological processes; ozone photochemistry, oxidative self-cleaning of the atmosphere, 

biological aging, metabolism, and oxidative stress (Finkel and Holbrook, 2000; Apel and Hirt, 

2004; Pöschl, 2005). In physiology and biochemistry, the umbrella term ROS has been broadly 

defined to comprise a wide range of oxygen-centered and related free radicals, ions, and 

molecules (Finkel and Holbrook, 2000; Apel and Hirt, 2004; Venkatachari and Hopke, 2008). 

Different types of ROS are closely coupled by radical reactions and cyclic transformation 

(Finlayson-Pitts and Pitts, 2000; Pöschl, 2005; George and Abbatt, 2010). The coupling and 

exchange of atmospheric and physiological ROS can proceed through various interfaces like 

plant surfaces and the human respiratory tract (emission and deposition of trace gas and particle 

deposition). The biomedical definition of ROS includes also reactive nitrogen species (RNS) like 

NO, NO2, and ONO2
- (Finkel and Holbrook, 2000). In atmospheric science, however, reactive 
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nitrogen species are usually treated separately from oxy, hydroxy and peroxy radicals (Seinfeld 

and Pandis, 1998; Finlayson-Pitts and Pitts, 2000). The term reactive oxygen intermediates 

(ROIs) was adopted to describe the subset of ROS potentially involved in the reaction of ozone 

with aerosol particles, including organic and inorganic species with reactive oxygen atoms or 

groups (O, RO, RO2, etc.) (Shiraiwa et al., 2011). 

 Polycyclic aromatic hydrocarbons (PAHs) are one of the most prominent groups of toxic 

air pollutants related to health effects. They are an integral component of soot and related 

carbonaceous combustion aerosol particles in the submicron size range that can penetrate deep 

into human lungs (Finlayson-Pitts and Pitts, 2000). Chemical transformation can change the 

toxicity of PAHs and modify the hygroscopic properties and climate effects of combustion 

aerosol particles (Finlayson-Pitts and Pitts, 2000; George and Abbatt, 2010). PAH oxidation 

products (quinones, phenols, etc.) are also involved in physiological processes leading to the 

adverse health effects of traffic-related air pollution (Finkel and Holbrook, 2000; Pöschl, 2002; 

Nel, 2005; Pöschl, 2005). Moreover, PAH as well as its oxygenated or nitrated derivatives are 

well defined model substances for the molecular structure of soot, which is the black solid 

product of incomplete combustion or pyrolysis of organic matter (Homann, 1998; Messerer et 

al., 2005; Sadezky et al., 2005).   

 

1.3. Research objectives and activities 

 For a reliable assessment of aerosol effects on climate and public health, it is necessary to 

understand and quantify the transformation of organic aerosols in the atmosphere. So far, 

however, the elucidation of multiphase processes in aerosols is limited by a lack of experimental 

data and rigorous mathematical model formalisms of mass transport and chemical reaction. Thus, 

the research activities of this thesis have two dimensions: (1) the development of kinetic models 

for aerosol surface and bulk chemistry, and (2) experimental investigations and model 

applications for systems and processes that are relevant for the atmosphere and human health. 

The specific objectives and activities of the PhD work can be summarized as follows: 

1. Develop a comprehensive kinetic model for aerosol surface chemistry. Describe the 

degradation of polycyclic aromatic hydrocarbons (PAHs), a prominent group of toxic air 

pollutants, on various organic and inorganic substrates by atmospheric oxidants such as 
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O3, NO2, NO3, and OH radicals. The model development and application were based on 

literature data. 

2. Develop detailed and simplified kinetic models for aerosol surface and bulk chemistry. 

Describe the effects of surface-bulk exchange, bulk diffusion and surface crust formation 

on the ozonolysis of oleic acid. Oleic acid is a common model system of organic aerosol 

chemistry. The model developments and applications were based on literature data and 

performed in collaboration with Dr. C. Pfrang (University of Reading, UK). 

3. Investigate the detailed molecular mechanism and kinetics of heterogeneous reaction of 

ozone with aerosol particles. Resolve the discrepancies between quantum mechanical 

calculations and kinetic experiments to PAH ozonolysis. Elucidate the formation of 

allergenic nitro-proteins by reaction of protein macromolecules with ozone and nitrogen 

dioxide. Laboratory experiments using flow reactors and radioactive tracer techniques 

were performed in collaboration with Dr. M. Ammann (Paul-Scherrer-Institut, Villigen, 

CH). The experimental results were analyzed by kinetic surface model taking into 

literature data and quantum mechanical calculations results.  

4. Investigate the influence of amorphous semi-solid phases on the gas uptake and chemical 

aging of organic aerosol particles. Flow tube experiments of ozone uptake by amorphous 

protein were performed at different relative humidities, and diffusion coefficients were 

extracted by kinetic surface and bulk model calculations taking into account literature 

data and models of diffusivity, viscosity, and hygroscopicity. This work was done in 

collaboration with Dr. M. Ammann and Prof. T. Koop (University of Bielefeld, D). 
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2. Results and Conclusions 
 

2.1. Overview 

 The results of the PhD project are described in 7 manuscripts for peer-reviewed 

publication in international scientific journals (5 first-author and 2 second-author papers). The 

manuscripts are attached in Appendix B of this thesis, and 6 of them have already been 

published. An overview of the studies and of the connections between them is given in Figure 1. 

The main results and conclusions of each study are summarized below.  
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Experiments & Model Applications

1. K2‐SURF           
Shiraiwa et al. 
ACP 2009 

2. K2‐SUB           
Pfrang et al.  
ACP 2010 

3. KM‐SUB           
Shiraiwa et al. 
ACP 2010 

5. Gas uptake by 
semisolid particles 
Shiraiwa et al. 
PNAS 2011

4. Reactive Oxygen Intermediates 
Shiraiwa et al. 
Nature Chemistry 2011

6. Surface crust 
formation           
Pfrang et al.  
ACP 2011 

 

Figure  1.  Structure  and  results  of  the  PhD  project  evolving  in  two  dimensions: 
model development vs. experiments & model applications. Each box  represents a 
manuscript for peer‐reviewed publication in an international scientific journal. Solid 
frames  indicate  published  first‐author  papers;  dashed  frames  indicate  published 
second‐author papers and a manuscript to be submitted. Arrows show connections 
between studies. 

7. Protein nitration 
mechanism,  
Shiraiwa et al., to be sub.
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2.2. Individual Studies 

2.2.1. K2-SURF 

A new kinetic double-layer surface model (K2-SURF) was developed to describe the chemical 

degradation of polycyclic aromatic hydrocarbons (PAHs) on aerosol particles exposed to O3, 

NO2, H2O, OH and NO3 radicals. The model consistently simulates the decay of 8 PAHs 

(benzo[a]pyrene, pyrene, anthracene, etc.) on various organic and inorganic substrates (soot, 

azelaic acid, octanol, ZnSe, etc.). K2-SURF is the first atmospheric process model resolving 

multiple types of parallel and sequential surface reactions between multiple gaseous and particle-

bound chemical species. For details see Appendix B1: Shiraiwa et al., Atmospheric Chemistry 

and Physics (ACP), 2009.  

2.2.2. K2-SUB 

Kinetic double-layer model for aerosol surface and bulk chemistry (K2-SUB) was developed and 

applied to the interaction of ozone with oleic acid. K2-SUB allows de-convoluting surface and 

bulk processes, however, due to the wide range of rate coefficients reported from different 

experimental studies, the exact proportions between surface and bulk reaction rates remain 

uncertain. Sensitivity studies show that the surface accommodation coefficient of the gas-phase 

reactant has a strong non-linear influence on both surface and bulk chemical reactions. For 

details see Appendix B2: Pfrang et al., Atmospheric Chemistry and Physics (ACP), 2010. 

2.2.3. KM-SUB 

Kinetic multi-layer model (KM-SUB) was developed that explicitly resolves mass transport and 

chemical reaction at the surface and in the bulk of aerosol particles. Unlike earlier models, KM-

SUB does not require simplifying assumptions about steady-state conditions and radial mixing. 

The temporal evolution and concentration profiles of volatile and non-volatile species at the gas-

particle interface and in the particle bulk was modeled along with surface concentrations and gas 

uptake coefficients. Sensitivity studies suggest that in fine air particulate matter oleic acid and 

compounds with similar reactivity against ozone (carbon-carbon double bonds) can reach 

chemical lifetimes of many hours only if they are embedded in a (semi-)solid matrix with very 

low diffusion coefficients (≤ 10-10 cm2 s-1). For details see Appendix B3: Shiraiwa et al., 

Atmospheric Chemistry and Physics (ACP), 2010.  
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2.2.4. Reactive Oxygen Intermediates 

Based on new experimental data and K2-SURF model calculations, the evidence of formation of 

long-lived reactive oxygen intermediates (ROIs) on the aerosol particles was provided. The 

chemical lifetime of these intermediates exceeds 100 seconds, which is much longer than the 

surface residence time of molecular O3 ( 10-9 s). The ROIs explain and resolve apparent 

discrepancies between earlier quantum mechanical calculations and kinetic experiments. They 

play a key role in the chemical transformation and adverse health effects of toxic and allergenic 

air particulate matter, such as soot, polycyclic aromatic hydrocarbons and proteins. For details 

see Appendix B4: Shiraiwa et al., Nature Chemistry, 2011. 

2.2.5. Gas uptake by semi-solid particles 

Based on flow tube experiments, ozone uptake and oxidative aging of amorphous protein are 

found to be kinetically limited by bulk diffusion and the reactive gas uptake exhibits a 

pronounced increase with relative humidity due to moisture-induced phase transition. The 

reaction rate depends on the condensed phase diffusion coefficients of both the oxidant and the 

organic reactant molecules, which can be described by KM-SUB but not by the traditional 

resistor model approach. The chemical lifetime of reactive compounds in atmospheric particles 

can increase from seconds to days as the rate of diffusion in semisolid phases can decrease by 

multiple orders of magnitude in response to low temperature or low relative humidity. For details 

see Appendix B5: Shiraiwa et al., Proceedings of the National Academy of Sciences USA (PNAS), 

2011.  

2.2.6. Surface crust formation 

The impact of diffusivity on the ageing of multi-component reactive organic particles was 

investigated applying extended KM-SUB to a 12-component organic mixture. It was 

demonstrated that solidification and crust formation at the particle surface due to formation of 

oligomers changes the diffusivity of oxidant in the particle and affect the chemical 

transformation of organic aerosols significantly. For details see Appendix B6: Pfrang et al., 

Atmospheric Chemistry and Physics (ACP), 2011. 
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2.2.7. Protein nitration mechanism 

Reaction kinetics and mechanism of the nitration of aerosolized protein  

by O3 and NO2 were investigated using a radioactive tracer technique. In the absence of O3, 

uptake coefficients of NO2 was below detection limit (γNO2 < ~10-6). In the presence of O3, 

however, the γNO2 were of the order of 10-5 and enhance up to ~1×10-4 with the increase of the O3 

concentration. The products analysis of protein exposed to ozone suggests phenoxy radical 

derivatives of amino acid tyrosine as chemical identity of reactive oxygen intermediates. For 

details see Appendix B7: Shiraiwa et al., to be submitted. 

 

2.3. Summary and Outlook 

 The kinetic flux models developed in this PhD project are powerful tools for analyzing 

experimental data of gas uptake and chemical transformation of aerosol particles and for 

elucidating the molecular mechanisms of aerosol surface and bulk chemistry. Depending on the 

complexity of the investigated system, unlimited numbers of volatile and non-volatile species 

and chemical reactions can be included and treated consistently. The models shall serve as a 

basis for the development of a detailed master mechanism of aerosol chemistry as well as for the 

derivation of simplified but realistic parameterizations for large scale models of the atmosphere, 

climate and the Earth system.  

 Ongoing developments extending the model applicability to condensation and 

evaporation will enable detailed investigations of the molecular processes involved in the 

formation and growth of secondary organic aerosol (SOA). Important aspects are the effects of 

phase state and multi-phase chemistry on SOA formation, as well as size-dependent particle 

growth and evaporation kinetics. A universal kinetic multi-layer model for gas-particle 

interactions in aerosols and clouds shall be capable of simulating the chemical transformation of 

aerosol particles as well as the activation of cloud condensation and ice nuclei on molecular 

scales. 
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Abstract. We present a kinetic double-layer surface model
(K2-SURF) that describes the degradation of polycyclic aro-
matic hydrocarbons (PAHs) on aerosol particles exposed to
ozone, nitrogen dioxide, water vapor, hydroxyl and nitrate
radicals. The model is based on multiple experimental stud-
ies of PAH degradation and on the PRA framework (Pöschl-
Rudich-Ammann, 2007) for aerosol and cloud surface chem-
istry and gas-particle interactions.

For a wide range of substrates, including solid and liquid
organic and inorganic substances (soot, silica, sodium chlo-
ride, octanol/decanol, organic acids, etc.), the concentration-
and time-dependence of the heterogeneous reaction between
PAHs and O3 can be efficiently described with a Langmuir-
Hinshelwood-type mechanism. Depending on the substrate
material, the Langmuir adsorption constants for O3 vary over
three orders of magnitude (Kads,O3 ≈ 10−15–10−13 cm3),
and the second-order rate coefficients for the surface layer re-
action of O3 with different PAH vary over two orders of mag-
nitude (kSLR,PAH,O3≈ 10−18–10−17 cm2 s−1). The available
data indicate that the Langmuir adsorption constants for NO2
are similar to those of O3, while those of H2O are several or-
ders of magnitude smaller (Kads,H2O≈ 10−18–10−17 cm3).
The desorption lifetimes and adsorption enthalpies inferred
from the Langmuir adsorption constants suggest chemisorp-
tion of NO2 and O3 and physisorption of H2O. Note, how-
ever, that the exact reaction mechanisms, rate limiting steps
and possible intermediates still remain to be resolved (e.g.,
surface diffusion and formation of O atoms or O−

3 ions at the
surface).

Correspondence to:M. Shiraiwa
(m.shiraiwa@mpic.de)

The K2-SURF model enables the calculation of ozone
uptake coefficients,γO3, and of PAH concentrations in the
quasi-static particle surface layer. Competitive adsorption
and chemical transformation of the surface (aging) lead to
a strong non-linear dependence ofγO3 on time and gas phase
composition, with different characteristics under dilute atmo-
spheric and concentrated laboratory conditions. Under typi-
cal ambient conditions,γO3 of PAH-coated aerosol particles
are expected to be in the range of 10−6–10−5.

At ambient temperatures, NO2 alone does not efficiently
degrade PAHs, but it was found to accelerate the degrada-
tion of PAHs exposed to O3. The accelerating effect can
be attributed to highly reactive NO3 radicals formed in the
gas phase or on the surface. Estimated second-order rate
coefficients for O3-NO2 and PAH-NO3 surface layer reac-
tions are in the range of 10−17–10−16 cm2 s−1 and 10−15–
10−12 cm2 s−1, respectively.

The chemical half-life of PAHs is expected to range from
a few minutes on the surface of soot to multiple hours on or-
ganic and inorganic solid particles and days on liquid parti-
cles. On soot, the degradation of particle-bound PAHs in the
atmosphere appears to be dominated by a surface layer re-
action with adsorbed ozone. On other substrates, it is likely
dominated by gas-surface reactions with OH or NO3 radicals
(Eley-Rideal-type mechanism).

To our knowledge, K2-SURF is the first atmospheric pro-
cess model describing multiple types of parallel and sequen-
tial surface reactions between multiple gaseous and particle-
bound chemical species. It illustrates how the general equa-
tions of the PRA framework can be simplified and adapted
for specific reaction systems, and we suggest that it may
serve as a basis for the development of a general master
mechanism of aerosol and cloud surface chemistry.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Aerosols are ubiquitous in the atmosphere and have strong
effects on climate and public health. Depending on chemi-
cal composition and surface properties, aerosol particles can
act as condensation nuclei for cloud droplets and ice crystals,
and they can influence trace gas concentrations through het-
erogeneous chemical reactions (Seinfeld and Pandis, 1998;
Pöschl, 2005; Fuzzi et al., 2006; Andreae and Rosenfeld,
2008; Hallquist et al., 2009). Polycyclic aromatic hydro-
carbons (PAHs) are one of the most prominent groups of
toxic air pollutants. They originate from biomass burning
and fossil fuel combustion, and they reside to a large ex-
tent in fine air particulate matter that can penetrate deep into
human lungs (Finlayson-Pitts and Pitts, 2000; Pöschl, 2002;
Schauer et al., 2003). Chemical degradation and transforma-
tion (oxidation or nitration) can change the surface proper-
ties of aerosol particles and the toxicity of PAH (Pitts, 1983;
Atkinson and Arey, 1994; P̈oschl, 2002; Schauer et al., 2004;
Pöschl et al., 2007).

Moreover, PAH as well as its oxygenated or nitrated
derivatives are well defined model substances for the molec-
ular structure of soot, which is the black solid product
of incomplete combustion or pyrolysis of organic mat-
ter (Homann, 1998; Messerer et al., 2005; Pöschl, 2005;
Sadezky et al., 2005). Soot contributes to regional and global
climate change because of its role in direct, indirect and
semi-direct radiative forcing (Hansen et al., 1997; Ackerman
et al., 2000; Jacobson, 2000). Upon emission from combus-
tion sources, fresh soot is initially hydrophobic and mostly
externally mixed with non-refractory compounds (Shiraiwa
et al., 2007; Schwarz et al., 2008). However, condensa-
tion of semi-volatile compounds and chemical processing by
ozone and other oxidants can make soot particles hydrophilic
(Mikhailov et al., 2006) and influence their ability to act as
cloud condensation nuclei (Kuwata et al., 2007). Further-
more, chemical reactions with atmospheric photo-oxidants
can lead to substantial degradation, short-term and seasonal
variations, and measurement artefacts in the determination of
PAHs (Schauer et al., 2003, 2004; Marchand et al., 2004; Liu
et al., 2006; Lee and Kim, 2007; Lammel et al., 2009).

As detailed below (Sect. 3), several laboratory studies have
investigated the heterogeneous reaction of PAHs on various
substrates with ozone, nitrogen dioxide, water vapour, hy-
droxyl and nitrate radicals. So far, however, the experimen-
tal results had not yet been compiled in a form that enables
efficient modelling of PAH degradation in different types of
reaction systems and direct comparison of relevant physico-
chemical parameters (accommodation, uptake, and reaction
rate coefficients; adsorption constants; etc.).

Recently, Springmann et al. (2009) have demonstrated the
applicability and usefulness of the PRA framework (Am-
mann and P̈oschl, 2007; P̈oschl et al., 2007) for atmospheric
modeling of the degradation of benzo[a]pyrene on soot by
ozone and nitrogen dioxide. In this study we show that the

PRA model approach can be efficiently extended to other
PAHs and photo-oxidants. Within the European integrated
project on aerosol, cloud, climate and air quality interac-
tions (EUCAARI, Kulmala et al., 2009), we have reviewed
and synthesized available literature data to develop a reac-
tion mechanism describing the degradation of PAHs exposed
to O3, NO2, H2O, OH and NO3 radicals in a kinetic double-
layer surface model (K2-SURF). PAH degradation and re-
lated ozone uptake are simulated over a wide range of condi-
tions, and the atmospheric implications are discussed.

2 Model description

The K2-SURF model is based on the PRA framework for
aerosol and cloud surface chemistry and gas-particle inter-
actions (P̈oschl, Rudich and Ammann 2007; Ammann and
Pöschl 2007). This framework describes the gas-particle in-
terface by several model compartments and molecular layers
in which volatile, semi-volatile and non-volatile species can
undergo mass transport and chemical reactions: gas phase,
near-surface gas phase, sorption layer, quasi-static surface
layer, and (near-surface) bulk of the particle.

As illustrated in Fig. 1, the K2-SURF model does not con-
sider semi-volatile species and processes in the particle bulk,
which is just regarded as a substrate that may influence the
properties of the quasi-static surface layer.

In describing the degradation of particle-bound polycyclic
aromatic hydrocarbons (PAHs) exposed to O3, H2O, NO2,
OH, and NO3, the focus was on the gas phase diffusion,
gas-surface mass transport, surface layer reactions, and gas-
surface reactions, which are discussed in following sections.
We assumed that the effects of surface-bulk mass transport
and chemical reactions in the bulk are negligible compared
to gas-surface mass transport and chemical reactions at the
surface. Nevertheless, the chemical species in the quasi-
static surface layer (PAH) can interact with the near-surface
particle bulk (substrate), which may influence the effective
physicochemical properties of the quasi-static surface layer
and related kinetic parameters such as surface accommoda-
tion coefficients, desorption lifetimes, and surface reaction
rate coefficients (P̈oschl et al. 2007).

2.1 Gas phase diffusion and gas-surface mass transport

Based on kinetic theory, the gas kinetic flux of Xi colliding
with the surfaceJcoll,Xi can be expressed as

Jcoll,Xi = [Xi]gsωXi/4 (1)

where [Xi ]gs is near-surface gas phase concentration
of Xi and ωXi is mean thermal velocity given by
ωXi = (8RT/(πMXi ))

1/2, whereMXi is the molar mass of
Xi , R is the gas constant, andT is the absolute tempera-
ture. Here we assume that the gas phase concentrations of
O3, H2O, and NO2 are homogeneous throughout gas phase

Atmos. Chem. Phys., 9, 9571–9586, 2009 www.atmos-chem-phys.net/9/9571/2009/
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Figure 1.  1 
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3 Fig. 1. Schematic illustration of the kinetic double-layer surface model (K2-SURF). Compartments, transport fluxes (thick green arrows),
and chemical reactions (thin red arrows) of volatile species (O3, H2O, NO2, OH and NO3) and non-volatile species (PAHs).

and near-surface gas phase ([Xi ]gs = [X i ]g). This assump-
tion is well justified when uptake coefficients are below 10−3

(Ammann and P̈oschl, 2007).
On the other hand, uptake of OH and NO3 by PAH is re-

ported to be high (>0.1) (Bertram et al., 2001; Gross and
Bertram, 2008), therefore, the significant net uptake of OH
and NO3 will lead to local depletion of concentration at near-
surface gas phase ([Xi ]gs<[X i ]g) and gas phase diffusion
will influence further uptake. In this case near-surface gas
phase concentration should be corrected using a gas phase
diffusion correction factorCg,Xi .

[Xi]gs = Cg,Xi[Xi]g (2)

Cg,Xi can be described as follows based on PRA frame-
work (Pöschl et al., 2007).

Cg,Xi
=

1

1+γXi

0.75 + 0.28 KnXi

KnXi
(1 + KnXi

)

(3)

KnXi is Knudsen number which can be approximated by gas
phase diffusion coefficientDg,Xi and particle diameter dp.

KnXi
=

6 Dg,Xi

ωXi
dp

(4)

We calculatedCg,OH andCg,NO3 using the reported values
of Dg,OH = 217 hPa cm2 s−1 (Ivanov et al., 2007),γOH = 0.32
(Bertram et al., 2001),Dg,NO3 = 107 hPa cm2 s−1 (Rudich et
al., 1996) andγNO3=0.13 (Gross and Bertram, 2008). Fig-
ure 2 illustrates the decrease ofCg,OH andCg,NO3 with in-
creasingdp, i.e., how the effect of gas diffusion increases
with increasing particle diameter.

The flux of adsorption of gas molecules on the quasi-static
particle surface can be expressed as

Jads,Xi = αs,XiJcoll,Xi = ka,Xi[Xi]gs (5)

whereαs,Xi is surface accommodation coefficient andka,Xi

(= αs,XiωXi /4) is a first-order adsorption rate coefficient. In
Langmuir adsorption model,αs,Xi is determined by the sur-
face accommodation coefficient on an adsorbate-free surface
αs,0,Xi and the sorption layer coverageθs, which is given by
the sum of the fractional surface coverage of all competing
adsorbate species (i.e. O3, H2O, and NO2) θs,Xp.

αs,Xi = αs,0,Xi(1 − θs) = αs,0,Xi(1 −

∑
θs,Xp) (6)

θs,Xp is the ratio between the actual and the
maximum surface concentration value of Xp:
θs,Xp = [Xp]s/[Xp]s,max = σs,Xp[Xp]s, where σs,Xp is
the effective molecular cross section of Xp. In this study, we
assume that the effective molecular cross section is the same
for all co-adsorbed species unless mentioned otherwise.
Accordingly, the inverse molecular cross section can be
regarded as the overall concentration of non-interfering
sorption sites on the quasi-static surface layer (Pöschl et al.,
2007): [SS]ss= σ−1

s,Xp.
The adsorbed molecules can thermally desorb back to the

gas phase. Desorption, the inverse of adsorption, can be de-
scribed by a first-order rate coefficientkd,Xi , which is as-
sumed to be independent onθs,Xi. The flux of desorption
of gas molecules on the quasi-static particle surface can be
expressed as

Jdes,Xi = kd,Xi [Xi]s = τ−1
d,Xi [Xi]s (7)

The desorption lifetimeτd,Xi is the mean residence time
on the surface in the absence of surface reaction and surface-
bulk transport. Since molecules are desorbed thermally,kd,Xi

depends strongly on temperature. This can be described by
an Arrhenius equation as described below.

kd,Xi=A exp(1Hads,Xi/RT ) (8)

A pre-exponential factorA is typically ∼1014 s−1 for
chemisorbed species, which is approximately the vibrational
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Figure 2.  4 

 5 

6 Fig. 2. Gas phase diffusion correction factor (Cg) for OH and NO3
plotted against particle diameter (dp).

frequency of a molecule bound to the surface. For ph-
ysisorbed species,A is typically ∼1012 s−1. Adsorption en-
thalpy of gaseous Xi , 1Hads,Xi can be estimated roughly by
assumingA.

The uptake coefficient of gas species Xi can be expressed
as a ratio between the net fluxes of Xi from the gas phase to
the condensed phaseJnet,Xi, andJcoll,Xi .

γXi =
Jnet,Xi

Jcoll,Xi

=
Jads,Xi − Jdes,Xi

Jcoll,Xi

(9)

2.2 Surface layer reactions (Langmuir-Hinshelwood-
type mechanism)

The surface layer reactions (SLRs) occur within the surface
double layer and involve only adsorbed species or compo-
nents of the quasi-static layer. In this study the PAH-O3 sys-
tem is considered to follow a Langmuir-Hinshelwood-type
mechanism, in which ozone first adsorbs to the surface and
then reacts with PAH in a quasi-static surface layer (Pöschl et
al., 2001; Ammann et al., 2003; Ammann and Pöschl, 2007;
Pöschl et al., 2007). Note, however, that traditionally the
term “Langmuir-Hinshelwood mechanism” is used for sur-
face catalytic reactions between adsorbed gas species and not
to describe reactions that transform the surface (Masel, 1996;
IUPAC, 1997). Here we consider three SLRs:

PAH(ss)+ O3(s)→ O1−PAH(ss) (SLR1)

O3(s)+ NO2(s)→ NO3(s) (SLR2)

PAH(ss)+ NO3(s)→ O2−PAH(ss) (SLR3)

The products of SLR1 and SLR3, O1-PAH and O2-PAH,
are oxidized non-volatile PAHs. The surface reaction of O3
and NO2 produces the highly reactive NO3 radical, which
can react with PAH immediately. The degradation rate of

PAH (LSLR,PAH) can be described using the second-order
rate coefficientskSLR,PAH,O3andkSLR,PAH,NO3,

LSLR,PAH = kSLR,PAH,O3[PAH]ss[O3]s (10)

+ kSLR,PAH,NO3[PAH]ss[NO3]s = ks,PAH[PAH]ss

whereks,PAH (= kSLR,PAH,O3[O3]s + kSLR,PAH,NO3[NO3]s) is
an apparent first-order PAH decay rate coefficient.

The loss rate of ozone by SLR1-SLR2 (LSLR,O3) can be
described as

LSLR,O3 = kSLR,PAH,O3[PAH]ss[O3]s (11)

+ kSLR,O3,NO2[O3]s[NO2]s = ks,O3[O3]s

where ks,O3 (=kSLR,PAH,O3[PAH]ss+kSLR,O3,NO3[NO2]s) is
an apparent first-order ozone loss rate coefficient.

The production rate of NO3 on the surface,PSLR,NO3, can
be described as

PSLR,NO3 = kSLR,O3,NO2[O3]s[NO2]s (12)

− kSLR,PAH,NO3[PAH]ss[NO3]s

2.3 Gas-surface reaction (Eley-Rideal-type mechanism)

The gas-surface reaction is a single kinetic step of collision
and reaction between gaseous species and surface molecules,
which can be regarded as an Eley-Rideal-type mechanism
(Ammann and P̈oschl, 2007; P̈oschl et al., 2007). Note that
traditionally the term “Eley-Rideal mechanism” (also named
Rideal-Eley or Langmuir-Rideal mechanism) is used for sur-
face catalytic reaction between adsorbed gas species rather
than for reactions that transform the surface (Masel, 1996;
IUPAC, 1997). Here we consider two GSRs.

PAH(ss)+ OH(gs)→ O3−PAH(ss) (GSR1)

PAH(ss)+ NO3(gs)→ O4−PAH(ss) (GSR2)

Heterogeneous loss of PAH on the surface (LGSR,PAH) can
be described by the following equation (Pöschl et al., 2007).

LGSR,PAH=

∑
Xi

γGSR,Xi ,PAH θss,PAH(1 − θs)Jcoll,Xi
(13)

Here γGSR,Xi,PAH is defined as the elementary surface
reaction probability that Xi (OH or NO3) undergoes gas-
surface reaction when colliding with PAH on the surface.
θss,PAH is the surface coverage of PAH.

2.4 Steady-state conditions

The surface mass balance and rate equations can be described
as below in summary (P̈oschl et al., 2007).

d[O3]s/dt = Jads,O3− Jdes,O3− LSLR,O3 (14)

d[H2O]s/dt = Jads,H2O− Jdes,H2O (15)

d[NO2]s/dt = Jads,NO2− Jdes,NO2− LSLR,NO2 (16)

Atmos. Chem. Phys., 9, 9571–9586, 2009 www.atmos-chem-phys.net/9/9571/2009/
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d[PAH]ss/dt = − LSLR,PAH − LGSR,PAH (17)

d[NO3]s/dt = PSLR,NO3− Jdes,NO3 (18)

Steady-state conditions are characterized by d[Xi ]s/dt=0
(Xi=O3, H2O, and NO2). The effective Langmuir adsorp-
tion equilibrium constantK ′

ads,Xi can be described as below
should be follows.

K ′
ads,Xi

[Xi]gs =
θs,Xi

1 − θs
(19)

K ′
ads,Xi

= σs,Xi

ka,0,Xi

kd,Xi
+ ks,Xi

(20)

If surface reactions are much slower than desorption
(kd,Xi�ks,Xi), thenK ′

ads,Xi is equal to a Langmuir adsorp-
tion equilibrium constantKads,Xi (=σs,Xika,0,Xi/kd,Xi). Un-
der these conditions the desorption lifetimeτd,Xi and first-
order rate coefficientkd,Xi are given by

kd,Xi
=

1

τd,Xi

≈ σs,Xi

ka,0,Xi

K ′
ads,Xi

=
αs,0,Xi

ωXi
σs,Xi

4 K ′
ads,Xi

(21)

The surface concentration of Xi can be expressed as

[Xi]s = σ−1
s,Xi

θs,Xi
= σ−1

s,Xi

K ′
ads,Xi

[Xi]gs

1+
∑

K ′
ads,Xi

[Xi]gs
(22)

An apparent first order rate coefficientks,PAH can be de-
scribed as

ks,PAH = ks,PAH,max
K ′

ads,Xi
[Xi]gs

1 +
∑
p

K ′
ads,Xp [Xp]gs

(23)

whereks,PAH,maxis a maximum pseudo-first order rate coef-
ficient of PAH.

The uptake coefficient of ozone (γO3) can be calculated as

γO3 =
LSLR,O3

Jcoll,O3

=
4 ks,PAH

σPAH ωO3[O3]gs
(24)

The initial concentration of PAH is considered to be the
inverse of the effective molecular cross sectionσPAH and is
estimated assuming one aromatic ring has 0.2 nm2. For ex-
ample,σBaP is assumed to be 1 nm2 because BaP consists of
five aromatic rings (P̈oschl et al., 2001).

3 Experimental data analysis and steady-state
conditions

3.1 PAH-O3-H2O system

The kinetics of the heterogeneous reaction between gaseous
ozone and PAHs bound on various substrates have been in-
vestigated in several laboratory studies (Wu et al., 1984;
Alebic-Juretic et al., 1990; P̈oschl et al., 2001; Ammann et
al., 2003; Mmereki and Donaldson, 2003; Kwamena et al.,
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Figure 3. 7 
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Fig. 3. Pseudo-first-order PAH decay rate coefficients (ks,PAH) as a
function of gas phase ozone concentration ([O3]gs) under dry con-
ditions: BaP on soot aerosol (Pöschl et al., 2001), BaP on azelaic
acid aerosol (Kwamena et al., 2004), Anthracene on octanol (Ka-
han et al., 2006), and cypermethrin on ZnSe (Segal-Rosenheimer
and Dubowski, 2008).

2004; Mmereki et al., 2004; Donaldson et al., 2005; Kahan
et al., 2006; Kwamena et al., 2006, 2007). The investigated
PAHs comprise benzo[a]pyrene (BaP), anthracene, naph-
thalene, pyrene, phenanthrene, benzo[a]anthracene (BaA),
perylene, and fluoranthene. The substrates include soot, aze-
laic acid, phenylsiloxane, glass, ZnSe, non-activated silica
gel, fused silica, octanol, decanol, stearic acid, octanoic acid,
and hexanoic acid and water. As specified in Table 1, the
PAHs were deposited on aerosol particles, solid or liquid sub-
strates, or on organic thin films on water. Self-assembled
monolayers (SAM) of alkenes and cypermethrin were also
analyzed for comparison (Dubowski et al., 2004; Segal-
Rosenheimer and Dubowski, 2008), as they follow similar
reaction mechanisms and kinetics.

3.1.1 Basic physicochemical parameters

As illustrated in Fig. 3, the pseudo-first order PAH decay rate
coefficients (ks,PAH) typically exhibit a nonlinear dependence
on gas phase ozone concentration, which is consistent with
a Langmuir-Hinshelwood-type mechanism. In contrast, an
Eley-Rideal-type mechanism would lead to a linear depen-
dence ofks,PAH on gas phase ozone concentration. In the
PAH-O3-H2O system Eq. (23) can be simplified to

ks,PAH (25)

=
ks,PAH,maxK

′
ads,O3[O3]gs

1 + K ′
ads,O3[O3]gs + K ′

ads,H2O[H2O]gs

The parameters ofks,PAH,maxandK ’ads,O3were obtained
by a non-linear least-squares fit of Eq. (25) to the experimen-
tal data pairs ofks,PAH and [O3]gs for each PAH and substrate
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Table 1. Basic physicochemical parameters of O3 in the PAH-O3-H2O system with different PAHs and substrates. The upper part is kinetics
data of PAHs on solid substrates, the middle part is that of PAHs on liquid substrates, and the bottom part is that of non-PAH.

PAH Substrate RH Kads,O3 ks,PAH,max kSLR,PAH,O3 kd,O3 τd,O3 1Hads,O3 Reference
(%) (10−15cm3) (s−1) (10−17cm2 s−1) (s−1) (s) (kJ mol−1)

BaP sootaerosol 25 255 0.0155 3.37 0.08 13.0 −86 P̈oschl et al. (2001)
BaP azelaic acid aerosol 72 4.39 0.0600 10.4 3.56 0.28 −76 Kwamena et al. (2004)
BaP soot aerosol 0 255 0.0154 2.66 0.06 16.3 −86 P̈oschl et al. (2001)
BaP azelaic acid aerosol 0 1.18 0.0480 8.30 13.2 0.08 −73 Kwamena et al. (2004)
BaP NaCl aerosol 0 0.12 0.0320 5.54 130 0.01 −67 Kwamena et al. (2004)
BaP fused silica 0 27.1 0.0325 5.62 0.58 1.74 −81 Wu et al. (1984)
BaP silica gel 0 9.4 0.0325 5.62 1.67 0.60 −78 Alebic-Juretic et al. (1990)
Anthracene glass 0 2.85 0.0060 1.04 5.48 0.18 −75 Kwamena et al. (2006)
Anthracene azelaic acid aerosol 0 2.24 0.0550 9.52 6.97 0.14 −75 Kwamena et al. (2007)
BaA silica gel 0 38.6 0.004 0.69 0.40 2.47 −82 Alebic-Juretic et al. (1990)
Pyrene silica gel 0 86.0 0.001 0.17 0.18 5.51 −84 Alebic-Juretic et al. (1990)
Perylene silica gel 0 67.9 0.004 0.69 0.23 4.35 −83 Alebic-Juretic et al. (1990)
Perylene fused silica 0 4.4 0.004 0.69 3.55 0.28 −76 Wu et al. (1984)
Fluoranthene silica gel 0 65.0 0.0001 0.02 0.24 4.17 −83 Alebic-Juretic et al. (1990)

BaP octanol 0 0.35 0.0055 0.94 45.0 0.02 −70 Kahan et al. (2006)
Anthracene phenylsiloxane oil aerosol 0 104 0.0100 1.73 0.15 6.66 −84 Kwamena et al. (2007)
Anthracene octanol/decanol 0 0.56 0.0026 0.44 28.0 0.04 −71 Kahan et al. (2006)
Anthracene octanol on water 0 1.83 0.0026 0.45 8.53 0.12 −74 Mmereki and Donaldson (2003)
Anthracene water 0 0.45 0.0026 0.45 34.7 0.03 −71 Mmereki and Donaldson (2003)
Anthracene stearic acid on water 0 0.47 0.0024 0.41 33.4 0.03 −71 Mmereki et al. (2004)
Anthracene octanoic acid on water 0 0.94 0.0013 0.22 16.7 0.06 −72 Mmereki et al. (2004)
Anthracene hexanoic acid on water 0 1.2 0.0004 0.07 13.0 0.08 −73 Mmereki et al. (2004)
Naphthalene octanol 0 0.97 0.0009 0.15 16.1 0.06 −72 Kahan et al. (2006)
Pyrene octanol 0 0.32 0.0007 0.12 48.8 0.02 −70 Kahan et al. (2006)
Pyrene water 0 0.86 0.0012 0.20 18.2 0.06 −72 Donaldson et al. (2005)
Pyrene octanol on water 0 1.66 0.0015 0.26 9.41 0.11 −74 Donaldson et al. (2005)
Phenanthrene octanol 0 0.16 0.0006 0.10 97.6 0.01 −68 Kahan et al. (2006)
SAM C3&C8 ZnSe 0 25 0.0060 1.04 0.62 1.60 −80 Dubowski et al. (2004)
Cypermethrin ZnSe 0 0.47 0.0007 0.12 33.2 0.03 −71 Segal-Rosenheimer and

Dubowski (2007)

(IGOR software). The experimental data were taken from the
referenced studies, and the fit results are summarized in Ta-
ble 1.

Pöschl et al. (2001) also measured the surface concentra-
tion of ozone, [O3]s, as a function of gas phase ozone concen-
tration, which can be described by the following equation:

[O3]s =
σ−1

s,Xi
K ′

ads,O3[O3]gs

1+K′
ads,O3[O3]gs+K ′

ads,H2O[H2O]gs
(26)

A non-linear least squares fit yieldedσs,O3=0.17 nm2

([SS]ss=5.8×1014 cm−2). We assumed this value for the
other studies as well, because Pöschl et al. (2001) is the
only study that reported [O3]s. Second-order rate coef-
ficients (kSLR,PAH,O3) were calculated using the relation
ks,PAH,max=kSLR,PAH,O3σ

−1
s,O3. Ozone desorption lifetimes

(τd,O3) and the corresponding desorption rate coefficients
(kd,O3) were estimated using Eq. (21), assuming a surface
accommodation coefficient ofαs,0,O3=1.0×10−3 (Rogaski et
al., 1997) for the adsorbate-free surface.

The obtainedτd,O3 values are in the range of 10 ms–10 s
depending on the substrate (Table 1). The relatively long
desorption lifetimes suggest chemisorption of O−

3 possibly
in the form of O atoms. Thus, theτd,O3 values should be re-
garded as apparent desorption lifetimes that may effectively

include the dissociation of ozone or other intermediate steps
of chemical interaction at the surface as will be discussed
below.

From kd,O3 = τ−1
d,O3 approximate adsorption enthalpies

1Hads,O3were estimated using Eq. (8) and assuming a pre-
exponential factor ofA = 1014 s−1 (Pöschl et al., 2001).
Test calculations withA = 1012–1015 s−1 gave an uncertainty
range of± 6 kJ mol−1 in 1Hads,O3. K ’ads,O3 is approxi-
mated toKads,O3, askd,O3 is one to three orders of magni-
tude larger thanks,O3. TheKads,O3values are one to three
orders of magnitude larger for solid substrates compared
to liquid substrates. This corresponds to longer desorption
lifetimes and larger negative adsorption enthalpy values for
solid substrates (1Hads,O3≈ −(70–90) kJ mol−1). Addition-
ally, ks,PAH,max andkSLR,PAH,O3 are by an order of magni-
tude larger on solid substrates. Self-assembled monolayers
of alkenes show similar adsorption and reaction rate coeffi-
cients as PAHs on solid substrates, whereas the parameters
for cypermethrin are similar to PAHs on liquid substrates.

Most studies were performed under dry conditions
(RH ≈ 0%), but P̈oschl et al. (2001) and Kwamena et
al. (2004) also reported results for humid conditions. The
Kads,H2O values obtained from these data are of the or-
der of 10−17 cm−3 (Table 2), i.e., 2–4 orders of magnitude
smaller thanKads,O3. Assumingαs,0,H2O = 6.0 × 10−4
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Table 2. Basic physicochemical parameters of H2O in the BaP-O3-NO2-H2O system on soot and azelaic acid.

Substrate RH NO2 Kads,H2O [SS]ss τd,H2O kd,H2O 1Hads,H2O Reference Data set
(%) (ppb) (10−17cm3) (1014cm−2) (s) (s−1) (kJ mol−1)

soot 25 0 0.17 4.60 1.33×10−4 7.54×103 −35±9 P̈oschl et al. (2001) [O3]s vs. [O3]gs
soot 25 1000 0.15 2.24 5.69×10−5 1.76×104 −33±9 Schauer (2004) [O3]s vs. [O3]gs

soot 25 0 1.02 – 7.95×10−4 1.26×103 −39±9 P̈oschl et al. (2001) ks,BaPvs. [O3]gs
soot 25 1000 1.18 – 4.48×10−4 2.23×103 −38±9 Schauer (2004) ks,BaPvs. [O3]gs
azelaic acid 72 0 0.10 – 9.80×10−5 1.02×104 −34±9 Kwamena et al. (2004) ks,BaPvs. [O3]gs

(Rogaski et al., 1997) we obtained H2O desorption life-
times of the order of 0.1 ms, indicating physisorption of
H2O. The adsorption enthalpy1Hads,H2Owas estimated to
be−36( ± 9) kJ mol−1 assuming a pre-exponential factor in
the range of 108–1012 s−1 (Pöschl et al., 2001).

Kwamena et al. (2007) pointed out that the substrate in-
fluences the partitioning of ozone to the surface irrespective
of the PAH adsorbed to it. They also suggested that differ-
ent experimental approaches can yield different results. In
particular, they found that PAHs may dissolve into the sub-
strate of thin film experiments, thereby affecting the reaction
kinetics and partitioning of O3 as will be discussed below.

According to molecular dynamics (MD) simulations the
desorption lifetime of ozone on at the interface of pure wa-
ter and air should be only 36 ps (Vieceli et al., 2005) which is
much shorter than the values listed in Table 1. Possible expla-
nations for the differences are: (1) The surfaces considered
in our study are covered by PAH molecules and thus likely
to interact differently with ozone. (2) The desorption life-
times calculated from measurement-derived adsorption con-
stants depend inversely on the assumed surface accommoda-
tion coefficients (αs,0) and might thus be up to three orders of
magnitude shorter ifαs,0 were close to unity. (3) The chemi-
cal species actually residing at the surface might be O atoms
rather than ozone molecules, and thus additional processes
such as a dissociation reaction or other intermediate steps of
chemical interactions at the surface might have to be con-
sidered for full mechanistic understanding. (4) Surface-bulk
exchange as well as mass transport and chemical reactions
might also play a role for liquid substrates. Further investi-
gations will be needed to resolve these issues, and we are
planning to pursue such investigations using K2-SURF as
well as kinetic double- and multi-layer models that resolves
also diffusion and reaction in the bulk of the particle or sub-
strate, respectively (K2-SUB, Pfrang et al., 2009; KM-SUB,
Shiraiwa et al., 2009).

3.1.2 Uptake of ozone

Ozone uptake coefficients for the PAH-O3-H2O system were
calculated using Eq. (24) and are shown in Fig. 4. TheγO3
values exhibt a strong dependence on the gas phase concen-
tration of ozone ([O3]gs ≈ 1011–1016 cm−3 corresponding

to 10–106 ppb under dry standard conditions at 1013 hPa
and 298 K). The symbols represent literature data (Ta-
ble 1), and the curves represent three characteristic K2-SURF
model scenarios: (1) a soot surface withτd,O3=10 s and
kSLR,PAH,O3 = 2.7 × 10−17 (red solid line); (2) a solid or-
ganic surface withτd,O3=1 s andkSLR,PAH,O3= 2.7× 10−17

(red dotted line); (3) a liquid organic surface withτd,O3=0.1 s
andkSLR,PAH,O3= 5.0× 10−18 (black solid line).

Systems on a solid substrate such as soot, glass and solid
organic substrate are well described by the red lines in Fig. 4,
covering over five orders of magnitude in bothγO3 and
[O3]gs. Most experimental data were obtained at high [O3]gs,
but along the model linesγO3 can be extrapolated to atmo-
spheric conditions ([O3]gs<150 ppb). ThereγO3 is estimated
to be∼10−5 for PAHs on a soot surface and∼10−6 on a
solid organic surface.

On liquid substratesγO3 is substantially lower (≈10−8).
A possible explanation is that some PAH may be dissolved
in the liquid substrate (Kwamena et al., 2007), leading to
a reduction of the actual PAH concentration on the surface
and to a decrease ofγO3 according to Eq. (24). Transport of
PAH from the quasi-static layer to the bulk can be modelled
by surface-bulk exchange fluxes (Jss,b, Jb,ss) which goes be-
yond the present study. Still, these data are well fitted by the
black solid line suggestingγO3 values of the order of 10−8

under atmospheric conditions.
McCabe and Abbatt (2009) have already pointed out a re-

markable similarity ofγO3 on a variety of surfaces (soot, 1-
hexadecene, metal oxides, atmospheric mineral dust, PAHs
coated to soot, organic, and water substrates) both in their
absolute magnitude and in their partial pressure dependence,
especially given the very different experimental techniques
(Knudsen cells, aerosol flow tubes, etc.). Possible explana-
tions and rate limiting steps discussed in their and earlier
studies are: surface diffusion of adsorbed ozone molecules
(Kwamena et al., 2007) and/or multiple steps of chemi-
cal reaction involving possible intermediates like O−

3 ions
(Nelander and Nord, 1979) or O atoms (Stephens et al., 1986;
Pöschl et al., 2001; Sullivan et al., 2004).
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12 Fig. 4. Ozone uptake coefficients (γO3) for different PAHs and substrates. Symbols represent literature data (Table 1). Lines show model
results assuming the following parameters: (1)τd,O3 = 10 s andkSLR,PAH,O3= 2.7× 10−17 for soot surfaces (red solid line), (2)τd,O3 = 1 s
andkSLR,PAH,O3= 2.7× 10−17 for solid organic surfaces (red dotted line), (3)τd,O3 = 0.1 s andkSLR,PAH,O3= 5.0× 10−18 for liquid
surfaces (black solid line).

3.2 PAH-O3-H2O-NO2 system

The oxidation of the PAH benzo[a]pyrene upon interaction
with O3, H2O and NO2 was investigated using data from
Schauer (2004). As illustrated in Fig. 5, the pseudo-first or-
der PAH decay rate coefficients (ks,PAH) exhibit a nonlinear
dependence on gas phase ozone concentration, which is con-
sistent with a Langmuir-Hinshelwood-type reaction mecha-
nism and can be described by the following equations.

[O3]s (27)

=
σ−1

s,O3
K ′

ads,O3[O3]gs

1+K′
ads,O3[O3]gs+K ′

ads,H2O[H2O]gs+K ′
ads,NO2[NO2]gs

ks,PAH (28)

=
ks,PAH,maxK

′
ads,O3[O3]gs

1+K′
ads,O3[O3]gs+K ′

ads,H2O[H2O]gs+K ′
ads,NO2[NO2]gs

Non-linear least squares fits yielded the effective NO2
adsorption constants summarized in Table 3 (assuming
Kads,NO2≈ K ’ads,NO2). They are of the order of 10−14 cm3,
which is similar to the ozone adsorption constants. Assum-
ing αs,0,NO2 = 0.064 (Tabor et al., 1994) we obtained NO2
desorption lifetime estimates of aboutτd,NO2 ≈ 50 ms, in-
dicating chemisorption of NO2. The adsorption enthalpy

1Hads,NO2was estimated to be−67(±6) kJ mol−1 assuming
a range of pre-exponential factors (A≈ 1012–1014 s−1).

Table 4 shows the basic physicochemical parameters of O3
in this system. The apparent overall concentration of sorp-
tion sites [SS]ss decreases systematically as the NO2 con-
centration increases, which implies that the effective molec-
ular cross section of adsorbed ozone is smaller than that of
NO2. This finding suggests that ozone may indeed be ad-
sorbed in the form of O atoms, because molecular O3 is not
expected to be smaller than NO2. Alternatively or in addi-
tion, other intermediates might also be involved in the co-
adsorption of O3 and NO2 (e.g., NO3 or N2O5 formed by
reaction of NO2 with O3 or O). Further investigations will
be needed to elucidate the actual mechanism of interaction
between different co-adsorbed species, and additional pro-
cesses could be flexibly included in K2-SURF. Nevertheless,
the simple Langmuir-Hinshelwood-type formalisms applied
in this study appear to sufficient for efficient description of
multi-component systems as illustrated in Figs. 4 and 5.

Apparent second-order surface reaction rate coefficients
kSLR,PAH,O3 were derived assumingkSLR,O3,NO2 = 0, be-
cause no PAH degradation was observed upon exposure to
NO2 without O3 (Pöschl, 2002; Schauer, 2004; Schauer
et al., 2004). Interestingly, however, the measured and
derived rate coefficientsks,PAH,max and kSLR,PAH,O3 ex-
hibit a systematic increase with increasing NO2 concentra-
tion. For example,kSLR,PAH,O3 increases by a factor of
∼2 from 2.66× 10−17 cm2 s−1 in the absence of NO2 to
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Table 3. Basic physicochemical parameters of NO2 in the BaP-O3-NO2-H2O system on soot (Schauer, 2004).

RH NO2 Kads,NO2 [SS]ss kd,NO2 τd,NO2 1Hads,NO2 Data set
(%) (ppb) (10−15cm3) (1014cm−2) (s−1) (s) (kJ mol−1)

0 100 82 4.50 16.0 0.062 −70 [O3]s vs. [O3]gs
0 500 34 3.50 49.6 0.020 −67 [O3]s vs. [O3]gs
0 1000 53 3.00 37.1 0.027 −68 [O3]s vs. [O3]gs
25 1000 10 2.24 263 0.004 −63 [O3]s vs. [O3]gs

0 100 69 – 19.0 0.053 −69 ks,BaPvs. [O3]gs
0 250 54 – 27.3 0.037 −68 ks,BaPvs. [O3]gs
25 250 86 – 17.2 0.058 −70 ks,BaPvs. [O3]gs
0 500 71 – 23.8 0.042 −69 ks,BaPvs. [O3]gs
0 750 17 – 99.2 0.010 −65 ks,BaPvs. [O3]gs

Table 4. Basic physicochemical parameters of O3 in the BaP-O3-NO2-H2O system on soot (Schauer, 2004).

RH NO2 Kads,O3 ks,PAH,max [SS]ss kSLR,PAH,O3 kd,O3 τd,O3 1Hads,O3
(%) (ppb) (10−15cm3) (s−1) (1014cm−2) (10−17cm2 s−1) (s−1) (s) (kJ mol−1)

0 0 255 0.015 5.80 2.66 0.06 16.3 −86
0 100 331 0.013 4.50 2.89 0.06 16.5 −86
0 250 369 0.015 4.00∗ 3.75 0.06 16.4 −86
25 250 332 0.021 4.00∗ 5.25 0.07 14.7 −86
0 500 347 0.020 3.50 5.71 0.07 13.5 −86
0 750 296 0.020 3.25∗ 6.15 0.09 10.7 −85
0 1000 513 – 3.00 – 0.06 17.1 −86
25 1000 474 – 2.24 – 0.09 11.8 −85

* Values in italic are interpolated.

5.70× 10−17 cm2 s−1 at 500 ppb NO2. The accelerating ef-
fect of NO2 can be attributed to the formation of highly re-
active NO3 radicals in the gas phase or on the surface. Other
reactive nitrogen species like N2O5 or HNO3 are unlikely to
play a major role because the uptake coefficients reported for
them are<10−5 (Gross and Bertram, 2008).

4 Numerical modeling of transient conditions

Here we simulate the temporal evolution of surface compo-
sition and uptake coefficients of ozone over timescales from
microseconds to days under standard conditions (298 K,
1013 hPa). The model calculations were performed by solv-
ing the rate equations (Eq. 14–18) numerically with Matlab
software (ode23s solver). No steady-state assumptions were
applied in the numerical simulations.

The initial PAH surface concentration is set to
1 × 1014 cm−2, and the initial surface concentration of
gas species (Xi = O3, H2O, NO2, and NO3) is set to zero.
In the exemplary simulations, we consider soot and solid
organic surfaces. The required basic physicochemical
parameters are listed in Table 5. Theαs,0 values were taken

from earlier studies (Tabor et al., 1994; Rogaski et al., 1997).
The τd and kSLR,PAH,O3 values were taken from Sect. 3.
The gas phase ozone concentration is set to 100 ppb, which
is typical for polluted air masses. The chemical half-life
of the PAH (t1/2) is defined as the time when the PAH
concentration reaches half of the initial concentration.

4.1 PAH-O3-H2O system

Here we simulate PAH degradation upon interaction with
O3 and H2O. Fig. 6 shows the surface concentrations of all
involved chemical species and the uptake coefficient of O3
(γO3). Figure 6a displays the model results for a soot surface
at 25% RH. The initial plateau ofγO3 is equal toαs,0,O3
(=10−3) up to 1 s, which can be explained by adsorption of
O3 onto a nearly adsorbate-free surface. The second plateau
of γO3 at ∼10−5 is due to chemical reaction of O3 with
PAH. Under dry conditions the model results are similar (not
shown in figure), but due to the absence of competitively ad-
sorbing H2O the surface coverage of O3 increases and the
PAH chemical half-life decreases 188 s (25% RH) to 168 s
(dry).
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Table 5. Basic physicochemical parameters of O3, H2O, and NO2 used in the numerical simulations of transient conditions.

Xi Substrate Kads,Xi
kSLR,PAH,O3 τd,Xi αs,0,Xi ωXi

(10−15cm3) (10−17cm2 s−1) (s) (cm s−1)

O3 soot 160 2.7 10 10−3 3.60×104

solid organic 1.6–16 2.7 0.1–1 10−3 3.60×104

liquid 0.16–1.6 0.5 0.01–0.1 10−3 3.60×104

H2O 10−3 – 10−4 4.0×10−4 5.90×104

NO2 50 – 0.05 0.064 3.69×104
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16 Fig. 5. Experimental data and fit lines for the BaP-O3-NO2-H2O
system (Schauer, 2004).(a) Pseudo-first-order BaP decay coef-
ficients (ks,BaP) as a function of gas phase ozone concentration
([O3]gs) under dry and wet (25% RH) conditions with 250 ppb
NO2. (b) The surface concentration of ozone ([O3]s) as a func-
tion of [O3]gs. The data were measured under dry, wet (25% RH),
and wet (25% RH) and NO2 (1 ppm) conditions. Fit curves assume
a Langmuir-Hinshelwood-type mechanism.

Fig. 6b displays the model results for a solid organic sur-
face at 25% RH. Under these conditions the dominant species
on the surface is H2O, and the O3 surface concentration is
much lower than on soot. Consequently, the PAH degrada-
tion proceeds slower and the second plateau ofγO3 is longer
(∼104 s) and lower (γO3 = ×10−7).

The differences of PAH degradation on soot and on the
solid organic surface are mainly caused by the different des-
orption lifetimes of ozone as derived and discussed in Sect. 3
(∼10 s vs.∼0.1 s). We speculate that the longer appar-
ent desorption lifetime on soot may reflect stronger elec-
tron donor-acceptor interactions between the graphene layers
(aromatic rings) and the adsorbed ozone molecules or oxygen
atoms, respectively.

4.2 PAH-O3-H2O-OH system

Here we simulate PAH degradation by O3, H2O, and OH
radicals for which we assume an elementary surface reaction
probability ofγGSR,OH,PAH= 0.32 (Bertram et al., 2001). The
two dotted lines in Fig. 6a and 6b correspond to different OH
concentration levels: an estimated global average value of
[OH]g = 106 cm−3) (Prinn et al., 1992) and an approximate
upper limit value of [OH]g = 107 cm−3. The near-surface gas
phase concentration [OH]gs was calculated from Eqs. (2) and
(3) assuming a particle diameter of 200 nm (Cg,OH = 0.87).

Figure 6a indicates that OH does not significantly affect
PAH degradation on soot, where ozone is strongly adsorbed
and plays a dominant role. On the solid organic surface, how-
ever, where ozone is less efficiently adsorbed, OH strongly
accelerates PAH degradation as shown in Fig. 6b. Conse-
quently, the PAH decay proceeds faster and the length of the
second plateau ofγO3 decreases with increasing OH concen-
tration.

4.2.1 PAH chemical half-life on the surface and
atmospheric implications

Here we simulate the chemical half-life of PAH (t1/2) on
soot, organic and liquid surfaces, when exposed to ambient
concentrations of O3 and OH at 25% RH.

Atmos. Chem. Phys., 9, 9571–9586, 2009 www.atmos-chem-phys.net/9/9571/2009/
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Figure 6.  17 
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20 

Fig. 6. Temporal evolution of the surface concentration of the
volatile species (O3 and H2O), of PAH in the quasi-static sur-
face layer, and of the ozone uptake coefficient (γO3) at 100 ppb
O3 and 25% RH assuming OH concentration of 0 (solid line),
1.0 × 106 cm−3 (dotted line) and 1.0× 106 cm−3 (dashed line).
PAHs are either(a) on soot or(b) on a solid organic surface.

Figure 7 displays the results of calculations. The black line
is the t1/2 of PAH on a soot surface, which showedt1/2 of
∼10 min at typical atmospheric O3 concentration of 30 ppb.
We calculatedt1/2 under dry conditions as well, which re-
sulted in at1/2 value of ∼5 min at 30 ppb O3. Therefore,
the competitive adsorption of O3 and H2O leads to a signif-
icant increase int1/2. However, thet1/2 values showed only
a slight change with increasing [OH]g. This is because PAH
degradation on soot is dominated by the surface layer reac-
tion of PAH with O3.

The t1/2 values on a solid organic surface (red and blue
line) are estimated to 2–15 h at 30 ppb O3 when [OH]g is
0. Thet1/2 value on a liquid surface like octanol and water
(green line) is estimated to a few days. As shown in Fig. 7,
τd,O3 is a critical factor in estimating the chemical half-life of
PAH on the surface. OH plays a critical role in these cases.
It accelerates the PAH degradation by one to two orders of
magnitude depending on OH concentration.

In summary, the PAH chemical half-life on the surface
(t1/2) ranges from∼10 min on soot, to 1–5 h on solid organ-
ics and 6 h on liquid particles under typical ambient condi-
tions (30 ppb O3, 25% RH, 106 cm−3 OH). Therefore, the
relative importance of PAH degradation by O3 and OH de-
pends on the substrate of PAH.
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Fig. 7. Chemical half-life of PAHs on different substrates (soot,
solid organic, liquid) as a function of gas phase ozone concentra-
tion at 25% RH assuming OH concentrations of 0 (solid lines),
1.0×106 cm−3 (dashed lines), and 1.0×107 cm−3 (dotted lines).
The desorption lifetime of O3 (τd,O3) was set to 10 s (soot), 1 or
0.1 s (solid organic), and 0.01 s (liquid), respectively.

4.3 PAH-O3-H2O-NO2-NO3 system

Here we simulate PAH degradation on soot upon interac-
tions with O3, H2O, NO2, and NO3. As shown in Table 4,
NO2 could accelerate PAH degradation. For example, the
apparentkSLR,PAH,O3 is increased from 2.7×10−17 cm2 s−1

to 5.7×10−17 cm2 s−1 under 500 ppb NO2, leading to a re-
duction of t1/2 from 188 s to 170 s at 100 ppb O3 and 25%
RH. Here we consider two possible explanations for the ac-
celeration of PAH degradation by NO2: (1) surface reaction
of O3 with NO2 (Langmuir-Hinshelwood-type mechanism)
and (2) gas-surface reaction between PAH and gas phase
NO3 radical (Eley-Rideal-type mechanism).

4.3.1 Surface reaction of O3 with NO2

Here we simulate degradation of PAH on soot upon interac-
tions with O3, NO2 and H2O considering a surface reaction
of O3 with NO2 (SLR2) and the subsequent reaction of NO3
with PAH (SLR3). We testedkSLR,O3,NO2andkSLR,PAH,NO3
values in the range of 10−18–10−11 cm2 s−1. The desorption
lifetime of NO3 (τd,NO3) was assumed to be 10 and 0.01 s.
The concentration of NO2 at 25% RH is set to 500 ppb. The
resulting PAH chemical half-lifes (t1/2) are summarized in
Table 6.

The t1/2 value should be∼170 s considering the
acceleration of PAH degradation as discussed above.
Moreover, the fact that the PAH-O3-H2O-NO2 sys-
tem is well described by Langmuir-Hinshelwood-type
mechanism (Fig. 5) indicatesLSLR,O3�Jdes,O3, leading
to ks,O3 (=kSLR,PAH,O3[PAH]ss+kSLR,O3,NO2[NO2]s)�kd,O3.
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Table 6. Chemical half-life of PAHs in the PAH-O3-NO2-H2O sys-
tem assuming different values for the O3-NO2 and PAH-NO3 sur-
face layer reaction rate coefficients (kSLR,O3,NO2, kSLR,PAH,NO3).

τd,NO3=10 s t1/2 (s) kSLR,PAH,NO3(cm2 s−1)

10−17 10−16 10−14 10−11

kSLR,O3,NO2 10−18 263 262 245 242
(cm2 s−1) 10−17 265 253 154 145

10−16 287 197 41 36

τd,NO3=0.01 s t1/2 (s) kSLR,PAH,NO3(cm2 s−1)

10−17 10−16 10−14 10−11

kSLR,O3,NO2 10−18 263 263 263 244
(cm2 s−1) 10−17 266 266 264 153

10−16 297 297 280 40

Consideringkd,O3 is ∼10−1 and [NO2]s and [PAH]ss is
∼1014, thenkSLR,O3,NO2should be<10−16.

Based on these criteria,kSLR,O3,NO2 should be of the or-
der of 10−17–10−16 cm2 s−1, whereaskSLR,PAH,NO3 is of the
order of 10−15–10−12 cm2 s−1. This is reasonable because
kSLR,O3,NO2 is on the same order ofkSLR,PAH,O3 and the
NO3 radical is expected to have high reactivity. The pos-
sible combination of rate coefficients are (1)τd,NO3=10 s,
kSLR,O3,NO2=10−17–10−16 cm2 s−1, kSLR,PAH,NO3=10−15–
10−14 cm2 s−1 and (2) τd,NO3=0.01 s,kSLR,O3,NO2=10−17–
10−16 cm2 s−1, kSLR,PAH,NO3=10−13–10−12 cm2 s−1.

Figure 8a shows the exemplary simulation of this sys-
tem using τd,NO3=10 s, kSLR,O3,NO2=10−17 cm2 s−1, and
kSLR,PAH,NO3=10−14 cm2 s−1. Temporal evolution is sim-
ilar to Fig. 6a, but the PAH degradation was accelerated
by formation of NO3 radical, whose concentration reaches
∼1012 cm−2. The uptake coefficient of O3 (γO3) stayed
10−5 because of continuous surface reaction of O3 with
NO2. γNO2 was also calculated and it was 0.064 initially
up to 10−2 s, which is equal toαs,0,NO2. As it is shown by
[NO2]s which reached steady-state condition quickly,γNO2
decreased away after 0.1 s.

4.3.2 Gas-surface reaction with NO3

Gas-surface reaction between gas phase NO3 radicals and
PAH is another possible explanation for the acceleration of
PAH degradation. This system corresponds to a possible
nighttime chemistry of PAH degradation, as NO3 is the dom-
inant oxidant at nighttime.

Here we simulate PAH degradation by O3, H2O, NO2, and
gas phase NO3 radicals for which we assume an elementary
surface reaction probability ofγGSR,OH,PAH=0.13 (Rudich et
al., 1996). Note that the surface reaction of O3 with NO2 is
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Figure 8.  26 
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Fig. 8. Temporal evolution of the surface concentrations of PAHs
and volatile species (O3 and H2O) on soot, and of the ozone uptake
coefficient (γO3) at 100 ppb O3, 500 ppb NO2 and 25% RH.(a)
PAH-O3-H2O-NO2 system considering surface reaction of O3 with
NO2. (b) PAH-O3-H2O-NO2-NO3 system assuming NO3 concen-
trations of 1 ppt (solid line), 10 ppt (dashed line) and 100 ppt (dotted
line), respectively.

not considered in this simulation. The near-surface gas phase
concentration [NO3]gs was calculated from Eqs. (2) and (3)
assuming a particle diameter of 200 nm (Cg,NO3=0.94). The
NO2 concentration at 25% RH is set to 500 ppb. Four NO3
concentrations that cover the range of ambient concentrations
(1, 10, 20, and 100 ppt) are assumed (Finlayson-Pitts and
Pitts, 2000).

Figure 8b indicates that the presence of NO3 does
not impact the degradation of PAHs significantly when
[NO3]g=1 ppt,, but rather ozone plays a dominant role in
PAH degradation. The NO3 radicals compensate the com-
petitive adsorption of NO2 when [NO3]g=10 ppt with t1/2
of 186 s. Thet1/2 is 144 s when [NO3]g=20 ppt. And for
[NO3]g=100 ppt, thet1/2 is calculated to 38 s, indicating PAH
degradation is dominated by the NO3 radical at this condi-
tion.

4.3.3 PAH chemical half-life on the surface and
atmospheric implications

Here we simulate the chemical half-life of PAH (t1/2) on
soot, organic and liquid surfaces, when exposed to O3, H2O,
NO2, and NO3 at typical ambient concentration level at night
time (<150 ppb O3, 60% RH, 100 ppb NO2, 1–10 ppt NO3).
Note that at higher RH water vapor may undergo multilayer
adsorption and its effect may thus not be well described
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Fig. 9. Chemical half-life of PAHs on different substrates (soot,
solid organic, liquid) as a function of gas phase ozone concentration
at 100 ppb NO2 and 60% RH. The desorption lifetime of O3 (τd,O3)
is set to 10 s (soot), 1 or 0.1 s (solid organic), and 0.01 s (liquid), re-
spectively. The assumed NO3 gas phase concentrations are 0 (thick
solid lines), 1 ppt (dashed lines), and 10 ppt (dotted lines), respec-
tively. Thin solid lines indicate that O3-NO2 surface layer reactions
are taken into account assuming [NO3]g=0.

by a Langmuir adsorption isotherm (Thomas et al., 1999;
Mikhailov et al., 2009). Figure 9 displays the results of
calculations. Neither the surface reaction of O3 with NO2
nor gas-surface reaction of NO3 was considered for the thick
solid line. NO3 accelerates the PAH degradation by one to
three orders of magnitude depending on NO3 concentration
(dotted and dashed line). The surface reaction of O3 and NO2
decreases thet1/2 by ca. 40% on every surface (solid line).

In summary, under typical ambient conditions at night
time (i.e. 30 ppb O3, 100 ppb NO2, 60% RH, 1 ppt NO3), t1/2
ranges from∼10 min on soot, to 30–60 min on solid organics
and liquid particles.

5 Conclusions

We have developed and applied a kinetic double-layer sur-
face model (K2-SURF) and chemical reaction mechanism
to describe the degradation of polycyclic aromatic hydrocar-
bons (PAHs) on aerosol particles interacting with ozone, ni-
trogen dioxide, water vapor, hydroxyl and nitrate radicals.
Basic physicochemical parameters have been derived from
experimental data and used to simulate PAH degradation and
ozone uptake by aerosol particles under a wide range of con-
ditions. The main conclusions are:

(1) The heterogeneous reaction between particle-bound
PAHs and ozone can be well described by Langmuir-
Hinshelwood-type mechanism and rate equations with
effective Langmuir adsorption constants and surface

Table A1. Frequently used symbols.

Symbol Meaning

γXi uptake coefficient of Xi
τd,Xi desorption lifetime of Xi
ωXi mean thermal velocity of Xi in the gas phase
Cg,Xi gas phase diffusion correction factor of Xi

dp particle diameter
kd,Xi first-order desorption rate coefficient of Xi

kSLRv,Xp,Xq , second-order rate coefficients for surface
kSLRv,Xp,Yq layer reactions of Xp with Xq , Xp with Yq ,

respectively
Kads,Xi adsorption equilibrium constant of Xi
K ′

ads,Xi effective adsorption equilibrium constant of Xi

αs,0,Xi surface accommodation coefficient of Xi

on an adsorbate-free surface
t1/2 chemical half-life of PAHs on the surface
[SS]ss sorption site surface concentration
[Xi ]g gas phase concentration of Xi

[Xi ]gs near-surface gas phase concentration of Xi

[Xi ]s surface concentration of Xi (sorption layer)
[Yj ]ss surface concentration of Yj (quasi-static layer)

reaction rate coefficients depending on the substrate ma-
terial. Note, however, that the exact reaction mech-
anisms, rate limiting steps and possible intermediates
still remain to be resolved (e.g., surface diffusion and
formation of O atoms or O−3 ions at the surface).

(2) Competitive and reversible adsorption and chemical
transformation of the surface (aging) lead to a strong
non-linear dependence of the ozone uptake coefficients
on time and gas phase composition with different char-
acteristic features under dilute atmospheric and con-
centrated laboratory conditions. Under typical ambient
conditions the ozone uptake coefficients of PAH-coated
aerosol particles are likely in the range of 10−6–10−5.

(3) Nitrogen dioxide undergoes competitive co-adsorption
with ozone. At ambient temperatures NO2 alone does
not efficiently degrade PAHs, but it can accelerate PAH
degradation by ozone. The accelerating effect of NO2
can be explained by the formation of highly reactive
NO3 radicals in the gas phase and on the surface.

(4) The chemical half-life of PAH is expected to range
from a few minutes on the surface of soot, to multi-
ple hours on solid organics and days on liquid particles.
On soot, PAH degradation appears to be dominated by
a surface layer reaction with adsorbed O3 (Langmuir-
Hinshelwood-type mechanism). On other substrates, it
seems to be dominated by gas-surface reaction with OH
and NO3 radicals (Eley-Rideal-type mechanism).

www.atmos-chem-phys.net/9/9571/2009/ Atmos. Chem. Phys., 9, 9571–9586, 2009
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(5) To our knowledge, K2-SURF is the first atmospheric
process model describing multiple types of parallel and
sequential surface reactions between multiple gaseous
and particle-bound chemical species. We propose that
K2-SURF may be used to design, analyze, and interpret
experiments for better understanding of heterogeneous
reaction systems. For example, systematic sensitiv-
ity studies can help to determine the range of exper-
imental conditions (reactant concentrations, reaction
time, etc.) that are likely to provide most informa-
tion and direct insight into possible reaction mecha-
nisms and the underlying physicochemical parameters
(e.g., Langmuir-Hinselwood-type vs. Eley-Rideal-type
mechanisms, physisorption vs. chemisorption, adsorp-
tion/desorption vs. chemical reaction rate coefficients,
etc.). Moreover, we suggest that K2-SURF may serve
as a basis for the development of a general master mech-
anism of aerosol and cloud surface chemistry.
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U., Baltensperger, U., Hov, Ø., Brenquier, J.-L., Pandis, S.
N., Facchini, M. C., Hansson, H.-C., Wiedensohler, A., and
O’Dowd, C. D.: Introduction: European Integrated Project on

Atmos. Chem. Phys., 9, 9571–9586, 2009 www.atmos-chem-phys.net/9/9571/2009/
42

http://www.atmos-chem-phys.net/7/6025/2007/
http://www.atmos-chem-phys.net/6/2017/2006/
http://www.atmos-chem-phys.net/9/5155/2009/


M. Shiraiwa et al.: Kinetic double-layer model (K2-SURF) 9585

Aerosol Cloud Climate and Air Quality interactions (EUCAARI)
- integrating aerosol research from nano to global scales, Atmos.
Chem. Phys., 9, 2825–2841, 2009,
http://www.atmos-chem-phys.net/9/2825/2009/.

Kuwata, M., Kondo, Y., Mochida, M., Takegawa, N., and Kawa-
mura, K.: Dependence of CCN activity of less volatile particles
on the amount of coating observed in Tokyo, J. Geophys. Res.,
112, D11207, doi:10.1029/2006JD007758, 2007.

Kwamena, N. O. A., Earp, M. E., Young, C. J., and Abbatt, J. P. D.:
Kinetic and product yield study of the heterogeneous gas-surface
reaction of anthracene and ozone, J. Phys. Chem. A, 110, 3638–
3646, 2006.

Kwamena, N. O. A., Staikova, M. G., Donaldson, D. J., George, I.
J., and Abbatt, J. P. D.: Role of the aerosol substrate in the het-
erogeneous ozonation reactions of surface-bound PAHs, J. Phys.
Chem. A, 111, 11050–11058, 2007.

Kwamena, N. O. A., Thornton, J. A., and Abbatt, J. P. D.: Kinetics
of surface-bound benzo[a]pyrene and ozone on solid organic and
salt aerosols, J. Phys. Chem. A, 108, 11626–11634, 2004.

Lammel, G., Sehili, A. M., Bond, T. C., Feichter, J., and Grassl,
H.: Gas/particle partitioning and global distribution of polycyclic
aromatic hydrocarbons – A modelling approach, Chemosphere,
76, 98–106, 2009.

Lee, J. Y. and Kim, Y. P.: Source apportionment of the particulate
PAHs at Seoul, Korea: impact of long range transport to a megac-
ity, Atmos. Chem. Phys., 7, 3587–3596, 2007,
http://www.atmos-chem-phys.net/7/3587/2007/.

Liu, Y., Sklorz, M., Schnelle-Kreis, J., Orasche, J., Ferge, T.,
Kettrup, A., and Zimmermann, R.: Oxidant denuder sampling
for analysis of polycyclic aromatic hydrocarbons and their oxy-
genated derivates in ambient aerosol: Evaluation of sampling
artefact, Chemosphere, 62, 1889–1898, 2006.

Marchand, N., Besombes, J. L., Chevron, N., Masclet, P., Aymoz,
G., and Jaffrezo, J. L.: Polycyclic aromatic hydrocarbons (PAHs)
in the atmospheres of two French alpine valleys: sources and
temporal patterns, Atmos. Chem. Phys., 4, 1167–1181, 2004,
http://www.atmos-chem-phys.net/4/1167/2004/.

Masel, R. I.: Principles of adsorption and reaction on solid surfaces,
John Wiley & Sons, 1996.

McCabe, J. and Abbatt, J. P. D.: Heterogeneous Loss of Gas-Phase
Ozone on n-Hexane Soot Surfaces: Similar Kinetics to Loss on
Other Chemically Unsaturated Solid Surfaces, J. Phys. Chem. C,
113, 2120–2127, 2009.

Messerer, A., Rothe, D., Niessner, R., and Pöschl, U.: Kinetic ob-
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Shiraiwa, M., Pfrang, C., and Pöschl, U.: Kinetic multi-layer model
of aerosol surface and bulk chemistry (KM-SUB): the influence
of interfacial transport and bulk diffusion on the oxidation of
oleic acid by ozone, submitted, 2009.

Springmann, M., Knopf, D. A., and Riemer, N.: Detailed hetero-
geneous chemistry in an urban plume box model: reversible
co-adsorption of O3, NO2, and H2O on soot coated with
benzo[a]pyrene, Atmos. Chem. Phys., 9, 7461–7479, 2009,
http://www.atmos-chem-phys.net/9/7461/2009/.

Stephens, S., Rossi, M. J., and Golden, D. M.: The heterogeneous
reaction of ozone on carbonaceous surfaces, Int. J. Chem. Kinet.,
18, 1133–1149, 1986.

Sullivan, R. C., Thornberry, T., and Abbatt, J. P. D.: Ozone decom-
position kinetics on alumina: effects of ozone partial pressure,
relative humidity and repeated oxidation cycles, Atmos. Chem.
Phys., 4, 1301–1310, 2004,
http://www.atmos-chem-phys.net/4/1301/2004/.

Tabor, K., Gutzwiller, L., and Rossi, M. J.: Heterogeneous
chemical-kinetics of NO2 on amorphous-carbon at ambient tem-
perature, J. Phys. Chem., 98, 6172–6186, 1994.

Thomas, E., Rudich, Y., Trakhtenberg, S., and Ussyshkin, R.: Water
adsorption by hydrophobic organic surfaces: Experimental evi-
dence and implications to the atmospheric properties of organic
aerosols, J. Geophys. Res.-Atmos., 104, 16053–16059, 1999.

Vieceli, J., Roeselova, M., Potter, N., Dang, L. X., Garrett, B.
C., and Tobias, D. J.: Molecular dynamics simulations of atmo-
spheric oxidants at the air-water interface: Solvation and accom-
modation of OH and O3, J. Phys. Chem. B, 109, 15876–15892,
2005.

Wu, C. H., Salmeen, I., and Niki, H.: Fluorescence spectroscopic
study of reactions between gaseous ozone and surface-adsorbed
polycyclic aromatic-hydrocarbons, Environ. Sci. Technol., 18,
603–607, 1984.

Atmos. Chem. Phys., 9, 9571–9586, 2009 www.atmos-chem-phys.net/9/9571/2009/
44

http://www.atmos-chem-phys.net/9/7461/2009/
http://www.atmos-chem-phys.net/4/1301/2004/


B2) Pfrang et al., Atmos. Chem. Phys., 2010 
 
 

Coupling aerosol surface and bulk chemistry with a kinetic double layer model (K2–
SUB): an exemplary study of the oxidation of oleic acid by ozone 

 
 
 

Christian Pfrang1,2, Manabu Shiraiwa2, and Ulrich Pöschl2 
 

1. University of Reading, Department of Chemistry, P. O. BOX 224, Whiteknights, Reading RG6 6AD, UK 
2. Max Planck Institute for Chemistry, Department of Biogeochemistry 

J.J. Becherweg 27/29, D55128, Mainz, Germany 
 
 
 
 

Atmospheric Chemistry and Physics 10: 4357-4557, 2010. 
 
 
 

Authors contributions. 
 

CP and UP designed research. CP analyzed data and performed kinetic modeling. MS contributed to 
kinetic modeling. CP, MS, and UP discussed the results. CP wrote the paper. 

  

45



Atmos. Chem. Phys., 10, 4537–4557, 2010
www.atmos-chem-phys.net/10/4537/2010/
doi:10.5194/acp-10-4537-2010
© Author(s) 2010. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Coupling aerosol surface and bulk chemistry with a kinetic double
layer model (K2-SUB): oxidation of oleic acid by ozone

C. Pfrang1,2, M. Shiraiwa2, and U. Pöschl2
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Abstract. We present a kinetic double layer model coupling
aerosol surface and bulk chemistry (K2-SUB) based on the
PRA framework of gas-particle interactions (Pöschl-Rudich-
Ammann, 2007). K2-SUB is applied to a popular model
system of atmospheric heterogeneous chemistry: the inter-
action of ozone with oleic acid. We show that our modelling
approach allows de-convoluting surface and bulk processes,
which has been a controversial topic and remains an impor-
tant challenge for the understanding and description of at-
mospheric aerosol transformation. In particular, we demon-
strate how a detailed treatment of adsorption and reaction at
the surface can be coupled to a description of bulk reaction
and transport that is consistent with traditional resistor model
formulations.

From literature data we have derived a consistent set of ki-
netic parameters that characterise mass transport and chem-
ical reaction of ozone at the surface and in the bulk of oleic
acid droplets. Due to the wide range of rate coefficients re-
ported from different experimental studies, the exact propor-
tions between surface and bulk reaction rates remain uncer-
tain. Nevertheless, the model results suggest an important
role of chemical reaction in the bulk and an approximate
upper limit of ∼10−11 cm2 s−1 for the surface reaction rate
coefficient. Sensitivity studies show that the surface accom-
modation coefficient of the gas-phase reactant has a strong
non-linear influence on both surface and bulk chemical reac-
tions. We suggest that K2-SUB may be used to design, inter-
pret and analyse future experiments for better discrimination

Correspondence to:C. Pfrang
(c.pfrang@reading.ac.uk)

between surface and bulk processes in the oleic acid-ozone
system as well as in other heterogeneous reaction systems of
atmospheric relevance.

1 Introduction

Atmospheric aerosols are highly variable components of the
Earth system that have a substantial impact on the hydro-
logical cycle and climate (Rosenfeld, 2000; Charlson et al.,
2001; Ramanathan et al., 2001; Breon et al., 2002; Penner
et al., 2004, Andreae et al., 2004; Pöschl, 2005; Fuzzi et al.,
2006; Bergstrom et al., 2007, Choularton et al., 2008; An-
dreae and Rosenfeld, 2008). Thus, full understanding of the
properties and transformation of aerosol particles is of key
importance for atmospheric science.

The oxidation of organic substances in the atmosphere is
predominantly initiated by hydroxyl radicals (OH), nitrate
radicals (NO3) and ozone (O3) (Wayne, 2000). While atmo-
spheric lifetimes of volatile organic compounds are largely
determined by the rate coefficients of the chemical reactions
with OH, NO3, and O3 (e.g. King et al., 1999; Pfrang et
al., 2006a, b, 2007 and 2008), mass transport parameters are
important additional factors for organic aerosol components.
Chemical reactions can occur at the surface and in the bulk
of aerosol particles, and the rates and relative proportions of
surface and bulk reactions are hardly known.

Experimental studies are often rationalised with traditional
“resistor” modelling formulations (e.g. Worsnop et al., 2002;
Smith et al., 2002; Hearn et al., 2005; Knopf et al., 2005;
Grimm et al., 2006; Gonzalez-Labrada et al., 2007; King et
al., 2008, 2009; Gross et al., 2009), but the applicability and
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usefulness of this approach is limited with regard to multi-
component systems and transient conditions.

To overcome these limitations, Pöschl et al. (2007) have
developed a kinetic flux modelling approach (PRA frame-
work) which enables a consistent and flexible treatment of
aerosol chemistry and gas-particle interactions, including
mass transport and chemical reactions in multiphase and
multi-component systems. Springmann et al. (2009) demon-
strated the applicability and usefulness of the PRA frame-
work in an urban plume box model of the degradation of
benzo[a]pyrene on soot by ozone and nitrogen dioxide. Shi-
raiwa et al. (2009) showed that the PRA approach can be ef-
ficiently applied to other polycyclic aromatic hydrocarbons
(PAHs) and photo-oxidants (O3, NO2, OH and NO3) with
multiple types of parallel and sequential surface reactions us-
ing a kinetic double-layer model (K2-SURF).

De-convolution of competing surface and bulk processes
is essential for a detailed understanding of aerosol transfor-
mation and ageing. A well studied model system for atmo-
spherically relevant heterogeneous reactions is the interac-
tion of oleic acid with atmospheric trace gases, in particu-
lar O3 (e.g. Smith et al., 2002; Hearn et al., 2005; Grimm
et al., 2006; Reynolds et al., 2006; Hung and Ariya, 2007;
Gonzalez-Labrada et al., 2007; Hearn and Smith, 2007; Lee
and Chan, 2007; Voss et al., 2007; Zahardis and Petrucci,
2007; King et al., 2008, 2009, 2010; Vesna et al., 2008a, b,
2009; Sage et al., 2009; Last et al., 2009).

Despite intense research efforts to fully understand the
oleic acid–ozone system, there remain large uncertainties
documented in the wide range of reported uptake coeffi-
cients varying by nearly four orders of magnitude (see Ta-
ble 1). There is also controversy on the relative importance of
bulk and surface processes (compare e.g. Hearn et al., 2005).
Here we demonstrate how the competing surface and bulk
processes can be de-convoluted with a kinetic double layer
model coupling surface and bulk chemistry (K2-SUB).

2 Modelling approach

Our kinetic double-layer model coupling aerosol surface and
bulk chemistry (K2-SUB) builds on the PRA framework
(Pöschl et al., 2007) and uses the same terminology. For def-
initions and detailed explanation of symbols see Appendices
A and B as well as P̈oschl et al. (2007). The mass balance
for a reactive liquid-phase species Y (e.g. oleic acid) can be
expressed as

dNy

dt
=

dNy,ss

dt
+

dNy,b

dt
=

d [Y]ss

dt
×Ass+

d [Y]b
dt

×Vb (1)

with Ny being the total number of Y molecules;Ny,ss and
Ny,b are the numbers of molecules in surface and bulk; [Y]ss
and [Y]b the surface and bulk concentrations of Y; andAss
andVb being surface area and bulk volume of the particle.

Expressed in fluxes:

d [Y]ss

dt
= Jb,ss,Y−Jss,b,Y−Lss,Y (2)

and

d [Y]b
dt

=
(
Jss,b,Y−Jb,ss,Y

)
×

Ass

Vb
+Lb,Y (3)

with the termsLss,Y and Lb,Y representing the chemical
loss of Y in surface and bulk;Jb,ss,Y = kb,ss,Y× [Y]b and
Jss,b,Y = kss,b,Y× [Y]ss are the fluxes of bulk-surface and
surface-bulk mass transport, respectively.

The uptake coefficient of a gas-phase species X (e.g. O3),
γ x, is defined by

γx =
Jads,X−Jdes,X

Jcoll,X
(4)

whereJads,X andJdes,X are fluxes of adsorption and desorp-
tion of X andJcoll,X corresponds to the gas kinetic flux of X
molecules colliding with the surface

Jcoll,X =
[X]gsωx

4
. (5)

[X] gs is the gas phase concentration of X near the surface.
For low values ofγ x and small particles (high Knudsen num-
ber,Knx = λxr

−1
p with λx corresponding to the mean free path

of X andrp being the particle radius), [X]gs equals the aver-
age gas phase concentration [X]g. In case of high uptake and
large particles, the rate of gas uptake can be limited by gas-
phase diffusion. Differences between [X]gs and [X]g can be
described by a diffusion correction factor (Cg,X) as detailed
by Pöschl et al. (2007). Figure 1 illustrates the structure of
the kinetic double-layer model (K2-SUB) presented here.

Assuming steady-state we obtain the following mass bal-
ance equation for X at the surface:

Jads,X−Jdes,X−Js,b,X+Jb,s,X−Ls,X = 0 (6)

Assuming near-planar geometry of the surface, the flux of
chemical loss of X in the sorption layer,Ls,X, can be equated
to the chemical loss of Y in the surface,Lss,Y:

Ls,X = kSLR,X,Y [X]s[Y]ss = ks,X× [X]s = Lss,Y. (7)

kSLR,X,Y is the second-order rate coefficient for the sur-
face layer reactions between X and Y andks,X is the cor-
responding pseudo-first order reaction rate coefficient. For
very small particles where the surface curvature is strong on
molecular scales, Eq. (7) could be corrected by the ratio of
sorption layer and quasi-static surface areas. The concentra-
tion of X at the surface, [X]s, is given by (terms are defined
in Appendices A and B):

[X]s = [SS]ss
K

′

ads,X[X]gs

1+K
′

ads,X[X]gs
. (8)
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Table 1. Experimental conditions and results of laboratory studies investigating the reactive uptake of ozone by oleic acid (compare Tables 1
and 2 in Zahardis and Petrucci, 2007; Gonzalez-Labrada et al., 2007 and King et al., 2009).

Method/ rp/ [O3]/ Timescale/ kSLR,X,Y/
detectiona µm cm−3 s cm2 s−1 γ x Reference

AFT/ CIMS 0.3–0.5 2.5×1015 4 (7.5±1.2)×10−4 Hearn and Smith
(2004)

AFT/ AMS 0.1–0.3 2.5×1014 7 (1.6±0.2)×10−3 Morris et al. (2002)
AFT/ Single parti-
cle MS

0.7–2.5 3.4×1015 8 (0.99±0.09) –

(7.3±1.5)×10−3b

(5.8–9.8)×10−3c

Smith et al. (2002)

AFT/ CIMS 0.3–0.6 2.5–25×1014 4 (1.38±0.06)×10−3

(8.8±0.5)×10−4d
Hearn et al. (2005)

EC/ TDPBMS 0.2 7×1013
∼15 (6.1±5)×10−4 Ziemann (2005)

AFT/ AMS 1–15 2.5×1014 (1.25±0.2)×10−3 Katrib et al. (2005)
CFT/ CIMS (O−

3 ) N/A 2–4×1012 (0.64±0.05)×10−4e

(7.9±0.3)×10−4f
Knopf et al. (2005)

CFT/ CIMS (O−

3 ) 500 1.0×1014 0.1 (5.2±0.1)×10−5e

(8.3±0.02)×10−4f
Moise and Rudich
(2002)

CFT/ CIMS (O−

3 ) 25 1011
−1012 >0.1 (8.0±1.0)×10−4 Thornberry and

Abbatt (2004)
Monolayer on pen-
dant drop/ ST

N/A 7–615×1012
∼500 4.9×10−11 (2.6±0.1)×10−6 Gonzalez-Labrada

et al., 2007
Deuterated mono-
layer on Langmuir
trough/ NR

N/A 4.2–12×1012
∼6000 (7.3±0.9)×10−11 and

(2.1±2.7)×10−12g
∼4×10−6 King et al., 2009

a AFT: aerosol flow tube; CIMS: chemical ionisation mass spectrometry; CFT: coated flow tube; AMS: aerosol mass spectrometry; EC:
environmental chamber; TDPBMS: thermal desorption particle beam mass spectrometry; MS: mass spectrometry; ST: surface tension mea-
surement; NR: neutron reflectometry.
b This corresponds to a radii range of monodisperse particles respectively from 2.45 µm to 680 nm with other values for different diameter
particles given in the original work.
c These are the corrected values when accounting for the diffusion of oleic acid; see original work for more details.
d This is a corrected value accounting for oleic acid loss via secondary chemistry; see the original work for more details.
eThis value is for solid-phase oleic acid; see the original work for more details.
f This value is liquid-phase oleic acid; see the original work for more details.
g Two branches have been reported with the the dominating branch (branching ratio 0.86) being the faster reaction which leads to formation
of surface active products (see King et al., 2009 for more details).

Under steady-state conditions, the reacto-diffusive flux of X
in the particle bulk (Jb,rd,X) can be related to the flux of bulk-
surface and surface-bulk transfer of X in the sorption layer
(Jb,s,X andJs,b,X) by the following equation

Jb,rd,X = Js,b,X−Jb,s,X. (9)

Jb,rd,X can be re-written as

Jb,rd,X = Cb,rd,X
√

kb,XDb,X [X]bs. (10)

Provided that the interfacial mass transfer proceeds faster
than the chemical loss of X, the near-surface bulk concen-
tration [X]bs can be approximated by

[X]bs = Ksol,cp,XRT [X]gs. (11)

The pseudo-first order loss rate coefficientkb,X is given by

kb,X = kBR,X,Y × [Y]b (12)

with kBR,X,Y corresponding to the second-order bulk reac-
tion rate coefficient (the other parameters from Eq. (10) are
defined in Appendices A and B).Jb,rd,X thus represents both
diffusion and reactive loss of X in the particle bulk.

Assuming that the chemical loss of X equals the chemical
loss of Y (stoichiometric coefficients of unity) we can write

Lb,Y = Jb,rd,X×
Ass

Vb
. (13)

Note that Eq. (13) could be flexibly modified to account
for stoichiometric coefficients deviating from unity. Re-
cently, Sage et al. (2009) suggested that the stoichiometric
ratio between oleic acid and ozone can vary and might be as
high as 3.75 under certain conditions. Nevertheless, the un-
certainties in reaction stoichiometry appear to be lower than
the uncertainties of reaction rate coefficients as discussed
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Fig. 1. Kinetic double-layer surface model (K2-SUB):(a) model compartments and distances from the particle centre;(b) model species,
transport fluxes (black arrows) and chemical reactions (red arrows).rp is the particle radius,δX andδY are the effective molecular diameters
and molecular layer thicknesses for volatile species X and non-volatile species Y, respectively;λx is the mean free path of X in the gas phase.

above (Sect. 1, Table 1). Thus, we do not explore this as-
pect in the present study.

By inserting Eqs. (7), (10) and (13) into Eqs. (1), (2) and
(3) we obtain

dNy,ss

dt
=

d [Y]ss

dt
×Ass = { kb,ss,Y× [Y]b−kss,b,Y× [Y]ss

−kSLR,X,Y [X]s[Y]ss}×Ass (14)

and

dNy,b

dt
=

d [Y]b
dt

×Vb = { kss,b,Y× [Y]ss−kb,ss,Y× [Y]b

−Cb,rd,X
√

kb,XDb,X [X]bs}×Ass. (15)

Thus

d [Y]b
dt

= { kss,b,Y× [Y]ss−kb,ss,Y× [Y]b

−Cb,rd,X
√

kb,XDb,X [X]bs}×
Ass

Vb
, (16)

and for a spherical particle with a radius much larger than the
effective molecular diameter of Y (rp � δY)

d [Y]b
dt

= { kss,b,Y× [Y]ss−kb,ss,Y× [Y]b

−Cb,rd,X
√

kb,XDb,X [X]bs}×
3

rp
(17)

Under steady-state conditions, using Eqs. (4), (6) and (9) the
uptake coefficient can be described as

γx =
Jb,rd,X+Ls,X

Jcoll,X
. (18)

This expression can be re-formulated in the popular resistor
model approach (compare Pöschl et al., 2007; Eqs. 105–124)
as sum of resistance terms

1

γx
=

1

αs,X
+

1

αs,X
ks,X
kd,X

+
1

1

αs,X
ks,b,X
kd,X

+
1

αs,X
ks,b,X
kd,X

Cb,X
√

kb,XDb,X
kb,s,X

(19)

or by inserting inverse resistance (conductance) terms

1

γx
=

1

αs,X
+

1

0s,X+
1

1
0s,b,X

+
1

0b,X

(20)

with conductance terms for surface reaction of X,

0s,X =
4ka,Xks,X

kd,Xωx
, (21)

for surface-bulk transfer of X

0s,b,X = αs,X
ks,b,X

kd,X
, (22)

and for particle bulk diffusion and reaction of X

0b,X =
4

ωx

Ksol,cp,XRT Cb,rd,X
√

kb,XDb,X. (23)

Our modelling approach is designed to be compatible with
resistor-model formulations (e.g. Worsnop et al., 2002;
Smith et al., 2002; King et al., 2008, 2009), as derived in
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detail in Appendix C. Please note that the advantage of the
K2-SUB approach is that we are not limited to special cases,
i.e. we can describe any combination of surface and bulk re-
actions and transport at any reactivity ratio. K2-SUB pro-
vides a general set of equations that describe all physico-
chemical processes involved. It enables free variation of all
relevant parameters in particular mass transfer and reaction
rate coefficients. It thus can describe limiting cases as well as
any state in between depending on the investigated reaction
systems, conditions and rate parameters. The added flexibil-
ity compared to previous approaches also facilitates descrip-
tion of Langmuir-Hinshelwood- and Eley-Rideal-type reac-
tion mechanisms.

3 Derivation of kinetic parameters for the oxidation of
oleic acid particles by ozone

In this study we have focused on the simulation of ex-
perimental data from Ziemann (2005), who reported time-
resolved concentration data of oleic acid in fine droplets
(rp = 0.2 µm) interacting with ozone at a fixed gas-phase con-
centration level ([X]gs = 6.95×1013 cm−3 corresponding to
2.8 ppm). Unfortunately, many other studies have reported
changes in concentration only as a function of ozone expo-
sure (product of ozone concentration and time), which is less
suitable for detailed process modelling. For consistent de-
scription and comparison of surface, bulk and total amounts
of oleic acid in the investigated particles, we have multi-
plied the volume concentrations reported by Ziemann (2005)
with the particle volume (Vp = 4/3πr3p) to obtain the absolute
number of molecules.

For the initial concentration of pure oleic acid we took
[Y] b,0 = 1.21×1021 cm−3 corresponding to 3.15 mol L−1 as
reported by Ziemann (2005). From the concentration of the
pure substance we derived an approximate value for the ef-
fective molecular diameter of oleic acid,δY :

[Y]b,0≈
1

δ3
Y

. (24)

FromδY ≈ 0.8 nm we obtained an approximate value for the
effective molecular cross-sectionσy ≈ δ2

Y ≈ 0.064 nm2. The
initial surface concentration of oleic acid ([Y]ss,0) was ob-
tained from the relation

[Y]ss,0 = δY × [Y]b,0. (25)

Values forkb,ss,Y andkss,b,Y are derived by considering the
average distance travelled by molecules diffusing in one di-
rection (Atkins, 1998):√

x2 =

√
4Dbt

π
, (26)

with x corresponding to a distance the molecule needs to
travel (this equalsδY , in our case 0.8 nm) andDb being the
diffusion coefficient (for oleic acidDb,Y is assumed to be

10−10 cm2 s−1; this corresponds to the lowest value assumed
by Smith et al. (2003) when testing possible effects of slow
diffusion in pure oleic acid droplets). For a droplet of 200 nm
there is no oleic acid concentration gradient to be expected in
the droplet since the small droplets can be assumed to be well
mixed (Smith et al., 2002). For larger droplets a diffusion
correction has been suggested (Smith et al., 2003), and this
aspect is further explored in a follow-up study (Shiraiwa et
al., 2010). An oleic acid molecule would take approximately
50 µs to travel the distance ofδY , so that we obtain a “trans-
port velocity” (kb,ss,Y) of 1.6×10−3 cm s−1. This transport
velocity can be related tokss,b,Y by

kb,ss,Y× [Y]b,max = kss,b,Y× [Y]ss,max. (27)

The surface concentration is assumed to be limited by the
number of surface sites with

[Y]ss,max =
1

δ2
Y

= 1.56×1014cm−2 (28)

and

[Y]b,max =
1

δ3
Y

= 1.95×1021cm−3. (29)

We thus obtain a value forkss,b,Y of 1.99×104s−1.
The same line of thought presented for the oleic acid

transport velocity (kb,ss,Y) was followed to derive the trans-
port velocity for ozone (kb,s,X). Using a diffusion coeffi-
cient for ozone (Db,X) in organic solvents of 10−5 cm2 s−1

(Smith et al., 2002, 2003) andδX for ozone of 0.4 nm (de-
rived from Eq. (28) with a value for surface sites for ozone
of 5.7×1014 cm−2 reported by P̈oschl et al., 2001; compare
also a computational study by Vieceli et al., 2004), we obtain
from Eq. (26) thatkb,s,X is 318 cm s−1.

ks,b,X however can be expected to be substantially differ-
ent from kss,b,Y. As opposed tokb,s,X, kb,ss,Y and kss,b,Y,
ks,b,X is not isotropic and the ozone molecules will expe-
rience forces significantly different from those experienced
by the oleic acid molecules. We thus derivedks,b,X by fit-
ting the value ofKsol,cp,X to match the literature value of
Henry’s law coefficient (Hcp,X = 4.8×10−4 mol cm−3 atm−1;
e.g. Smith et al., 2002; King et al., 2009). The two other pa-
rameters affectingKsol,cp,X in our treatment have been varied
within the rangeskd,X = 1–103 s−1 andαs,0,X = 4×10−4–
1 (compare experimental values summarised in Shiraiwa et
al., 2009: kd,X = 0.1–102 s−1 and αs,0,X ≈ 10−3 for O3).
The experimental data (Ziemann, 2005) can be matched for
kd,X = 102 s−1 andαs,0,X = 4.2×10−4, i.e. for the minimum
value forks,b,X of 9.8×104 s−1 (base case 1, BC1). Please
note thatαs,0,X is a critical parameter with a highly non-
linear impact on chemical losses in both surface and bulk (as
shown in the sensitivity study in Sect. 4). For reasonable re-
action rate coefficients andkd,X values similar to those used
in Shiraiwa et al. (2009), experimental data (Hcp,X and the
temporal evolution of the oleic acid concentration measured
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by Ziemann, 2005) can be matched forαs,0,X ≈ 4×10−4–
10−3. However, it should be noted that the experimental data
can also be reproduced with other combinations ofαs,0,X
andkd,X, that are closer to predictions from molecular dy-
namic simulations for related systems (e.g.αs,0,X ≈ 10−2

andkd,X ≈ 109 s; compare Vieceli et al. (2005) for a com-
putational study of ozone at the air–water interface). These
aspects will be further investigated in follow-up studies. For
BC1 we chose the lower value forαs,0,X to be able to match
the reported bulk reaction rate coefficient, while the higher
value forαs,0,X was employed in base case 2 (BC2) with a
reduced bulk reactivity (for BC2 we usedαs,0,X = 8.5×10−4,
kd,X = 103 s−1 andks,b = 4.85×105 s−1).

In analogy to Eq. (27) we can estimate [X]s,max

kb,s,X× [X]b,max = ks,b,X× [X]s,max. (30)

The surface reactivity has been estimated considering ex-
perimental values from King et al. (2009) and Gonzalez-
Labrada et al. (2007) for monolayers of oleic acid on
an aqueous sub phase: two branches have been found
by King et al. (2009) with second-order rate coefficients
of k1 = 7.3×10−11 cm2 s−1 and k2 = 2.1×10−12 cm2 s−1

and branching ratios (for deuterated oleic acid) of
k1/k2 = 0.86/0.14. Gonzalez-Labrada et al. (2007) re-
ported a rate coefficient of 4.9×10−11 cm2 s−1. Rosen
et al. (2008) reported first-order rate coefficients for reac-
tions of O3 with oleic acid on silica and polystyrene la-
tex core particles of 0.64–2.2 s−1 suggesting a much smaller
surface rate coefficient of∼1–5×10−15 cm2 s−1 (when as-
suming saturation of the surface sorption sites). We used
kSLR,X,Y = 6×10−12 cm2 s−1 for the surface reaction on a
droplet of pure oleic acid which is approximately one or-
der of magnitude below the experimental values reported for
oleic acid monolayers on aqueous sub phases. A surface re-
action of a pure oleic acid droplet slower than that of a mono-
layer of oleic acid on an aqueous sub phase can be ratio-
nalised since an aqueous sub phase will lead to a reasonably
well aligned hydrophobic (but bent) tail of oleic acid contain-
ing the reactive site (double bond) sticking out of the liquid
phase which is likely to facilitate attack by ozone. In pure
oleic acid we would expect a random orientation of oleic acid
molecules on the surface and thus a somewhat reduced reac-
tivity. The chosen value forkSLR,X,Y is substantially above
the estimated rate coefficient derived from work by Rosen et
al. (2008) since SEM images in Rosen et al.’s paper indicate
that oleic acid was present in small islands on the particle
surface rather than in a layer, so that the number of surface
sorption sites is likely to be substantially reduced leading to
a higher (but undetermined) rate coefficient.

The bulk reaction rate coefficient for reaction of ozone
with oleic acid has been measured by Razumovskii et
al. (1972) and confirmed using a “Double Bond Analyser”
by Titov et al. (2005) for oleic acid dissolved in CCl4 to be
kBR,X,Y = 1.7×10−15 cm3 s−1 (corresponding to the reported
value of 1×106 L mol−1 s−1). This rate coefficient has been

used in many previous studies (e.g. Smith et al., 2002 or King
et al., 2009).

In view of the large uncertainty and the lack of experi-
mental data on surface reactivity for droplets of pure oleic
acid we chose two base cases for our model validation:
in base case 1 (BC1) we employ Titov et al.’s value for
kBR,X,Y (together withkd,X = 100 s−1, αs,0,X = 4.2×10−4

andks,b,X = 9.8×104 s−1) for the droplet of pure oleic acid
to fit the experimental data by Ziemann (2005) andHcp,X;
base case 2 (BC2) uses conditions where bulk and surface re-
actions are of similar importance assuming∼30 times lower
kBR,X,Y of 5×10−17 cm3 s−1 (together withkd,X = 1000 s−1,
αs,0,X = 8.5×10−4 andks,b,X = 4.85×105 s−1). Further input
parameters are detailed in Appendix D.

4 Simulation results and discussion

K2-SUB was applied to illustrate the relative importance of
surface and bulk losses of the liquid-phase species in dif-
ferent regimes. We simulated experimental data (Ziemann,
2005) in two base cases and then performed detailed sen-
sitivity studies: base case 1 (BC1) assumes fast bulk reac-
tion (using Titov et al.’s value for bulk reactivity) while base
case 2 (BC2) illustrates the importance of surface processes
in the oleic acid-ozone system at reduced bulk reactivity. Se-
lected results are presented here, while the complete set of
data is tabulated in Table 2 and presented in the electronic
supplement (see http://www.atmos-chem-phys.net/10/4537/
2010/acp-10-4537-2010-supplement.zip).

4.1 Base case 1 (BC1): fast bulk reaction

In base case 1 the experimental results are matched for
kSLR,X,Y = 6× 10−12 cm2 s−1 andkBR,X,Y = 1.7× 10−15

cm3 s−1 as illustrated in Fig. 2a–c. Figure 2a shows the
time evolution of the uptake coefficient and the total number
of oleic acid molecules as a function of time. The experi-
mental data (presented as black symbols; Ziemann, 2005) is
matched by the simulated decay (red line) and the uptake co-
efficient (black line) shows an initial plateau before dropping
off after ca. 30 s. Figure 2b illustrates the changes in concen-
trations of ozone and oleic acid at the surface (red lines) and
in the droplet bulk (blue lines). Initially, there is no ozone
in the droplet and ozone is taken up into the particle as oleic
acid reacts away. Figure 2c shows the relative importance
of bulk and surface processes for the turnover in the droplet.
The dashed lines indicate the change in the numbers of oleic
acid molecules at the surface (red line) and in the bulk (blue
line) as a function of time. For the 0.2 µm droplet of pure
oleic acid there are obviously many more molecules in the
bulk than at the particle surface.

For direct comparison of the rates of conversion at the
surface and in the bulk of the particle, we define abso-
lute loss rates (solid lines in Fig. 2c) as the products of
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Table 2. Physico-chemical parameters investigated in the model simulations (base cases and sensitivity studies; the complete set of data is
presented in the electronic supplement, see http://www.atmos-chem-phys.net/10/4537/2010/acp-10-4537-2010-supplement.zip).

Model scenario Run rp/ αs,0,X/ kd,X/ Db,X/ Db,Y/ ks,b,X/ kSLR,X,Y/ kBR,X,Y /
10−5 m 10−4 102 s−1 10−5c m2 s−1 10−10cm2 s−1 104 s−1 10−12cm2 s−1 10−16cm3 s−1

Basecase1 (BC1) 1 2 4.2 1 1 1 9.8 6 17
Bulk reaction only 2 2 4.2 1 1 1 9.8 0 17
Surface reaction only 3 2 4.2 1 1 1 9.8 6 0
kSLR,X,Y/ 10 4 2 4.2 1 1 1 9.8 0.6 17
kSLR,X,Y× 10 5 2 4.2 1 1 1 9.8 60 17
kBR,X,Y× 10 6 2 4.2 1 1 1 9.8 6 170
kBR,X,Y / 10 7 2 4.2 1 1 1 9.8 6 1.7
Hcp,X/ 10 8 2 4.2 1 1 1 9.8 6 17
Hcp,X× 8 9 2 4.2 1 1 1 9.8 6 17
[X] gs/ 10 10 2 4.2 1 1 1 9.8 6 17
[X] gs× 10 11 2 4.2 1 1 1 9.8 6 17
Db,X/ 10 12 2 4.2 1 0.1 1 9.8 6 17
Db,X× 10 13 2 4.2 1 10 1 9.8 6 17
Db,Y× 103 14 2 4.2 1 1 1000 9.8 6 17
rp× 5 15 10 4.2 1 1 1 9.8 6 17
rp/ 2 16 1 4.2 1 1 1 9.8 6 17
rp/ 4 17 0.5 4.2 1 1 1 9.8 6 17
kd,X/ 2; αs,0,X/ 2 18 2 2.1 0.5 1 1 9.8 6 17
kd,X× 2; αs,0,X× 2 19 2 8.4 2 1 1 9.8 6 17
ks,b,X/ 2; αs,0,X× 2 20 2 8.4 1 1 1 4.9 6 17
ks,b,X× 2; αs,0,X/ 2 21 2 2.1 1 1 1 19.6 6 17
Surface reaction only to
match experiment

22 2 4.2 1 1 1 9.8 10 0

Bulk reaction only to match
experiment

23 2 4.2 1 1 1 9.8 0 18

Base case 2 (BC2) 24 2 8.5 10 1 1 48.5 6 0.5
Bulk reaction only 25 2 8.5 10 1 1 48.5 0 0.5
Surface reaction only 26 2 8.5 10 1 1 48.5 6 0
kSLR,X,Y/ 10 27 2 8.5 10 1 1 48.5 0.6 0.5
kSLR,X,Y× 10 28 2 8.5 10 1 1 48.5 60 0.5
kBR,X,Y× 10 29 2 8.5 10 1 1 48.5 6 5
kBR,X,Y / 10 30 2 8.5 10 1 1 48.5 6 0.05
Hcp,X/ 10 31 2 8.5 10 1 1 48.5 6 0.5
Hcp,X× 8 32 2 8.5 10 1 1 48.5 6 0.5
[X] gs/ 10 33 2 8.5 10 1 1 48.5 6 0.5
[X] gs× 10 34 2 8.5 10 1 1 48.5 6 0.5
Db,X/ 10 35 2 8.5 10 0.1 1 48.5 6 0.5
Db,X× 10 36 2 8.5 10 10 1 48.5 6 0.5
Db,Y× 103 37 2 8.5 10 1 1000 48.5 6 0.5
rp× 5 38 10 8.5 10 1 1 48.5 6 0.5
rp/ 2 39 1 8.5 10 1 1 48.5 6 0.5
rp/ 4 40 0.5 8.5 10 1 1 48.5 6 0.5
kd,X/ 2; αs,0,X/ 2 41 2 4.25 5 1 1 48.5 6 0.5
kd,X× 2; αs,0,X× 2 42 2 17 20 1 1 48.5 6 0.5
ks,b,X/ 2; αs,0,X× 2 43 2 17 10 1 1 24.3 6 0.5
ks,b,X× 2; αs,0,X/ 2 44 2 4.25 10 1 1 97 6 0.5
Surface reaction only to
match experiment

45 2 8.5 10 1 1 48.5 10 0

Bulk reaction only to match
experiment

46 2 8.5 10 1 1 48.5 0 1.2

concentration-based chemical loss rates with the surface area
and bulk volume, respectively:L∗

ss,Y = Lss,Y× Ass and
L∗

b,Y = Lb,Y × Vb. Figure 2c shows the relative impor-
tance of surface and bulk loss: during the first 30 s initial

period ca. twice as many molecules are lost in the bulk than
at the surface, and the absolute bulk loss rate remains domi-
nant throughout the model run.
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Fig. 2. Temporal evolution of aerosol particle composition and kinetic parameters in base case 1 (BC1; X = O3, Y = oleic acid):(a) ozone
uptake coefficient (γx) and total number of oleic acid molecules (Ny; symbols indicate experimental data from Ziemann, 2005);(b) surface
and bulk concentrations (square brackets);(c) numbers of oleic acid molecules at the surface and in the bulk of the particle (Ny,ss, Ny,b) and
corresponding absolute loss rates (L∗

ss,Y = Lss,Y×Ass, L∗
b,Y = Lb,Y ×Vb).

BC1 sensitivity study

In order to establish the dependencies of our results on the
chosen set of kinetic input parameters for our base model
BC1 (justified in Sect. 3 and detailed in Appendix D) we
varied all parameters and the complete set of results of these
sensitivity studies are presented in the electronic supplement
(a summary of the model conditions is given in Table 2). Ini-
tially we variedkSLR,X,Y, kBR,X,Y , Ksol,cp,X, and [X]gs.

Solubility

Assuming∼one order of magnitude difference in the Henry’s
law coefficients (see Fig. 3a and b) leads to substantial devi-
ations from the experimental data with a higher coefficient
showing dramatically faster decay of oleic acid (Ksol,cp,X
could only be increased eight fold, since higher values cause
problems for the Matlab solver for long reaction times). This
strong dependence onKsol,cp,X demonstrates thatKsol,cp,X
has a larger influence on the decay behaviour than variations
in the reaction parameters.

Diffusivity

We also varied the diffusion coefficients:Db,X was altered
by one order of magnitude (see Fig. 4a and b) and we in-
creasedDb,Y by three orders of magnitude (corresponding to
the largest oleic acid diffusion coefficient chosen by Smith
et al., 2003). A change ofDb,X leads to a deviation from
the experimental data (compare Fig. 4a and b with Fig. 2c),
i.e. ozone diffusion has an impact on the turnover in the
droplet. Fig. 4b illustrates how for slow diffusion of X the
surface loss initially dominates the total loss of Y, while the
bulk loss becomes dominant after∼20 s. The figure also
suggests that even during the initial surface-dominated de-
cay most molecules that are being lost originate from the
bulk, i.e. bulk-to-surface transport of oleic acid is relatively
fast and the chemical reaction at the surface is the rate-
determining step. The system is not sensitive even to a
three orders of magnitude change ofDb,Y, so that oleic acid
diffusion is clearly not limiting the loss of reactants (see
run 14 tabulated in Table 2 and illustrated in the electronic
supplement, see http://www.atmos-chem-phys.net/10/4537/
2010/acp-10-4537-2010-supplement.zip).
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Fig. 3. Temporal evolution of aerosol particle composition and ki-
netic parameters in sensitivity studies for BC1 withKsol,cp,X (a)
eight fold above the literature value and(b) ten fold below. Plots
are analogous to Fig. 2c.

Particle size

We tested the model for a range of droplet radii of 1000, 100
and 50 nm as shown in Fig. 5a–c. Unsurprisingly larger par-
ticles require longer reaction times. Due to the change in sur-
face to volume ratio the relative contribution from the surface
reaction becomes more important for smaller particles.

Surface accommodation

For BC1 the model is relatively insensitive to changes in the
rate coefficients for chemical reaction. Under these condi-
tions the reactive decay is limited by transport of ozone into
the bulk. The sensitivity studies illustrate that the surface ac-
commodation coefficient (αs,0,X) is particularly important in
this regime: massive deviations are seen when varyingαs,0,X
(see Fig. 6a and b).

Fig. 4. Temporal evolution of aerosol particle composition and ki-
netic parameters in sensitivity studies for BC1 withDb,X (a) ten
fold above the literature value and(b) ten fold below. Plots are
analogous to Fig. 2c.

Exclusive surface or bulk reaction

As illustrated in Fig. 7, we can also match the experimen-
tal results fairly well in sensitivity studies where we as-
sumed that chemical reactions proceed either only at the sur-
face (kSLR,X,Y = 1×10−11 cm2 s−1) or only in the bulk (with
kBR,X,Y = 1.8×10−15 cm3 s−1). Up to 30 s the temporal evo-
lution of the observable parametersNy andγ x in both sce-
narios is similar to each other and to BC1, but at the end of
the model run (after 40 s) the surface reaction would still be
going on whereas practically all oleic acid would have been
consumed in the bulk reaction (Ny ≈ 0 andγ x ≈ 0). Thus we
suggest that future experimental studies should aim at cov-
ering longer reaction times to allow for better discrimination
of surface and bulk processes.

4.2 Base case 2 (BC2): slow bulk reaction

Details of the model and input parameters for base
case 2 (BC2) are justified in Sect. 3 and given in Ap-
pendix D. Selected results of the calculations are presented
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Fig. 5. Temporal evolution of aerosol particle composition and kinetic parameters in sensitivity studies for BC1 with a range of droplet radii:
(a) 1000 nm,(b) 100 nm and(c) 50 nm. Plots are analogous to Fig. 2c.

here (the full data set is presented in the electronic
supplement and tabulated in Table 2). Figure 8a–
c shows that experimental results are matched for the
chosen conditions forkSLR,X,Y = 6×10−12 cm2 s−1 and
kBR,X,Y = 5×10−17 cm3 s−1. These conditions lead to very
similar proportions of absolute bulk and surface loss rates
(see solid lines in Fig. 8c).

A general feature of BC2 compared to BC1 is the fact
that after ∼30 s the decay of oleic acid proceeds much
slower (compare e.g. Figs. 2a and 8a). This behaviour can
be explained by the different bulk reaction rate coefficients
and the temporal evolution of the reacto-diffusive length

(lrd,X =

√
Db,X

/
kb,X

), which can be regarded as the dis-

tance from the surface up to which the chemical reaction pro-
ceeds effectively (Finlayson-Pitts and Pitts, 2000; Pöschl et
al., 2007).

In BC1 the bulk reaction rate coefficient is high
(kBR,X,Y = 1.7×10−15 cm3 s−1) but the initial value oflrd,X
is as small as∼20 nm, indicating that the reaction proceeds
fast but only close to the surface. After∼30 s,lrd,X increases
steeply and oleic acid is quickly depleted throughout the bulk
of the particle.

In BC2 the bulk reaction rate coefficient is by a factor of
∼30 lower (kBR,X,Y = 5×10−17 cm3 s−1) and the initial value
of lrd,X is as large as∼130 nm, indicating that the reaction
proceeds slow and throughout the bulk of the particle. Due to

the low value ofkBR,X,Y the depletion of oleic acid continues
to proceed slowly also after∼30 s. Further details and effects
of bulk reactivity, concentration gradients and diffusion are
explored and discussed in a follow-up study (Shiraiwa et al.,
2010).

BC2 sensitivity study

In order to establish the dependencies of our results on the
chosen set of kinetic input parameters for BC2 we varied all
parameters and detailed results of this sensitivity study are
presented in the electronic supplement together with those
for BC1.

First we variedkSLR,X,Y, kBR,X,Y , Ksol,cp,X, and [X]gs.
The model is clearly sensitive to small changes in the re-
activity both on the surface and in the bulk of the droplet
(much more so than BC1: compare runs 4–7 with runs
27–30 tabulated in Table 2 and illustrated in the electronic
supplement, see http://www.atmos-chem-phys.net/10/4537/
2010/acp-10-4537-2010-supplement.zip), so that the model
results deviate substantially for the low and high rate coeffi-
cients tested.

Solubility

The effect of changing the Henry’s law coefficients by∼one
order of magnitude is even stronger than that for BC1
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which can be attributed to the fact that the reaction proceeds
throughout the bulk of the particle and is not limited by the
reacto-diffusive length (lrd,X) as discussed above (Sect. 4.2.).

Diffusivity

A reduction of the diffusion coefficientDb,X does show a
small deviation from the experimental data, while an increase
results in no significant deviation, i.e. ozone diffusion has a
small impact on the turnover in the droplet. The system is
not sensitive even to three orders of magnitude largerDb,Y,
so that oleic acid diffusion is again not limiting the loss of
reactants.

Particle size

We also tested the model for a range of droplet radii of 1000,
100 and 50 nm showing a similar picture to BC1 (compare
runs 38–40).

Surface accommodation

In base case 2 surface and bulk reaction rate coefficients be-
come both much more important than in BC1. The turnover
in the droplet is thus not limited by transport, but by chemical
reaction. Nevertheless, the assumed value forαs,0,X remains
important.

Our study underlines the strong influence ofαs,X in
all conditions which becomes apparent when inspecting
Eq. (19):αs,X appears in all terms and our modelling results
demonstrate its highly non-linear impact on reactive losses in
atmospheric particles. More experimental data are needed to
better pin downαs,0,X. Our analysis also demonstrates that it
is vital to use a model when designing an experimental study
to be able to choose the most insightful experimental condi-
tions: BC1 and BC2 show substantial deviations for reaction
times above∼30 s, but experimental data are only available
for the first 15 s, so that both base cases fit the experiment.
BC1 accommodates the fast bulk reaction rate coefficient re-
ported by Titov et al. (2005), while BC2 is compatible with
the experimental data only for substantially slower bulk re-
action.

Exclusive surface or bulk reaction

The experimental results, i.e. the first 15 s of
oleic acid decay, can also be matched when as-
suming exclusive surface or bulk reaction (see
Fig. 9a and b) with kSLR,X,Y = 1×10−11 cm2 s−1 or
kBR,X,Y = 1.2×10−16 cm3 s−1, respectively. These results
indicate for both base cases (BC1 and BC2) that the surface
reaction of a pure oleic acid droplet is slower than that of a
monolayer of oleic acid on an aqueous sub phase (compare
Gonzalez-Labrada et al., 2007 and King et al., 2009) which
can be rationalised by the lack of alignment of oleic acid
molecules in organic rather than aqueous solution. This

Fig. 6. Temporal evolution of aerosol particle composition and
kinetic parameters in sensitivity studies for BC1 for(a) doubling
and(b) halvingαs,0,X (while compensating withkd,X to maintain
agreement with the experimental Henry’s law coefficientHcp,X).
Plots are analogous to Fig. 2c.

different orientation is likely to reduce the surface reactivity
(compare discussion in Sect. 3). Overall, the results suggest
an upper limit for the surface reaction of∼1×10−11 cm2 s−1

for the chosen set of input parameters. However, it should
be noted that the upper limit for the surface rate coefficient
would be∼one order of magnitude higher if the desorption
lifetime of ozone at the interface would be as short as nano-
to pico-seconds (compare Vieceli et al., 2005 for a study
of ozone at the air–water interface). Vieceli et al. (2004)
found that the collision rate between ozone and a double
bond is sensitive to several factors, including the extent
of localization of the double bonds in the system and the
distance that ozone diffuses into the organic phase. These
aspects will be further investigated in follow-up studies.

4.3 Comparison with literature: surface vs. bulk
reactivity and secondary chemistry

Hearn et al. (2005) studied the reaction of polydisperse oleic
acid particles (mean radii∼400 nm) with ozone in an aerosol
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Fig. 7. Temporal evolution of aerosol particle composition and kinetic parameters in sensitivity studies for BC1 with chemical reaction
occurring only at the surface(a–b)or only in the bulk(c–d). Plots are analogous to Fig. 2a and Fig. 2c.

chemical ionisation mass spectrometer. The reaction was
found to occur at the particle surface although previous
measurements suggested bulk reactivity (Moise and Rudich,
2002; Morris et al., 2002; Smith et al., 2002; Thornberry and
Abbatt, 2004; Vieceli et al., 2004). Hearn et al. attribute this
discrepancy to a reduced rate of ozone diffusion into the bulk
caused by pure oleic acid behaving like a solid rather than a
disordered liquid. This would result in a surface-dominated
reaction between ozone and the double bond of oleic acid.
Hearn et al. (2005) suggest that most of the reactions occur
in the first monolayer. Knopf et al. (2005) studied O3 up-
take by multi-component mixtures containing oleic acid and
found that physical state and microstructure of these mix-
tures are of key importance. Low fractions of added solid
components decreased the uptake by one order of magnitude
compared to liquid mixtures. Furthermore, solid-liquid mix-
tures showed an increased uptake with increasing film age.
McNeill et al. (2007) studied the reaction of ozone with inter-
nally mixed submicron aqueous droplets containing sodium
oleate. They found evidence for a surface process and sug-
gest that a Langmuir-Hinshelwood model may be applied
with ozone first adsorbing to the surface before the reac-
tion takes place. The measured rate coefficient was found
to reach a plateau for high [O3]. McNeill et al. (2007) sug-
gest that oleate predominantly reacts in a monolayer on the
aqueous sub-phase with reactive sites residing in a liquid-

like film with ozone diffusing through the film and out again
while the surface to which ozone adsorbs might be chang-
ing over the course of the reaction. Other studies also sug-
gest that changes in ozone diffusion or solubility might occur
during reaction (e.g. Moise and Rudich, 2000; Hearn et al.,
2005). More importantly, a disruption of the order of the
oleic acid dimers by surface-active reaction products might
lead to a transition from surface-dominated reaction to bulk
reaction (Hearn et al., 2005). Experimental evidence in sup-
port of this suggestion has recently been provided by King
et al. (2009): a monolayer of oleic acid on an aqueous sub-
phase is replaced by a new monolayer during O3-initiated
oxidation. Intriguingly, no product film has been found in
studies of the ozonolysis of the methyl ester of oleic acid
(Pfrang et al., 2010). Grimm et al. (2006) studied 1–2 mm
droplets and found that ozone may penetrate up to 10 µm
into these particles suggesting a bulk-phase process for at-
mospherically relevant aerosol droplets.

McNeill et al. (2008) investigated the heterogeneous OH
oxidation of palmitic acid as a function of the particle size.
Their experimental results are consistent with a model con-
sidering surface-only reactions with volatilisation of prod-
ucts, surface renewal and secondary chemistry between
palmitic acid and the oxidation products. This study sug-
gests that heterogeneous oxidation rates of organic aerosol
are fastest for materials present at the particle surface, rather
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Fig. 8. Temporal evolution of aerosol particle composition and kinetic parameters in base case 2 (BC2; X = O3, Y = oleic acid):(a) ozone
uptake coefficient (γx) and total number of oleic acid molecules (Ny; symbols indicate experimental data from Ziemann, 2005);(b) surface
and bulk concentrations (square brackets);(c) numbers of oleic acid molecules at the surface and in the bulk of the particle (Ny,ss, Ny,b) and
corresponding absolute loss rates (L∗

ss,Y = Lss,Y×Ass, L∗
b,Y = Lb,Y ×Vb).

than in the bulk. The gradient in oxidation rates is steep-
est for solid particles such as palmitic acid. Liquid particles
– such as the oleic acid droplets considered in our study –
show more shallow gradients between surface and bulk rates
(McNeill et al., 2008). Our model analysis demonstrates in-
deed that bulk reactivity is of key importance at least for oleic
acid particles with radii of 200 nm or larger. There is ev-
idence for the occurrence of surface renewal in our model
system: the comparison of the absolute loss rates to the
number of molecules at the particle surface and in the bulk
(see e.g. Fig. 8c) suggests significant bulk-surface transport
(bulk transport will be considered explicitly in the KM–SUB
model).

Criegee intermediates are suggested to lead to a signif-
icant additional loss of oleic acid, e.g. 36% of the oleic
acid molecules were attributed to reaction of oleic acid
with a Criegee intermediate rather than with ozone (Hearn
et al., 2005) confirming an earlier study by Hearn and
Smith (2004). Interference of secondary reactions by Criegee
intermediates was also found by Hung and Ariya (2007). Re-
cently, Sage et al. (2009) not only confirmed the occurrence
of secondary reactions of Criegee intermediates with the or-
ganic acid, but also found evidence for additional, previously
unrecognised secondary chemistry that might involve the car-

bon backbone. Secondary chemistry is not currently con-
sidered in our model, but could be implemented if kinetic
parameters for secondary reactions in the ozone–oleic acid
system would become available (Hearn et al., 2005 quanti-
fied the loss due to secondary reaction by comparing methyl
oleate and oleic acid reactivities, but could not measure the
rate coefficient for the secondary process). Secondary chem-
istry would suggest an even slower initial reaction, so that the
upper limit determined for the surface reaction in our model
study would remain valid.

The chemical composition of the particle will obviously
change over the course of the reaction and the extent of the
deviation from initial particle composition will become in-
creasingly significant for longer reaction timescales. Dom-
inant initial products from the ozonolysis of oleic acid are
known to be nonanal, which is likely to evaporate, as well
as 9-oxononanoic, nonanoic, and azelaic acids in the liquid
phase (e.g. Rudich et al., 2007; Vesna et al., 2009). We ex-
pect first-generation products other than nonanal to remain
in the particle. Renewal of the surface layer by evaporation
is thus unlikely to accelerate the oxidation process substan-
tially. The evaporation of products from particle to gas phase
is not considered in the current model, but we are planning
to incorporate evaporation and condensation in follow-up
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Fig. 9. Temporal evolution of aerosol particle composition and ki-
netic parameters in sensitivity studies for BC2 with chemical reac-
tion occurring(a) only at the surface or(b) only in the bulk. Plots
are analogous to Fig. 2c.

studies. The influence of the changing chemical composi-
tion of the particle surface on adsorbate-surface interactions
i.e. on the surface accommodation coefficient can be taken
into account by describingαs,0,X as a linear combination of
the initial surface accommodation coefficients that would be
observed on pure substrates made up by the different sur-
face components Yp weighted by their fractional surface area
θss,Yp (Pöschl et al., 2007; discussed in detail in Shiraiwa et
al., 2010):

αs,0,X =

∑
p

αs,0,X,Ypθss,Yp. (31)

In a similar way, the influence of changing chemical compo-
sition of the particle bulk on the bulk diffusion coefficient can
be taken into account by describingDb,X as a linear combi-
nation of the initial bulk diffusion coefficients that would be
observed in pure bulk:

Db,X =

∑
p

Db,X,Yp8b,Yp. (32)

8b,Yp refers to the fraction of Yp in the bulk. For the base
cases presented in this paper,αs,0,X andDb,X are assumed

to be constant for simplicity. Bulk diffusion of the liquid
phase species can be corrected in analogy to Eq. (32) for
the gas-phase compound (see Shiraiwa et al., 2010). How-
ever, the diffusion of oleic acid is not resolved in K2-SUB
to maintain compatibility with resistor model formulations.
Bulk diffusion of oleic acid is explicitly included in the KM-
SUB model (Shiraiwa et al., 2010) and corrections for the
changing chemical composition in the liquid phase could
efficiently be implemented in KM-SUB. For long reaction
times, the increasing proportion of products in the particle
will also introduce additional uncertainties in the calculations
since branching ratios and molecular properties are less well
known in particular for second- and third-generation prod-
ucts.

It is apparent that discrepancies remain between the large
number of studies of the O3-oleic acid system. K2-SUB can
be used to design, interpret and analyse future experimental
investigations to allow choosing most insightful experimen-
tal conditions and de-convoluting surface and bulk processes.

While our modelling approach maintains compatibility
with previous resistor-model formulations (e.g. Worsnop et
al., 2002; Smith et al., 2002; King et al., 2008, 2009) K2-
SUB enables free variation of all relevant parameters and
thus can describe not only limiting cases, but also any state in
between those. The testing and application of different sets
of equations for different limiting cases used previously is
adequate for the analysis of certain laboratory data, but it ap-
pears not to be well suited for efficient modelling of different
types of clouds and aerosols under varying atmospheric con-
ditions. Simulations for various multi-component and multi-
phase reaction systems that are much more realistic models
for atmospheric aerosol can be performed in future, incre-
mental developments of K2-SUB. Such extensions would not
be straight forward – if at all possible – for resistor-based
models. Many experimental and nearly all atmospheric sys-
tems do not adhere to ideal limiting-case behaviour, so that
K2-SUB is a potentially powerful tool to help improving
our understanding of interfacial oxidation processes of atmo-
spheric importance.

5 Conclusions

1. We demonstrate how a detailed treatment of adsorption
and reaction at the surface can be coupled to a descrip-
tion of bulk reaction and transport that is consistent with
traditional resistor model formulations. To our knowl-
edge, K2-SUB is the first model in which this coupling
has been realised.

2. From literature data we have derived a set of kinetic pa-
rameters that enable detailed description of mass trans-
port and chemical reaction on the surface and in the bulk
of oleic acid particles.
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3. The available reaction rate coefficients support that
chemical reaction in the bulk plays an important role.
Due to the wide range of rate coefficients reported from
the different experimental studies, however, the exact
proportion between surface and bulk reaction remains
uncertain. Our model runs suggest for the chosen set
of input parameters that the surface reaction rate coef-
ficient is not significantly above 1×10−11 cm2 s−1 for
droplets of pure oleic acid.

4. Test calculations showed that the surface accommoda-
tion coefficient of the gas-phase reactant has a strong
non-linear influence on the surface and bulk reactions.
Our two base cases demonstrate how slight variations in
αs,0,X lead to either transport-limited (BC1) or reaction-
limited (BC2) systems.

5. Further experimental data are required to establish the
relative contributions of surface and bulk processes to
the loss of oleic acid and other organic species in atmo-
spheric aerosols.

6. We propose that K2-SUB may be used to design, inter-
pret and analyse experiments for better discrimination
between surface and bulk processes in the oleic acid-
ozone system as well as in other heterogeneous reaction
systems. For example, the model results suggest that
longer reaction times than investigated in earlier studies
(>30 s for 200 nm particles at 2.8 ppm [O3]) are needed
to unravel the proportions between surface and bulk re-
action. Many experimental and nearly all atmospheric
reaction systems do not adhere to ideal limiting-case
behaviour tailor-made for traditional resistor model for-
mulations, so that K2-SUB is a potentially powerful tool
to help improving our understanding of interfacial oxi-
dation processes of atmospheric importance.

6 Supplementary material

The complete set of results of the model runs tabu-
lated in Table 2 is presented in the electronic supple-
ment (see http://www.atmos-chem-phys.net/10/4537/2010/
acp-10-4537-2010-supplement.zip) as 138 gif image files
(three plots per model run equivalent to those exemplified
in Fig. 2a, b and c).

Appendix A

List of symbols

Symbol Meaning SI Unit

αs,0,X initial surface accommoda-
tion coefficient of X

αs,X surface accommodation co-
efficient of X

γ x uptakecoefficient of X (nor-
malized by gas kinetic flux
of surface collisions)

γ b,X resistor model conductance
of particle bulk diffusion and
reaction of X

γ g,X resistor model conductance
of gas phase diffusion of X

γ s,X resistor model conductance
of surface reaction of X

γ s,b,X resistor model conductance
of surface-bulk transfer of X

δX effective molecular diameter
of X

m

δY effective molecular diameter
of Y

m

σ s,X molecular cross section of X
in the sorption layer

m2

σ ss,Y molecular cross section of Y
in the quasi-static layer

m2

τd,X desorption lifetime of X s
8b,Yp fraction of Yp in the bulk
ωx mean thermal velocity of X

in the gas phase
m s−1

Ass Particle surface area
(Ass = 4πr2

p)

m2

Cb,rd,X reacto-diffusive geometry
correction factor of X

Cg,X gas phase diffusion correc-
tion factor of X

Db,X particle bulk diffusion coef-
ficient of X

m2 s−1

Dg,X gas phase diffusion coeffi-
cient of X

m2 s−1

Hcp,X Henry’s law coefficient of X
(concentration/pressure)

mol m−3 Pa−1

Jads,X, Jdes,X flux of adsorption and des-
orption of X

m−2 s−1

Jb,rd,X reacto-diffusive flux of X in
the particle bulk

m−2 s−1

Jb,s,X, Js,b,X flux of bulk-surface and
surface-bulk transfer of X
(sorption layer)

m−2 s−1

Jb,ss,Y, Jss,b,Y flux of bulk-surface and
surface-bulk transfer of Y
(quasi-static layer)

m−2 s−1

Jcoll,X gas kinetic flux of X collid-
ing with the surface

m−2 s−1

Js,b,net,X net flux of surface-bulk
transfer of X

m−2 s−1

ka,X first-order adsorption rate
coefficient of X

m s−1

ka,0,X first-order adsorption rate
coefficient of X on an
adsorbate-free surface

m s−1

kb,X pseudo-first-order rate coef-
ficient for chemical loss of X
in the particle bulk

s−1

kb,s,X first-order rate coefficient
for bulk-to-surface transfer
of X

m s−1

kb,ss,Y first-order rate coefficient
for bulk-to-surface transfer
of Y

m s−1
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kd,X first-order desorptionrate
coefficient of X

s−1

kBR,X,Y second order bulk reaction
rate coefficient

m3 s−1

ks,X pseudo-first-order rate coef-
ficient for chemical loss of X
in the sorption layer

s−1

ks,b,X first-order rate coefficient
for surface-to-bulk transfer
of X

s−1

ks,b,net,X pseudo-first-order rate co-
efficient for net surface-to-
bulk transfer of X

s−1

kss,Y pseudo-first-order rate coef-
ficient for chemical loss of
Yin the quasi-static surface
layer

s−1

kss,b,Y first-order rate coefficients
for surface-bulk transfer of
Y

s−1

kSLR,X,Y second-order rate coefficient
for surface layer reactions of
X with Y

m2 s−1

K ′

ads,X effective adsorption equilib-
rium constant of X

m3

Ksol,cp,X solubility or gas-particle
partitioning coefficient of X

mol m−3 Pa−1

Ksol,cc,X dimensionless solubility or
gas-particle partitioning co-
efficient of X

Lb,Y chemical loss rate
(concentration-based)
of Y in the bulk

m−3 s−1

L∗

b,Y absolute chemical loss rate
of Y in the bulk

s−1

lrd,X reacto-diffusive length for X
in the particle bulk

m

Ls,X chemical loss rate
(concentration-based)
of X on the surface

m−2 s−1

Lss,Y chemical loss rate
(concentration-based)
of Y on the surface

m−2 s−1

L∗

ss,Y absolute chemical loss rate
of Y in the bulk

s−1

R gas constant J K−1 mol−1

rp particle radius m
[SS]ss sorption site surface concen-

tration
m−2

T absolute temperature K
Vb volume of the particle bulk

(Vb = 4/3π(rp−δY)3)

m3

Vp total particle volume (Vp
= 4/3πr3p)

m3

X volatile molecular species
[X] b particle bulk number con-

centration of X
m−3

[X] bs near-surface particle bulk
number concentration of X

m−3

[X] b,max maximum particle bulk
number concentration of X

m−3

[X] g gas phase number concen-
tration of X

m−3

[X] gs near-surface gas phase num-
ber concentration of X

m−3

[X] s surface number concentra-
tion of X (sorption layer)

m−2

[X] s,max maximum surface number
concentration of X (sorption
layer)

m−2

Y non-volatile molecular
species

[Y] ss surface number concentra-
tion of Y (quasi-static layer)

m−2

[Y] ss,0 initial surface number con-
centration of Y (quasi-static
layer)

m−2

[Y] ss,max max. surface number con-
centration of Y (quasi-static
layer)

m−2

[Y] b average concentration of Y
across the whole particle
bulk (including near-surface
bulk)

m−2

[Y] b,0 initial concentration of Y
across the whole particle
bulk (including near-surface
bulk)

m−2

[Y] b,max max. concentration of Y
across the whole particle
bulk (including near-surface
bulk)

m−2

Appendix B

Relevant equations from PRA framework (P̈oschl
et al., 2007)

γx = αs,X
ks,X+ks,b,net,X

ks,X+ks,b,net,X+kd,X
(B1)

with

ks,b,net,X = ks,b,X

(
1+

kb,s,X

Cb,rd,X
√

kb,XDb,X

)−1

, (B2)

and the reacto-diffusive geometry correction factor (conver-
sion from planar to spherical geometry; determined by the
particle radius,rp, and the reacto-diffusive length for species

X: lrd,X =

√
Db,X

/
kb,X

):

Cb,rd,X = coth

(
rp

lrd,X

)
−

lrd,X

rp
. (B3)

Ksol,cp,X is the solubility or gas-particle partitioning coeffi-
cient for X and describes the partitioning of a volatile species
between gas phase and particle bulk (at infinite dilution, it
equals Henry’s law coefficient;Ksol,cp,XRT = Ksol,cc,X giv-
ing the ratio of condensed phase and gas phase concentra-
tions)

Ksol,cc,X= Ksol,cp,XRT =
ks,b,X

kb,s,X

ka,X

kd,X
=

ks,b,X

kb,s,X

αs,Xωx

4kd,X
(B4)
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ka,0,X = αs,0,X
ωx

4
(B5)

αs,X = αs,0,X
(
1−θs,X

)
(B6)

K
′

ads,X =
σxka,0,X

kd,X +ks,X+ks,b,net,X
(B7)

[X]bs

[X]s
=

ks,b,X

kb,s,X+Cb,rd,X
√

kb,XDb,X
(B8)

Appendix C

Resistor model formulations and the PRA framework

The description of heterogeneous reactions is often achieved
by resistor model formulations (e.g. Worsnop et al., 2002;
Smith et al., 2002; King et al, 2008, 2009; Gross et al.,
2009) which are valid under certain assumptions and con-
sistent with the PRA framework as described under Special
Case B in P̈oschl et al. (2007). Uptake coefficients (γ) gen-
erally refer to a gas-phase species X. A sorption layer up-
take coefficient can be defined under steady state condition
by Eq. (B1) (compare P̈oschl et al., 2007, Eq. 115). Resistor
model formulation of Special Case B in Pöschl et al. (2007)
is obtained from inversion of Eq. (B1):

1

γx
=

1

αs,X
+

1

0s,X+
1

1
0s,b,X

+
1

0b,X

(C1)

with resistor model conductance terms for surface reaction
(0s,X) for surface-bulk transfer (0s,b,X) and for particle bulk
diffusion and reaction (0b,X) (as defined in Eqs. 21, 22 and
23)

0b,X =
4

ωx

Ksol,cp,XRT Cb,rd,X
√

kb,XDb,X (C2)

Equation (C2) is equivalent to resistor model formulations,
exemplified here by the treatment used by Smith et al. (2002;
Eq. 4):

0rxn =
4HRT D

c̄l
[coth(a/ l− l/a)] (C3)

with

kb,X = k2[Oleic]
lrd,X = l

ωX = c̄

rp = a

Ksol,cp,X = H

Db,X = D

γrxn = 0b,X

and Cb,rd,X = coth
(

a
l

)
−

l
a
; compare Eq. (B3).

C1 For reaction of ozone near the particle surface

Case 1b in Smith et al., 2002; forlrd,X < rp/20; diffusion-
limited case. The uptake is given by (Smith et al., 2002,
Eqs. 9 and C2)

γ =
4HRT

c

√
Dk2

√
[Oleic] ∼=

4

ωx
Ksol,cp,XRT

√
kb,XDb,X (C4)

with 1≤ Cb,rd,X ≥ 0.95≈ 1.

Derivation:

Limiting case forlrd,X = rp/20 in Eq. (C2) withCb,rd,X as

defined in Eq. (B3) and coth
(
20rp

/
rp

)
=

e40
+1

e40−1
≈ 1, thus

Cb,rd,X = 1−
1
20 = 0.95, and forlrd,X < rp/20:Cb,rd,X ≈ 1.

C2 For fast diffusion of ozone through the particle

Case 1a in Smith et al., 2002; forlrd,X > rp; reaction not
limited by diffusion) the uptake is given by

γ =
4HRT

c

a

3
k2[Oleic] ∼=

4

3ωx
Ksol,cp,XRT rpkb,X. (C5)

Derivation:

cothx = coshx/sinhx; Taylor series: cothx ∼= 1/x+x/3−

x3/45. . .
Using Taylor and neglecting all terms higher than power 1

in x:

Cb,rd,X = coth

(
rp

lrd,X

)
−

lrd,X

rp
≈

(
lrd,X

rp
+

rp

3lrd,X

)
−

lrd,X

rp
=

rp

3lrd,X
. (C6)

Equation (C2) thus becomes:

0b,X =
4

ωx
Ksol,cp,XRT

rp

3lrd,X

√
kb,XDb,X. (C7)

Using Eq. (C4):

0b,X =
4

ωx
Ksol,cp,XRT

rp
√

kb,XDb,X

3Db,X

√
kb,XDb,X

=
4

3ωx
Ksol,cp,XRT rpkb,X. (C8)

C3 For the reactive uptake being dominated by reaction
at the surface

Case 2 in Smith et al., 2002; bulk reaction and conductance
term are assumed to be negligible, i.e. uptake is assumed to
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be equal to surface conductance term

γ = 0s,X =
ksurf

2 [O3]surf[Oleic]surf

normalised by gas−collision rate

=
ksurf

2

(
PO3HδX

)
[Oleic]δX

PO3/4RT

=
4HRT

c
δ2

Xksurf
2 [Oleic] ∼=

4ka,X

ωx

ks,X

kd,X
. (C9)

Derivation:

– ks,X = ksurf
2 [Oleic]δX ;

– HRT δX = Ksol,cp,XRT δX = Ksol,cc,XδX =
ks,b,X
kb,s,X

ka,X
kd,X

δX

and kb,s,X
ks,b,X

= δX so thatHRT δX =
ka,X
kd,X

(compare
Eqs. B4, 21 and 30).

Appendix D

Model input parameters

K2-SUB model input parameters for the investigated
chemical species (X = O3 and Y = oleic acid) based on
experimental data from Ziemann (2005), Smith et al. (2002),
Gonzalez-Labrada et al. (2007), King et al. (2008, 2009) and
Pöschl et al. (2001).

rp = 0.2 µm (Ziemann, 2005)
Db,X = 1×10−5 cm2 s−1 (estimated based on dif-

fusion of O2 in range of organic solvents;
Smith et al., 2002; King et al., 2008)

Db,Y = 10−7–10−10 cm2 s−1 (compare Smith et
al., 2003)

ωX = 3.6×104 cm s−1 (Smith et al., 2002;
Pöschl et al., 2001; Ammann and Pöschl,
2007; King et al., 2009)

Hcp,X = 4.8×10−4 mol cm−3 atm−1 (Smith et al.,
2002; Morris et al., 2002; King et al., 2008,
2009)

αs,0,X = 4.2×10−4 (BC1) and 8.5×10−4 (BC2)
(compare P̈oschl et al., 2001; Ammann and
Pöschl, 2007; Shiraiwa et al., 2009)

kd,X = 100 s−1 (BC1) and 1000 s−1 (BC2)
(kd,X = 0.1–102 s−1 for ozone; Shiraiwa et
al., 2009)

kSLR,X,Y = 6×10−12 cm2 s−1; compare 7.3× 10−11

cm2 s−1 and 2.1×10−12 cm2 s−1 (King et
al., 2009); 4.9×10−11 cm2 s−1 (Gonzalez-
Labrada et al., 2007)

[X] gs = 6.95×1013cm−3 corresponding to 2.8 ppm
(Ziemann, 2005)

kb,X = kBR,X,Y×[Y] with kBR,X,Y = 1.7×10−15

cm3 s−1 corresponding to a literature value
of 1×106 L mol−1 s−1 (Razumovskii et al.,
1972, Lisitsyn et al., 2004 and Titov et al.,
2005; used in BC1; reduced to 5×10−17

cm3 s−1 in BC2) and [Y]0 = 1.21×1021

cm−3 corresponding to 3.15 mol L−1 (Zie-
mann, 2005)

T = 296 K

kb,s,X = 318 cm s−1

kb,ss,Y = 1.6×10−3 cm s−1

kss,b,Y = 1.99×104 s−1

ks,b,X = 9.8×104 s−1 (BC1) and 4.85×105 s−1

(BC2)

σX = 1.8×10−15 cm2 (Pöschl et al., 2001;
Ammann and P̈oschl, 2007) and thus
δX = 0.4 nm (compare computational study
by Vieceli et al., 2004)

δY = 0.8 nm (compare work by Iwahashi, 1991)
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1Max Planck Institute for Chemistry, Biogeochemistry Department, P.O. Box 3060, 55128 Mainz, Germany
2University of Reading, Department of Chemistry, P.O. Box 224, Whiteknights, Reading RG6 6AD, UK

Received: 17 December 2009 – Published in Atmos. Chem. Phys. Discuss.: 8 January 2010
Revised: 8 April 2010 – Accepted: 9 April 2010 – Published: 20 April 2010

Abstract. We present a novel kinetic multi-layer model that
explicitly resolves mass transport and chemical reaction at
the surface and in the bulk of aerosol particles (KM-SUB).
The model is based on the PRA framework of gas-particle
interactions (P̈oschl-Rudich-Ammann, 2007), and it includes
reversible adsorption, surface reactions and surface-bulk ex-
change as well as bulk diffusion and reaction. Unlike earlier
models, KM-SUB does not require simplifying assumptions
about steady-state conditions and radial mixing. The tempo-
ral evolution and concentration profiles of volatile and non-
volatile species at the gas-particle interface and in the particle
bulk can be modeled along with surface concentrations and
gas uptake coefficients.

In this study we explore and exemplify the effects of
bulk diffusion on the rate of reactive gas uptake for a sim-
ple reference system, the ozonolysis of oleic acid particles,
in comparison to experimental data and earlier model stud-
ies. We demonstrate how KM-SUB can be used to inter-
pret and analyze experimental data from laboratory studies,
and how the results can be extrapolated to atmospheric con-
ditions. In particular, we show how interfacial and bulk
transport, i.e., surface accommodation, bulk accommodation
and bulk diffusion, influence the kinetics of the chemical re-
action. Sensitivity studies suggest that in fine air particu-
late matter oleic acid and compounds with similar reactiv-
ity against ozone (carbon-carbon double bonds) can reach
chemical lifetimes of many hours only if they are embedded
in a (semi-)solid matrix with very low diffusion coefficients
(≤10−10 cm2 s−1).

Correspondence to:U. Pöschl
(u.poschl@mpic.de)

Depending on the complexity of the investigated system,
unlimited numbers of volatile and non-volatile species and
chemical reactions can be flexibly added and treated with
KM-SUB. We propose and intend to pursue the application
of KM-SUB as a basis for the development of a detailed mas-
ter mechanism of aerosol chemistry as well as for the deriva-
tion of simplified but realistic parameterizations for large-
scale atmospheric and climate models.

1 Introduction

Aerosols are ubiquitous in the atmosphere and have strong
effects on climate and public health (Seinfeld and Pandis,
1998; Finlayson-Pitts and Pitts, 2000; Pöschl, 2005). De-
pending on chemical composition and surface properties,
aerosol particles can act as condensation nuclei for cloud
droplets and ice crystals, and they can affect the abundance of
trace gases through heterogeneous chemical reactions (Am-
mann et al., 1998; P̈oschl, 2005; Fuzzi et al., 2006; An-
dreae and Rosenfeld, 2008; Hallquist et al., 2009). Gas-
particle interactions can also significantly change the physi-
cal and chemical properties of aerosols such as toxicity, reac-
tivity, hygroscopicity and radiative properties (Pöschl, 2002;
Rudich, 2003; Kanakidou et al., 2005; Rincon et al., 2009;
Wiedensohler et al., 2009). Chemical reactions and mass
transport lead to continuous transformation and changes in
the composition of atmospheric aerosols (“chemical aging”)
(Schwartz and Freiberg, 1981; Hanson, 1997; Smith et al.,
2003; Ammann and P̈oschl, 2007).

Atmospheric particles consist of a wide variety of organic
and inorganic chemical compounds which can exist in dif-
ferent liquid or (semi-)solid states (crystalline, amorphous,
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glassy, ultraviscous, gel-like) (Seinfeld and Pandis, 1998;
Finlayson-Pitts and Pitts, 2000; Mikhailov et al., 2009).
Chemical reactions can occur both at the surface and in the
bulk of liquid and (semi-)solid particles. It is often difficult to
discriminate surface and bulk reactions, and the relative im-
portance of surface and bulk processes is not well understood
(e.g., Moise and Rudich, 2000; Hearn et al., 2005; Pfrang
et al., 2009). Resistor model formulations are widely used
to describe and investigate heterogeneous reactions and mul-
tiphase processes in laboratory, field and model studies of
atmospheric chemistry (Hanson, 1997; Finlayson-Pitts and
Pitts, 2000; Worsnop et al., 2002; Anttila et al., 2006; King
et al., 2008, 2009; and references therein). The traditional
resistor models, however, are usually based on simplifying
assumptions such as steady-state conditions, homogeneous
mixing, and limited numbers of non-interacting species and
processes.

In order to overcome these limitations, Pöschl, Rudich and
Ammann have developed a kinetic model framework (PRA
framework) with a double-layer surface concept and uni-
versally applicable rate equations and parameters for mass
transport and chemical reactions at the gas-particle inter-
face of aerosols and clouds (Pöschl et al., 2007). Am-
mann and P̈oschl (2007) provided first examples on how the
PRA framework can be applied to describe various physico-
chemical processes in aerosols and clouds such as reac-
tive gas uptake on solid particles and solubility saturation
of liquid droplets under transient or steady-state conditions.
Springmann et al. (2009) demonstrated the applicability and
usefulness of the PRA framework in an urban plume box
model of the degradation of benzo[a]pyrene on soot by ozone
and nitrogen dioxide. Shiraiwa et al. (2009) presented a
kinetic double-layer surface model (K2-SURF) and master
mechanism for the degradation of a wide range of polycyclic
aromatic hydrocarbons (PAHs) by multiple photo-oxidants
(O3, NO2, OH and NO3) through different types of parallel
and sequential surface reactions. Pfrang et al. (2009) devel-
oped a kinetic double-layer model coupling aerosol surface
and bulk chemistry (K2-SUB), in which mass transport and
chemical reactions in the particle are not explicitly resolved
but represented by a reacto-diffusive flux (Danckwerts, 1951;
Hanson, 1997).

Here we present a kinetic multi-layer model of aerosol
surface and bulk chemistry (KM-SUB) that explicitly treats
all steps of mass transport and chemical reaction from the
gas-particle interface to the particle core, resolving concen-
tration gradients and diffusion throughout the particle bulk.
We demonstrate the applicability of KM-SUB for a common
model system of organic aerosol chemistry, the ozonolysis of
oleic acid droplets (e.g., Moise and Rudich, 2002; Katrib et
al., 2004, 2005; King et al., 2004, 2009; Knopf et al., 2005;
Ziemann, 2005; Hearn and Smith, 2007; Pfrang et al., 2009;
Sage et al., 2009; Vesna et al., 2009), and we compare the re-
sults of our numerical simulations with the results of earlier
experimental and theoretical studies of this system.

2 Model description

The kinetic multi-layer model of aerosol surface and bulk
chemistry (KM-SUB) builds on the formalism and termi-
nology of the PRA framework (Ammann and Pöschl, 2007;
Pöschl et al., 2007). A list of symbols is given in Ap-
pendix A.

As illustrated in Fig. 1, KM-SUB consists of multiple
model compartments and layers, respectively: gas phase,
near-surface gas phase, sorption layer, quasi-static surface
layer, near-surface bulk, and a number ofn bulk layers. The
quasi-static surface layer has a monolayer thickness that cor-
responds to the (average) effective molecular diameter of
non-volatile species Yj (δYj

). The thickness of bulk layers
(δ) follows from the number of layers (n)and particle radius
(rp) : δ = (rp−δYj

)/n.
The following processes are considered in KM-SUB: gas

phase diffusion, gas-surface transport (reversible adsorp-
tion), surface layer reactions, surface-bulk transport, bulk
diffusion, and bulk reactions. As outlined in the PRA frame-
work, the following differential equations can be used to
describe the mass balance of volatile species Xi and non-
volatile species Yj for each model layer:

d[Xi]s/dt = Jads,Xi
−Jdes,Xi

+Ps,Xi
−Ls,Xi

−Js,b,Xi
+Jb,s,Xi

(1)

d[Yj ]ss/dt = Jb,ss,Yj
−Jss,b,Yj

+Pss,Yj
−Lss,Yj

(2)

d[Xi]b1/dt = (Js,b,Xi
−Jb,s,Xi

)A(1)/V (1)

−(Jb1,b2,Xi
−Jb2,b1,Xi

)A(2)/V (1)+Pb1,Xi
−Lb1,Xi

(3)

d[Yj ]b1/dt = (Jss,b,Yj
−Jb,ss,Yj

)A(1)/V (1)

−(Jb1,b2,Yj
−Jb2,b1,Yj

)A(2)/V (1)+Pb1,Yj
−Lb1,Yj

(4)

d[Xi]bk/dt = (Jbk−1,bk,Xi
−Jbk,bk−1,Xi

)A(k)/V (k)

−(Jbk,bk+1,Xi
−Jbk+1,bk,Xi

)A(k+1)/V (k)+Pbk,Xi

−Lbk,Xi
(k = 2,...,n−1) (5)

d[Yj ]bk/dt = (Jbk−1,bk,Yj
−Jbk,bk−1,Yj

)A(k)/V (k)

−(Jbk,bk+1,Yj
−Jbk+1,bk,Yj

)A(k+1)/V (k)+Pbk,Yj

−Lbk,Yj
(k = 2,...,n−1) (6)

d[Xi]bn/dt = (Jbn−1,bn,Xi
−Jbn,bn−1,Xi

)A(n)/V (n)

+Pbn,Xi
−Lbn,Xi

(7)
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Fig. 1. Kinetic multi-layer model (KM-SUB):(a) Model compartments and layers with corresponding distances from particle center (rp±

x), surface areas (A)and volumes (V );λXi
is the mean free path of Xi in the gas phase;δXi

andδYj
are the thicknesses of sorption and

quasi-static bulk layers;δ is the bulk layer thickness.(b) Transport fluxes (green arrows) and chemical reactions (red arrows).

d[Yj ]bn/dt = (Jbn−1,bn,Yj
−Jbn,bn−1,Yj

)A(n)/V (n)

+Pbn,Yj
−Lbn,Yj

(8)

The various types of mass transport fluxes (J )and rates of
chemical production and loss (P, L) are defined in the list
of symbols (Table A1).A(k) andV (k) are the outer surface
area and the volume of the bulk layerk, respectively (Fig. 1).
For spherical particles,A(k) andV (k) can be calculated from
the particle bulk radius (rb = rp −δYj

), bulk layer thickness
(δ) and layer index numberk as follows.

V (k) =
4

3
π
[
(rb−(k−1)δ)3

−(rb−kδ)3
]

(9)

A(k) = 4π(rb−(k−1)δ)2 (10)

For planar geometry (thin films), the surface-to-volume ratio
is constant:

A(k)/V (k)= 1/δ (11)

The surface-to-volume ratios of the layers play an important
role in accounting for particle geometry. The absolute num-
ber of non-volatile molecules Yj in the particle (NYj

) can be
calculated as follows:

NYj
= [Yj ]ssAss+

n∑
k=1

[Yj ]bkV (k) (12)

whereAss is the surface area of the particle. In the following
sub-sections we specify the formalisms used to describe and
calculate fluxes or rates of gas-surface interactions, surface-
bulk transport, bulk diffusion and bulk reactions.

2.1 Gas-surface interactions and surface layer reactions

The principles and details of gas-phase and gas-surface trans-
port (Jads, Jdes) and surface layer reactions (Ls, Lss Ps, Pss)

have been discussed and illustrated in the PRA framework
(Pöschl et al., 2007; Ammann and Pöschl, 2007) and in the
K2-SURF study of aerosol surface chemistry (Shiraiwa et
al., 2009). Here we just briefly summarize the key aspects
and equations. The fluxes of surface collisions, adsorption
and desorption of a volatile species Xi (Jcoll,Xi

, Jads,Xi
and

Jdes,Xi
) are given by:

Jcoll,Xi
= [Xi]gsωXi

/4 (13)

Jads,Xi
= αs,Xi

Jcoll,Xi
(14)

Jdes,Xi
= kd,Xi

[Xi]s (15)

αs,Xi
= αs,0,Xi

(1−θs) (16)

θs=

∑
i

σs,Xi
[Xi]s (17)

[Xi ]gs is the near-surface gas phase concentration of Xi , ωXi

is the mean thermal velocity,αs,Xi
is the surface accom-

modation coefficient, andkd,Xi
is the desorption rate coef-

ficient or inverse desorption lifetime, respectively (kd,Xi
=

τ−1
d,Xi

). αs,0,Xi
is the surface accommodation coefficient on an

adsorbate-free surface,σs,Xi
is the effective molecular cross

section of Xi in the sorption layer, andθs is the surface cov-
erage by adsorbed species.

The influence of changing chemical composition of the
quasi-static particle surface on adsorbate-surface interactions
(reversible adsorption) can be taken into account by describ-
ing αs,0,Xi

andτd,Xi
as a linear combination of the parameter

valuesαs,0,Xi ,Yj
andτd,Xi ,Yj

that would be observed on pure
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substrates made up by the different surface components Yj

weighted by their fractional surface areaθss,Yj
(Pöschl et al.,

2007):

αs,0,Xi
=

∑
j

αs,0,Xi ,Yj
θss,Yj

(18)

τd,Xi
=

∑
j

τd,Xi ,Yj
θss,Yj

(19)

For slow gas uptake and in the gas kinetic-regime (small
uptake coefficient, large Knudsen number),[Xi ]gs is prac-
tically the same as the average gas phase concentration of
Xi in the investigated system,[Xi ]g. For rapid gas uptake
in the continuum or transition regime (large uptake coeffi-
cient, small Knudsen number), the gas phase diffusion cor-
rection factorCg,Xi

can be used to calculate[Xi ]gs from
[Xi ]g : [Xi ]gs= Cg,Xi

[Xi ]g (Pöschl et al., 2007; Shiraiwa et
al., 2009). The uptake coefficient (γXi

) for Xi is given by:

γXi
=

Jads,Xi
−Jdes,Xi

Jcoll,Xi

+γgsr,Xi
(20)

γgsr,Xi
is the reaction probability for elementary gas-surface

reactions (potentially relevant for free radicals but assumed
to be zero in the remainder of this study).

General rate equations of chemical production and loss
by surface layer reactions (Ps,Xi

, Pss,Yi
, Ls,Xi

, Lss,Yi
) are

specified in the PRA framework (Sect. 3.3, Pöschl et al.,
2007). Different types of surface layer reactions can pro-
ceed within the sorption layer (Ps,s,Xi

− Ls,s,Xi
), within

the quasi-static surface layer (Pss,ss,Yj −Lss,ss,Yj ), and be-
tween sorption layer and quasi-static layer (Ps,ss,Xi −Ls,ss,Xi ,
Pss,s,Yj −Lss,s,Yj ). The generalized rate equations for reac-
tions between volatile species Xi in the sorption layer and
non-volatile species Yj in the quasi-static layer are given by:

Ps,ss,Xi −Ls,ss,Xi

=

∑
v

∑
p

∑
q

cSLRv,s,Xi
kSLRv,Xp,Yq [Xp]s[Yq ]ss (21)

Pss,ss,Yj −Lss,ss,Yj

=

∑
v

∑
p

∑
q

cSLRv,ss,Yj kSLRv,Xp,Yq [Xp]s[Yq ]ss (22)

HerecSLRv,s,Xi
andcSLRv,ss,Yj stand for the stoichiometric

coefficients (negative for starting materials and positive for
reaction products) of species Xi and Yj in reaction SLRv;
v=1, . . . , vmax in a system with a total number ofvmax
(photo-)chemical reactions occurring on the surface of the
investigated aerosol particles.kSLRv,Xp,Yq is a second-order
reaction rate coefficient. In the exemplary simulations of
the ozonolysis of oleic acid performed in this study and
presented in Sect. 3, we consider only chemical loss and a
second-order surface layer reaction between O3 (X) and oleic
acid (Y) with the following rate equation:

Ls,X = Lss,Y= kSLR,X,Y[X]s[Y]ss (23)

2.2 Surface-bulk transport

The surface-bulk transport of volatile species Xi (Js,b,Xi
and

Jb,s,Xi
) is defined as exchange between sorption layer and

near-surface bulk, and the surface-bulk transport of non-
volatile species Yj (Jss,b,Yj

andJb,ss,Yj
) is defined as ex-

change between quasi-static surface layer and near-surface
bulk. Based on the PRA framework, surface to bulk trans-
port can be described by:

Js,b,Xi
= ks,b,Xi

[Xi]s (24)

Jss,b,Yj
= kss,b,Yj

[Yj ]ss (25)

ks,b,Xi
andkss,b,Yj

are first-order transport rate coefficients
(s−1) of Xi and Yj , respectively. In the same way, bulk to
surface transport (Jb,s,Xi

and Jb,ss,Yj
) can be described as

follows:

Jb,s,Xi
= kb,s,Xi

[Xi]b1 (26)

Jb,ss,Yj
= kb,ss,Yj

[Yj ]b1 (27)

kb,s,Xi
and kb,ss,Yj

(cm s−1) are transport rate coefficients,
which can be regarded as effective transport velocities. Es-
timates for these effective transport velocities can be derived
from the corresponding bulk diffusion coefficientsDb,Xi

and
Db,Yj

(cm2 s−1) by considering the average distance traveled
by molecules diffusing in one direction:x = (4Dbt /π )1/2

(Atkins, 1998; Pfrang et al., 2009), On average, a molecule
Yj in the near-surface bulk layer (k= 1) needs to travel a
distance ofx ≈ (δ+δYj

)/2 to move into the quasi-static sur-
face layer. The average time required to travel over this dis-
tance by diffusion ist = (δ+δYj

)2π /(16Db,Yj
). By division

of travel distance over travel time we obtain the following
estimate for the effective transport velocity:

kb,ss,Yj
≈ 8Db,Yj

/((δ+δYj
)π) (28)

Under equilibrium conditions, mass conservation implies
kb,ss,Yj

[Yj ]b1 = kss,b,Yj
[Yj ]ss, and for pure Yj the surface

and bulk concentrations are given by the inverse of the effec-
tive molecular cross section and of the effective molecular
volume, respectively:[Yj ]ss= δ−2

Yj
and[Yj ]b1 = δ−3

Yj
. Thus,

we obtain

kss,b,Yj
≈ kb,ss,Yj

/δYj
≈ 8Db,Yj

/((δ+δYj
)δYj

π) (29)

In analogy, the bulk-to-surface transport velocity of Xi

can be calculated for an average travel distance ofx ≈

(δ+δXi
+2δYj

)/2 from the near-surface bulk layer into the
sorption layer:

kb,s,Xi
≈ 8Db,Xi

/((δ+δXi
+2δYj

)π) (30)

An estimate forks,b,Xi
can be determined by matching the

rate coefficients for gas-surface and surface-bulk transport
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with a literature value or estimate for the gas-particle equilib-
rium partitioning coefficient (Ksol,cc,Xi

) or Henry’s law coef-
ficient, respectively (P̈oschl et al., 2007):

ks,b,Xi
=

4kb,s,Xi
Ksol,cc,Xi

kd,Xi

αs,Xi
ωXi

(31)

wherekd,Xi
is the first-order rate coefficient of desorption.

From the fluxes and rates of gas-surface transport, surface-
bulk transport and surface reaction follows the bulk accomo-
dation coefficient of Xi :

αb,Xi
= αs,Xi

Js,b,Xi

Jdes,Xi
+Js,b,Xi

+Ls,Xi

(32)

2.3 Bulk diffusion

Bulk diffusion is explicitly treated in the KM-SUB model as
the mass transport (Jbk,bk±1) from one bulk layer (bulkk) to
the next (bulkk±1). In analogy to surface–bulk mass trans-
port, we describe the mass transport fluxes between different
layers of the bulk by first-order rate equations:

Jbk,bk±1,Xi
= kb,b,Xi

[Xi]bk (33)

Jbk,bk±1,Yj
= kb,b,Yj

[Yj ]bk (34)

Estimates for the transport rate coefficients or effective ve-
locities of Xi and Yj , kb,b,Xi

and kb,b,Yj
(cm s−1), can be

calculated from the corresponding diffusion coefficients. For
this purpose we assume that each layer is homogeneously
mixed (no concentration gradient within a layer) and that the
average travel distance for molecules moving from one layer
to the next is the layer thicknessδ:

kb,b,Xi
= 4Db,Xi

/(πδ) (35)

kb,b,Yj
= 4Db,Yj

/(πδ) (36)

This treatment of bulk diffusion yields practically the same
results (concentration profiles) as the solving of partial dif-
ferential equations (Smith et al., 2003), but it is more flexi-
ble and requires no assumptions about interfacial transport.
As detailed in Appendix B, the ozone concentrations calcu-
lated for the near-surface bulk indicate that the assumption
of Henry’s law equilibrium is not a realistic boundary layer
condition for the PDE method when applied to reactive sys-
tems.

The influence of changing chemical composition of the
particle bulk on diffusion can be taken into account by de-
scribingDb,Xi

or Db,Yj
as a linear combination of the pa-

rameter values that would be observed in pure bulk Yp:

Db,Xi
=

∑
p

Db,Xi
,Yp 8b,Yp

(37)

Db,Yj
=

∑
p

Db,Yj ,Yp8b,Yp
(38)

The weighting factor8b,Yp
could be the mole, mass, or vol-

ume fraction of Yp in the bulk (P̈oschl et al., 2007).

2.4 Bulk reaction

Chemical reactions proceeding within the bulk of a particle
are defined as bulk reactions (BR). For simplicity, we assume
that all relevant bulk reactions proceed via quasi-elementary
steps with straightforward first- or second-order rate depen-
dences on the concentrations within each bulk layer. The
following generalized expressions can be used to describe
net chemical production (i.e. production minus loss) of bulk
species Xi or Yj within the bulk layerk.

Pbk,Xi
−Lbk,Xi

=

∑
v

∑
p

cBRv,Xi
[Xp]bk(

kBRv,Xp
+

∑
q

kBRv,Xp,Xq [Xq ]bk +

∑
r

kBRv,Xp,Yr [Yr ]bk

)
(39)

Pbk,Yj
−Lbk,Yj

=

∑
v

∑
p

cBRv,Yj
[Yp]bk(

kBRv,Yp
+

∑
q

kBRv,Yp,Yq [Yq ]bk +

∑
r

kBRv,Xr ,Yp [Xr ]bk

)
(40)

HerecBRv,Xi
andcBRv,Yj

stand for the stoichiometric coef-
ficients (negative for starting materials and positive for reac-
tion products) of species Xi and Yj in reaction BRv; v=1,
. . . , vmax in a system with a total number ofvmax chemical
reactions occurring in the bulk layerk. kBRv,Xp andkBRv,Yp

are first-order reaction rate coefficients andkBRv,Xp,Xq ,
kBRv,Xp,Yr , kBRv,Yp,Yq andkBRv,Xr,Yp are second-order bulk
reaction rate coefficients between Xp and Xq , Xp and Yr ,
Yp and Yq , and Xr and Yp respectively, in the condensed
phase bulk of a system with multiple volatile species which
can react with each other. In principle, higher-order reac-
tions might also occur in real systems and could be flex-
ibly included in the model. In the exemplary simulations
of the ozonolysis of oleic acid performed in this study and
presented in Sect. 3, we consider only chemical loss and a
second-order bulk reaction between O3 (X) and oleic acid
(Y) with the following rate equation:

Lbk,X = Lbk,Y = kBR,X,Y[X]bk[Y]bk (41)

3 Model application: oxidation of oleic acid by ozone

To test and demonstrate the applicability of the KM-SUB
model, we simulated the oxidation of oleic acid particles
by ozone in comparison to experimental data from Zie-
mann (2005). The same data set has recently been used by
Pfrang et al. (2009) for simulations with a kinetic double-
layer model (K2-SUB; Appendix C). The gas phase ozone
concentration was set to[X]g = [X]gs = 7.0× 1013 cm−3

(corresponding to 2.8 ppm at 1013 hPa and 298 K). The ini-
tial surface and bulk concentrations of ozone (X) were set to
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Table 1. Kinetic parameters for the interaction of ozone (X) and
oleic acid (Y) in different model scenarios (base cases 1–3).

Parameter Basecase 1 Base case 2 Base case 3

αs,0,X 4.2×10−4 8.5×10−4 4.2×10−4

τd,X (s) 0.01 0.001 0.01
Db,X (cm2 s−1) 10−5 10−5 10−10

Db,Y (cm2 s−1) 10−10 10−10 10−15

kSLR,X,Y (cm2 s−1) 6.0×10−12 6.0×10−12 6.0×10−12

kBR,X,Y (cm3 s−1) 1.7×10−15 5.0×10−17 1.7×10−15

[X] s,0= [X]bk,0= 0, and the initial surface and bulk concen-
trations of oleic acid (Y) were set to [Y]ss,0=9.7×1013 cm−2

and [Y]ss,0=1.2×1021 cm−3, respectively. Accordingly, the
initial value of the total number of oleic acid molecules in
particles with a radius of 0.2 µm wasNY,0 = 4.1×107.

We modeled the temporal evolution of the particle sur-
face and bulk composition and of the ozone uptake coef-
ficient by numerically solving the differential equations of
mass balance for each model compartment with Matlab soft-
ware (ode23tb solver with 999 time steps). The rate equa-
tions describing the ozone – oleic acid reaction system are
listed in Appendix D. The kinetic parameters required for
the model simulations are summarized in Table 1: the sur-
face accommodation coefficient of ozone (αs,0,X), the des-
orption lifetime of ozone (τd,X), the bulk diffusion coeffi-
cients of ozone and oleic acid (Db,X, Db,Y), the second-
order surface layer reaction rate coefficient (kSLR,X,Y), and
the second-order bulk reaction rate coefficient (kBR,X,Y).
Additional input parameters were the mean thermal veloc-
ity of ozone (ωX = 3.6× 104 cm s−1), the Henry’s law co-
efficient (Ksol,cc,X = 4.8× 10−4 mol cm−3 atm−1), and the
molecular diameters of oleic acid (δY = 0.8 nm) and ozone
(δX = 0.4 nm) (Pfrang et al., 2009). The model simulations
were performed withn = 100 layers corresponding to a layer
thickness ofδ = 1.99 nm forrp =0.2 µm, unless mentioned
otherwise. For simplicity the physico-chemical parameters
were assumed to be constant throughout each model run.

The first-generation products of oleic acid oxidation by
ozone are mainly 1-nonanal, 9-oxononanoic acid, nonanoic
acid, and azelaic acid (Moise and Rudich, 2002; Katrib et
al., 2004; Thornberry and Abbatt, 2004; Vesna et al., 2009).
1-Nonanal is highly volatile and likely to evaporate from
the particle (Sage et al., 2009). The other products, how-
ever, have higher molecular masses and are more polar, less
volatile and likely to remain in the condensed phase (Jimenez
et al., 2009). Moreover, they may undergo recombination re-
actions forming second-generation products of higher molec-
ular mass such as dimers or oligomers in the bulk (Rudich
et al., 2007, and references therein). These effects go be-
yond the scope of the present study, but the gas-particle par-
titioning of (semi-)volatile species and the effects of chem-

ical transformation on particle size and properties shall be
incorporated in follow-up studies.

Here we focus on three model scenarios (base cases) char-
acterizing the influence of different parameters and condi-
tions on the uptake of ozone and the decay of oleic acid. The
derivation and choice of kinetic parameters were discussed in
detail by Pfrang et al. (2009). In view of the uncertainties and
limited availability of experimental data we compare three
cases covering a range of plausible parameter variations.

In base case 1 (BC1, kinetic limitation by interfacial trans-
port) we assumed fast bulk reaction with a literature-derived
rate coefficient ofkBR,X,Y = 1.7× 10−15 cm3 s−1 (equiva-
lent to 106 L mol−1 s−1) (Titov et al., 2005). The surface
reaction rate coefficientkSLR,X,Y = 6× 10−12 cm2 s−1 was
adopted from Pfrang et al. (2009). Note that this value is
an order of magnitude lower than reported value by other
studies (Gonzalez-Labrada et al., 2007; King et al., 2009).
Bulk diffusion coefficients were adopted from earlier stud-
ies (Db,X = 10−5 cm2 s−1, Db,Y = 10−10 cm2 s−1) (Smith et
al., 2002, 2003), and the parameters of reversible adsorption
were adjusted to match the experimental data of oleic acid
decay (αs,0,X= 4.2×10−4 andτd,X = 0.01 s).

In base case 2 (BC2, kinetic limitation by bulk reaction)
we assumed slow bulk reaction with a rate coefficient∼30
times lower than in BC1 (kBR,X,Y = 5×10−17 cm3 s−1). The
adsorption parameters were re-adjusted to match the exper-
imental data (αs,0,X = 8.5× 10−4, τd,X = 0.001 s), and all
other parameters were kept equal to BC1. Note that in BC1
and BC2 the results can be reproduced with different com-
binations ofαs,0,X and τd,X, that are closer to prediction
of molecular dynamic simulations (e.g.,αs,0,X ≈ 10−2 and
τd,X ≈ 10−9 s) (Vieceli et al., 2005; Shiraiwa et al., 2009).
These aspects will be further investigated in follow-up stud-
ies.

In base case 3 (BC3, kinetic limitation by bulk diffu-
sion) we assumed slow mass transport in the bulk with
diffusion coefficients that are characteristic for amorphous
(semi-)solid matrices (Bird et al., 2007; Swallen et al., 2007;
Mikhailov et al., 2009) and five orders of magnitude lower
than in BC1 and BC2 (Db,X = 10−10 cm2 s−1 and Db,Y =

10−15 cm2 s−1).

3.1 Base case 1: kinetic limitation by interfacial
transport

Figure 2 illustrates the model results of KM-SUB in base
case 1 with the kinetic parameters specified in Table 1. As
shown in Fig. 2a, the simulated decay of oleic acid is in
very good agreement with the experimentally observed de-
cay. Throughout the experimental time scale of 1–15 s,
the simulated ozone uptake coefficient is nearly constant
and identical to the surface and bulk accommodation coef-
ficients (γX ≈ αb,X ≈ αs,X ≈ αs,0,X ≈ 4× 10−4), indicating
that the gas uptake is limited by interfacial mass transport,
i.e., by the process of bulk accommodation which is in turn
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limited by the process of surface accommodation. After
∼30 s the ozone uptake coefficient rapidly drops off when
reaction partner oleic acid is used up by the rapid bulk reac-
tion (γX/γX,0 ≈ NY/NY,0 < 1% after∼37 s).

As shown in Fig. 2b, the surface concentration of oleic
acid also decreases gradually over the first∼30 s and drops
off rapidly afterwards. In contrast, the surface concentra-
tion of ozone exhibits a rapid initial increase from zero to a
plateau level of[X]s ≈ 1011 cm−2, which is reached within
less than a second (∼20 ms) and determined by the combina-
tion of reversible adsorption, surface reaction, and surface-
to-bulk transport driven by the chemical reaction in the bulk.
Over the first 30 s,[X]s gradually increases with the decay of
oleic acid and the related decrease of chemical loss. As the
chemical loss by reaction with oleic acid rapidly drops off
after∼30 s,[X]s swiftly increases by an order of magnitude
to a steady-state level of∼1012 cm−2, which is governed by
reversible adsorption.

To test how the number of model layers in the particle
bulk affects the simulation results, we have run the model
with n = 1, 5 and 100 layers corresponding to layer thick-
nesses ofδ = 199.2, 39.8 and 1.99 nm, respectively. The
results obtained withn = 100 and 5 were practically iden-
tical, demonstrating the robustness of the multi-layer model
approach with transport rate coefficients (velocities) scaled
by the layer thickness (Eqs. 28–31). As shown in Fig. 2,
the deviations obtained withn = 1 were relatively minor, but
they indicate that the particle bulk cannot be regarded as well
mixed under the conditions of base case 1. Similar deviations
were obtained with the kinetic double-layer model K2-SUB,
in which the bulk processes are not explicitly resolved but
represented by a reacto-diffusive flux (Appendix C, Pfrang
et al., 2009).

The KM-SUB model results for the bulk concentration
profiles of ozone and oleic acid were also essentially the
same withn = 100 and 5. For high resolution and to avoid
congestion of the plot, however, only the profiles obtained
100 layers are shown in Fig. 3. The y-axis indicates the ra-
dial distance from the particle center (r)normalized by the
particle radius (rp), ranging from the particle core (δ/rp ≈ 0)
to the near-surface bulk ((rp−δ)/rp ≈ 1).

As shown in Fig. 3a, ozone rapidly diffuses into the par-
ticle bulk. A gradient between the near-surface bulk and the
core is established within less than a second (∼20 ms), and
the concentration profile is determined by the interplay of in-
terfacial mass transport (surface and bulk accommodation)
with bulk diffusion and chemical reaction. During the first
few seconds, the ozone concentration in the particle core is
about a factor of∼50 lower than in the near surface bulk. Up
to ∼30 s, the ozone concentration gradient decreases gradu-
ally with the decay of oleic acid and the related decrease of
chemical loss. As the chemical loss by reaction with oleic
acid rapidly drops off after∼30 s, the ozone concentration
gradient swiftly relaxes, and after∼37 s ozone is well mixed
throughout the particle bulk at the concentration level of sol-
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Fig. 2. Temporal evolution of model base case 1 in KM-SUB with
n = 1 (dashed lines) andn = 100 (solid lines) and in K2-SUB (dot-
ted lines). (a) Experimental data (black symbols; Ziemann, 2005)
and model results for the total number of oleic acid molecules (NY ,
black line) and for the uptake coefficient of ozone (γXi

, red line),
surface accommodation coefficient (αs,X, blue dotted line), and
bulk accommodation coefficient (αb,X, blue dashed line).(b) Sur-
face concentrations of oleic acid (black line) and ozone (red line).

ubility saturation([X]b,sat= 8×1014 cm−3
= Ksol,CC,X[X]gs

with Ksol,CC,X= 4.8×10−4 mol cm−3 atm−1).
As shown in Fig. 3b, the ozone gradient and the ozonolysis

of oleic acid cause a reverse gradient in the bulk concentra-
tion of oleic acid. Because the concentration of oleic acid is
several orders of magnitude larger than that of ozone, how-
ever, the strong gradient of ozone induces only a small gradi-
ent in oleic acid. During the first few seconds, the oleic acid
concentration in the near-surface bulk is∼5% lower than in
the particle core. As the ozone gradient relaxes after∼30 s,
the small oleic acid gradient also disappears. Thus, oleic acid
can effectively be regarded as well-mixed.

Figure 4a shows the loss rate of oleic acid and ozone
by chemical reaction in the particle bulk (Lb) as calculated
with KM-SUB for different model layers and with KM-SUB
and K2-SUB effectively averaged over the whole bulk vol-
ume. The averaged values ofLb calculated by K2-SUB and
KM-SUB are almost identical, demonstrating consistency
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16 

Fig. 3. Temporal evolution of bulk concentration profiles for model
base case 1 for(a) ozone and(b) oleic acid (KM-SUB withn =

100). The y-axis indicates the radial distance from the particle cen-
ter (r) normalized by the particle radius, ranging from the particle
core (r/rp = δ/rp ≈ 0) to the near-surface bulk (r/rp = 1). The col-
ored lines are isopleths of bulk concentration with labeled in units
of cm−3 (blue=low, red=high). The black solid line represents the
reacto-diffusive length for ozone normalized by the particle radius
(1− lrd,X/rp). The black dotted line represents the 50% isoline for
the concentration difference between the particle core and the near-
surface bulk, and the black dashed line shows 63% isoline ofL∗

b.

of KM-SUB with K2-SUB and with the underlying resis-
tor model formulation of the reacto-diffusive fluxJb,rd. Due
to the overall kinetic limitation by interfacial transport, the
volume-average loss rateLb remains near-constant up to
∼30 s. During the first few seconds, the loss rate in the near-
surface bulk (Lb1, r/rp ≈ 1) is more than a factor of 2 higher
than the volume-average loss rate, while the loss rates in lay-
ers around the particle core (Lb40 to Lb100, r/rp < 0.6) are
more than a factor of 2 lower.Lb1 continually decreases due
to progressing consumption of oleic acid, whereasLb40 to
Lb100 exhibit a pronounced increase up to∼35 s due to the
penetration of ozone to the particle core (see also Fig. 3a).
After ∼35 s all loss rates drop off rapidly and approach zero
after∼37 s as oleic acid is essentially used up.

Up to∼30 s, the strong radial gradient of loss ratesLb and
the approximate coincidence ofLb20 (r/rp ≈ 0.8) withLb in-
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Fig. 4. (a)Loss rate (Lb) and(b) absolute loss rate (L∗bk
) of oleic

acid in the bulk calculated by KM-SUB for bulk layers 1 (near-
surface bulk), 20, 40, 60, and 100 (core) in BC1.Lb calculated
by K2-SUB and volume averageLb(= L∗

b/Vb) calculated by KM-
SUB are shown in panel (a). Total absolute los rate (L∗

b) calculated
by KM-SUB and K2-SUB are also shown in panel (b).

dicate that the overall rate of conversion or absolute loss rate
of oleic acid and ozone molecules in the particle is strongly
dominated by the outer bulk layers atr/rp > 0.8. Due to the
spherical geometry the outer layers also have much larger
volumes, which further enhances their relative importance
with regard to the absolute loss rate of molecules in each
layer (L∗

bk = LbkVbk) and in the entire particle (L∗b = LbVb).
Figure 4b illustrates this by displaying the values ofL∗

bk and
L∗

b corresponding to the values ofLbk andLb displayed in
Fig. 4a (note the linear scaling of Fig. 4a and the logarithmic
scaling of Fig. 4b).L∗

b calculated by KM-SUB and K2-SUB
are almost identical.

The black solid line in Fig. 3a represents the reacto-
diffusive length for ozone normalized by the particle radius
(1− lrd,X/rp), which can be regarded as the distance from
the surface up to which the chemical reaction proceeds effec-
tively (Finlayson-Pitts and Pitts, 2000; Pöschl et al., 2007).
The initial value oflrd,X ≈20 nm is consistent with the values
reported by Smith et al. (2003) and Katrib et al. (2004). Over
the first∼30 s of the model runlrd,X remains fairly constant,
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and the reacto-diffusive line (black solid) coincides with the
50% isoline for the concentration difference between the
particle core and the near-surface bulk (black dotted), and
with the 63% (=1−1/e) isoline ofL∗

b (black dashed). During
this time 63% ofL∗

b, i.e., 63% of the overall rate of con-
version of oleic acid ozonolysis, occur in the outermost 10
bulk layers, i.e. atr/rp > 0.9 (corresponding to∼30% of the
particle bulk volume). After∼30 s,lrd,X increases steeply as
oleic acid is depleted and ozone can freely penetrate through-
out the bulk of the particle.

3.2 Base case 2: kinetic limitation by bulk reaction

In base case 2 the second-order bulk reaction rate coefficient
was by a factor of∼30 smaller than in BC1, while the surface
accommodation coefficient was by a factor of∼2 higher (Ta-
ble 1). As shown in Fig. 5a, the simulation results of BC2 are
also in very good agreement with the observed decay of oleic
acid. The calculated ozone uptake coefficient behaves very
differently than in BC1. The initial value ofγX in BC2 is by
a factor of∼2 higher than in BC1. It reflects rapid uptake
into the initially ozone-free particle bulk, which is limited
by the kinetics of interfacial transport, i.e., bulk accommo-
dation and surface accommodation, respectively. After less
than one second (∼20 ms), however,γX steeply drops off to a
level that is reaction-limited (γX ≈ 10−4 < αb,X ≈ 8×10−4)

and continues to decrease gradually with decreasing abun-
dance of the reaction partner oleic acid.

After a rapid initial increase (∼20 ms), the ozone sur-
face concentration reaches a plateau level which increases
only slightly until the end of the simulation, while the oleic
acid surface concentration decreases gradually. In contrast to
BC1, none of the compositional and kinetic parameters ex-
hibit abrupt changes after∼30 s. Instead, they all undergo a
gradual evolution reflecting the kinetics of the rate-limiting
bulk reaction.

The results of multi-layer model KM-SUB with bothn =

100 and 1 were practically identical to the results of the
double-layer model K2-SUB, indicating that the particle bulk
can be regarded as well mixed under the conditions of BC2.

Due to faster interfacial transport and slower chemical re-
action, the ozone concentration in the bulk increases much
faster than in BC1 (Fig. 6a vs. Fig. 3a). After less than one
second (∼20 ms), the ozone concentration in the core of the
particle is only∼30% lower than in the near-surface bulk,
and the gradient continues to decrease with decreasing abun-
dance of oleic acid. Due to the slow decay of oleic acid, how-
ever, a small ozone gradient persists until the end of the sim-
ulation (Fig. 6a) and thus longer than in BC1, where the ini-
tially very strong gradient essentially disappears after∼37 s
when practically all oleic acid (>99%) has been consumed
by the rapid bulk reaction (Fig. 3a). As illustrated in Fig. 6b,
oleic acid can be regarded as well-mixed (concentration dif-
ferences<1%).
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26 
Fig. 5. Temporal evolution of model base case 2 in KM-SUB with
n = 1 (dashed lines) andn = 100 (solid lines) and in K2-SUB (dot-
ted lines). (a) Experimental data (black symbols; Ziemann, 2005)
and model results for the total number of oleic acid molecules (NY ,
black line) and for the uptake coefficient of ozone (γX , red line), sur-
face accommodation coefficient (αs,X, blue dotted line), and bulk
accommodation coefficient (αb,X, blue dashed line).(b) Surface
concentrations of oleic acid (black line) and ozone (red line).

Figure 7a shows the loss rate of oleic acid and ozone by
chemical reaction in the particle bulk (Lb) as calculated with
KM-SUB for different model layers and with KM-SUB and
K2-SUB effectively averaged over the whole bulk volume.
The average values ofLb calculated by K2-SUB and KM-
SUB are almost identical. Due to the kinetic limitation by
bulk reaction, the volume-average loss rateLb decreases con-
tinuously due to consumption of oleic acid. Initially,Lb in
the near-surface bulk (Lb1, r/rp ≈ 1) is ∼40% higher than
that in the core (Lb100) corresponding to the concentration
gradient of O3 in the bulk. They become almost same in 20
s as concentration gradient becomes smaller. Figure 7b il-
lustratesL∗

bk(= LbkVbk) andL∗

b(= LbVb) corresponding to
the values ofLbk andLb displayed in Fig. 7a (note the linear
scaling of Fig. 7a and the logarithmic scaling of Fig. 7b).L∗

b
calculated by KM-SUB and K2-SUB are almost identical.

The black solid line in Fig. 6a represents again the reacto-
diffusive length for ozone normalized by the particle radius
(1− lrd,X/rp). Due to the lower reaction rate coefficient, the
initial value of lrd,X ≈ 120 nm is by a factor of∼6 larger
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Figure 6.  30 

31 Fig. 6. Temporal evolution of bulk concentration profiles for model
base case 1 for(a) ozone and(b) oleic acid (KM-SUB withn =

100). The y-axis indicates the radial distance from the particle cen-
ter (r) normalized by the particle radius, ranging from the particle
core (r/rp = δ/rp ≈ 0) to the near-surface bulk (r/rp = 1). The col-
ored lines are isopleths of bulk concentration with labeled in units
of cm−3 (blue=low, red=high). The black solid line represents the
reacto-diffusive length for ozone normalized by the particle radius
(1− lrd,X/rp). The black dotted line represents the 50% isoline for
the concentration difference between the particle core and the near-
surface bulk, and the black dashed line shows 63% isoline ofL∗

b.

than in BC1, and after∼20 s it is already larger than the
particle radius (200 nm), indicating that the reaction effec-
tively proceeds throughout the whole bulk. The 50% isoline
(black dotted) for the ozone concentration difference be-
tween the particle core and the near-surface bulk and the 63%
(= 1−1/e) isoline ofL∗

b (black dashed) remain near-constant
throughout the simulation. They are from the beginning at
the same level reached at the end of BC1, which reflects that
both ozone and oleic can be regarded as well mixed in BC2
due to slow reaction and rapid diffusion.

BC1 may be regarded as more realistic, because it uses the
only reported value of the bulk reaction rate coefficient of
ozone with oleic acid, whereas BC2 assumes a∼30 times
lower value. Nevertheless, both model cases are in good
agreement with the available experimental data. Thus, fur-
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Figure 7.  35 

36 Fig. 7. (a)Loss rate (Lb) and(b) absolute loss rate (L∗bk
) of oleic

acid in the bulk calculated by KM-SUB for bulk layers 1 (near-
surface bulk), 20, 40, 60, and 100 (core) in BC2.Lb calculated
by K2-SUB and volume averageLb(= L∗

b/Vb) calculated by KM-
SUB are shown in panel (a). Total absolute los rate (L∗

b) calculated
by KM-SUB and K2-SUB are also shown in panel (b).

ther experiments covering a wider range of reaction times
and conditions are needed to elucidate the actual reaction
mechanism (see Pfrang et al., 2009).

3.3 Base case 3: kinetic limitation by bulk diffusion

Base case 3 is based on base case 1 but the bulk diffusion
coefficients are lower by five orders of magnitude (Db,X =

10−10 cm2 s−1, Db,Y = 10−15 cm2 s−1, Table 1), correspond-
ing to characteristic diffusivities of amorphous (semi-)solid
matrices (Bird et al., 2007; Swallen et al., 2007; Mikhailov
et al., 2009).

As illustrated in Fig. 8a, the decay of oleic acid is very
slow in BC3 because the low diffusivity effectively pro-
tects oleic acid in the particle bulk from oxidation. Within
∼1 s the calculated ozone uptake coefficient drops from the
initial value of ∼4×10−3 to ∼2×10−5, which is due to a
rapid decrease of the oleic acid surface concentration from
∼1014 cm−2 to ∼1012 cm−2. After ∼1 s the ozone surface
concentration remains practically constant at∼1012 cm−2

(adsorption equilibrium). The low levels of ozone uptake
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Fig. 8. Temporal evolution of model base case 3 with KM-SUB
(n = 100). (a) Experimental data (black symbols; Ziemann, 2005)
and model results for the total number of oleic acid molecules (NY ,
black line) and for the uptake coefficient of ozone (γX , red line), sur-
face accommodation coefficient (αs,X, blue dotted line), and bulk
accommodation coefficient (αb,X, blue dashed line).(b) Surface
concentrations of oleic acid (black line) and ozone (red line).

coefficient and oleic acid surface concentration are main-
tained by surface bulk exchange and decrease slowly as
ozone increases and oleic acid decreases also in the near-
surface bulk. In contrast to BC1, the bulk accommodation
coefficientαb, X(≈ 2×10−6) is much smaller thanαs,X and
γX , reflecting the slow uptake of ozone into the particle bulk,
which is limited by the kinetics of surface-bulk exchange and
bulk diffusion.

Due to fast reaction and slow diffusion, both ozone and
oleic acid exhibit steep concentration gradients near the sur-
face, whereas the inner particle bulk remains nearly un-
changed (Fig. 9). During the simulation period ozone pen-
etrates only into the near-surface bulk, and thus the chemi-
cal consumption of oleic acid is also restricted to the near-
surface bulk (r/rp > 0.99). Accordingly, the reacto-diffusive
length is very small (∼0.1 nm; black solid line in Fig. 9a),
and the 50% isoline (black dotted) for the ozone concentra-
tion difference between particle core and near-surface bulk
as well as the 63% (=1−1/e) isoline ofL∗
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Fig. 8. Temporal evolution of model base case 3 with KM-SUB
(n = 100). (a) Experimental data (black symbols; Ziemann, 2005)
and model results for the total number of oleic acid molecules (NY ,
black line) and for the uptake coefficient of ozone (γX , red line), sur-
face accommodation coefficient (αs,X , blue dotted line), and bulk
accommodation coefficient (αb,X , blue dashed line).(b) Surface
concentrations of oleic acid (black line) and ozone (red line).

X(≈ 2× 10−6) is much smaller thanαs,X and γX , reflect-
ing the slow uptake of ozone into the particle bulk, which
is limited by the kinetics of surface-bulk exchange and bulk
diffusion.

Due to fast reaction and slow diffusion, both ozone and
oleic acid exhibit steep concentration gradients near the sur-
face, whereas the inner particle bulk remains nearly un-
changed (Fig. 9). During the simulation period ozone pen-
etrates only into the near-surface bulk, and thus the chemi-
cal consumption of oleic acid is also restricted to the near-
surface bulk (r/rp > 0.99). Accordingly, the reacto-diffusive
length is very small (∼0.1 nm; black solid line in Fig. 9a),
and the 50% isoline (black dotted) for the ozone concentra-
tion difference between particle core and near-surface bulk
as well as the 63% (= 1−1/e) isoline ofL∗

b (black dashed)
remain restricted to the near surface bulk (r/rp >0.99). This
is also reflected in Fig. 10, showing that the values ofLb and
L∗

b are essentially zero except fork = 1 (near-surface bulk
layer).
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47 Fig. 9. Temporal evolution of bulk concentration profiles for model
base case 3 for(a) ozone and(b) oleic acid (KM-SUB withn =

100). The y-axis indicates the radial distance from the particle cen-
ter (r) normalized by the particle radius, ranging fromr/rp = 0.95
to the near-surface bulk (r/rp = 1). The colored lines are isopleths
of bulk concentration with labeled in units of cm−3 (blue=low,
red=high). The black solid line represents the reacto-diffusive
length for ozone normalized by the particle radius (1− lrd,X/rp).
The black dotted line represents the 50% isoline for the concentra-
tion difference between the particle core and the near-surface bulk,
and the black dashed line shows 63% isoline ofL∗

b.

Compared to KM-SUB, the simulated decay of oleic acid
and ozone uptake are faster in K2-SUB. At the end of the
model run (40 s), the total amount of oleic acid (NY) is
lower by∼10% while the surface concentration of oleic acid
([Y]ss) and the ozone uptake coefficient (γX) are higher by a
factor of ∼5. This is because K2-SUB assumes that oleic
acid is radially well-mixed and does not resolve its con-
centration profile. In fact, the diffusion coefficient of oleic
acid (Db,Y) does not appear in the equation for the reacto-
diffusive flux (Eq. C1), which represents the effects of all
bulk processes in the traditional resistor model approach. In
case of kinetic limitation by bulk diffusion, however, the
reaction rates are influenced by the mass transport of both
volatile and non-volatile reactants in the particle bulk.
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model run (40 s), the total amount of oleic acid (NY) is
lower by∼10% while the surface concentration of oleic acid
([Y]ss) and the ozone uptake coefficient (γX) are higher by a
factor of ∼5. This is because K2-SUB assumes that oleic
acid is radially well-mixed and does not resolve its con-
centration profile. In fact, the diffusion coefficient of oleic
acid (Db,Y) does not appear in the equation for the reacto-
diffusive flux (Eq. C1), which represents the effects of all
bulk processes in the traditional resistor model approach. In
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Fig. 10. (a)Loss rate (Lb) and(b) absolute loss rate (L∗bk
) of oleic

acid in the bulk calculated by KM-SUB for bulk layers 1 (near-
surface bulk), 2, 3, 4, and 5 in BC3. Total absolute loss rate (L∗

b)

are also shown.

reaction rates are influenced by the mass transport of both
volatile and non-volatile reactants in the particle bulk.

3.4 Chemical half-life of oleic acid and atmospheric
implications

In the preceding sections we showed how the KM-SUB
model can be used to interpret and analyze experimental data
from laboratory studies, which are often carried out with high
O3 concentration to observe measurable effects on short ex-
perimental time scales. Here we demonstrate how the results
can be extrapolated to dilute atmospheric conditions.

We estimated the chemical half-life (t1/2) of pure oleic
acid particles, when exposed to ozone at average ambient
mixing ratios (<150 ppb). The radii of oleic acid particles
(rp) were set to be 0.2 and 1.0 µm. The chemical half-life was
defined as the time when number of oleic acid molecules was
degraded to half of its initial value. The solid lines of Fig. 11
show the results of such calculations with BC1. At typical
atmospheric O3 mixing ratios of 30 ppb,t1/2 was∼25 min
for rp =0.2 µm and∼130 min for rp =1.0 µm. The chemi-
cal half-life depended strongly on particle radius (i.e. num-
ber of oleic acid molecules contained in the particle). In the
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Fig. 11. Chemical half-life (min) of pure oleic acid particles with
particle radius of 1.0 (black) and 0.2 µm (red) as a function of
gas phase O3 mixing ratio. The diffusion coefficients areDb,X =

10−5 cm2 s−1, Db,Y = 10−10cm2 s−1 (solid line, BC1),Db,X =

10−8 cm2 s−1, Db,Y = 10−13cm2 s−1 (dotted line), andDb,X =

10−10cm2 s−1, Db,Y = 10−15cm2 s−1 (dashed line, BC3).

typical polluted air with 100 ppb O3, t1/2 was shortened to
∼8 min for rp = 0.2 µm and∼40 min for rp = 1.0 µm. The
calculations were also made in BC2, which gave almost the
same results forrp = 0.2 µm and gave∼20% smaller value
for rp = 1.0 µm compared to BC1.

The ozonolysis of oleic acid leads to an increase of oxygen
content and hygroscopicity (Asad et al., 2004), and it can
convert CCN-inactive particles into CCN (King et al., 2009).
Our model results suggest that the transformation of oleic
acid particles will occur on a timescale of∼1 h depending
on atmospheric O3 concentration and particle size. This is in
good agreement with the characteristic time of 1.3 h reported
by King et al. (2009).

In spite of the short lifetimes found in laboratory exper-
iments, however, oleic acid is detected also in aged atmo-
spheric aerosol particles (Rogge et al., 1991; Morris et al.,
2002). Possible explanations include reduced concentrations
of O3 (and other photo-oxidants) in the particle bulk due to
the following effects: (a) chemical reaction with other re-
active species, self-reaction or catalytic decomposition; (b)
competitive co-adsorption and surface reaction of multiple
species such as water vapor and nitrogen oxides (Shiraiwa
et al., 2009; Springmann et al., 2009); (c) slow mass trans-
port because of low diffusion coefficients in solid or semi-
solid phases (crystalline, glassy, rubbery, gel-like or ultra-
viscous: Mikhailov et al., 2009). The formation of semi-
solid amorphous phases is generally favored by low temper-
ature and low relative humidity (Zobrist et al., 2008), and
it can occur in the core of atmospheric particles as well as

Atmos. Chem. Phys., 10, 3673–3691, 2010 www.atmos-chem-phys.net/10/3673/2010/
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in coatings formed by condensation of secondary particulate
matter. For example, oligomerisation reactions may lead to
high molecular mass, low hygroscopicity and low diffusivity
of secondary organic coatings, effectively shutting off fur-
ther ozonolysis and oxidation of oleic acid and other organic
compounds in the bulk of coated particles.

The potential importance of the phase state of aerosol par-
ticles (solid, semi-solids, or liquid) for the ozonolysis of
oleic acid was already pointed out by Knopf et al. (2005)
and Zahardis and Petrucci (2007). To explore and quantify
the effects and of kinetic limitation by bulk diffusion, we
performed sensitivity studies with low diffusion coefficients
that are characteristic for mass transport in highly viscous or
semi-solid matrices (Bird et al., 2007; Swallen et al., 2007;
Mikhailov et al., 2009).

The dotted lines in Fig. 11 show the effect of reducing the
diffusion coefficients of O3 and oleic acid by three orders of
magnitude (Db,X = 10−8 cm2 s−1, Db,Y = 10−13 cm2 s−1).
It increasedt1/2 by up to∼100%, depending on ozone con-
centration and particle diameter. The dashed lines shows
the effect of reducing the diffusion coefficients to the same
level as in the base case 3 presented and discussed above
(Db,X = 10−10 cm2 s−1, Db,Y = 10−15 cm2 s−1). In this case
the chemical lifetimes increase by up to a factor of∼100 and
become nearly independent of ozone concentration:∼3 h
for rp = 0.2 µm and∼3 days forrp = 1.0 µm. The results
confirm mass transport can have strong non-linear effects
on the chemical aging of atmospheric aerosols, and that
(semi-)solid matrices with low diffusion coefficients can ef-
fectively shield reactive organic compounds from degrada-
tion by atmospheric photo-oxidants.

4 Conclusions

We presented a novel kinetic multi-layer model (KM-SUB)
that explicitly resolves all steps of mass transport and chem-
ical reaction at the surface and in the bulk of aerosol parti-
cles. It includes adsorption and desorption, surface reactions
and surface-bulk exchange as well as bulk diffusion and reac-
tion.Unlike earlier models of aerosol chemistry (e.g., resistor
model), the KM-SUB model approach does not require any
simplifying assumptions about steady-state and mixing con-
ditions. The temporal evolution of concentration profiles of
volatile and non-volatile species in the particle bulk can be
modeled along with surface concentrations and uptake coef-
ficients.

The effects of bulk diffusion on the rate of gas uptake and
particle transformation were explored for a popular refer-
ence system, the ozonolysis of oleic acid particles, assuming
different diameters and different sets of kinetic parameters
(surface accommodation coefficients, diffusion coefficients,
etc.).

Under conditions where the reaction system was kineti-
cally limited by interfacial transport or chemical reaction, the

multi-layer model (KM-SUB) was in good agreement with a
double-layer model (K2-SUB) using traditional resistor for-
mulations for bulk processes. In case of kinetic limitation by
bulk diffusion, however, the K2-SUB model overestimated
the rates of gas uptake and oleic acid degradation, because
it does not resolve and account for the concentration profile
of oleic acid. Comparison with a partial differential equation
(PDE) model confirmed the ability of KM-SUB to resolve
diffusion and concentration profiles in the particle bulk.

We demonstrated and discussed how the KM-SUB model
can be used to interpret and analyze experimental data from
laboratory studies, and how the results can be extrapolated to
atmospheric conditions. For liquid oleic acid particles, the
chemical half-life of oleic acid molecules with regard to ox-
idation by ozone was estimated to of the order of one hour.
In (semi-)solid particles with low bulk diffusivity, however,
the chemical half-life can increase dramatically (up to mul-
tiple hours and days). The results of sensitivity studies with
different bulk diffusion coefficients confirmed that the phase
state of atmospheric particles is highly relevant for chemi-
cal transformation and aging (Knopf et al., 2005; McNeill et
al., 2007, 2008; Zahardis and Petrucci, 2007; Griffiths et al.,
2009; Mikhailov et al., 2009).

Depending on the complexity of the investigated system,
unlimited numbers of volatile and non-volatile species and
chemical reactions can be added flexibly. Thus, the KM-
SUB approach may serve as a basis for the development of
a detailed master mechanism of aerosol chemistry and for
the derivation of simplified but realistic parameterizations for
large-scale atmospheric and climate models.

Appendix A

List of Symbols

Symbol Meaning Unit

αb,Xi
bulk accommodation coefficient
of Xi

αs,Xi
surface accommodation
coefficient of Xi

αs,0,Xi
surface accommodation
coefficient of Xi on an adsorbate-
free surface

αs,0,Xi ,Yj
surface accommodation
coefficient of Xi on an adsorbate-
free surface composed of Yj

δ thickness of bulk layers cm
δXi

, δYj
effective molecular diameter of
Xi and Yj

cm

λXi
mean free path of Xi in the gas
phase

cm
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Symbol Meaning Unit

θs sorption layer surface
coverage

θss quasi-static layer surface
coverage

σs,Xi
effective molecular cross
section of Xi in the sorption
layer

cm2

γXi
uptake coefficient of Xi
(normalized by gas kinetic
flux of surface collisions)

γgsr,Xi
reaction probability for el-
ementary gas-surface reac-
tions

τd,Xi
desorption lifetime of Xi s

τd,Xi ,Yj
desorption lifetime of Xi on
a surface composed of Yj

s

8b,Yp weighting factor (mole,
mass, or volume fraction of
Yp in the bulk)

ωXi
mean thermal velocity of
Xi in the gas phase

cm s−1

A(k) outer surface area of bulk
layerk

cm2

Ass surface area of particle
(quasi-static layer)

cSLRv,s,Xi
,

cSLRv,ss,Yj

stoichiometric coefficients
of species Xi and Yj in sur-
face layer reaction SLRv

cBRv,Xi
,

cBRv,Yj

stoichiometric
coefficients of species Xi
and Yj in bulk reaction
BRv

Cb,rd,Xi
reacto-diffusive geometry
correction factor for Xi

Cg,Xi
gas phase diffusion
correction factor for Xi

Db,Xi
,

Db,Yj

bulk diffusion coefficient of
Xi and Yj

cm2 s−1

Jads,Xi
,

Jdes,Xi

flux of adsorption and des-
orption of Xi

cm−2 s−1

Jcoll,Xi
flux of surface collisions of
Xi

cm−2 s−1

Jb,rd,Xi
reacto-diffusive flux of Xi cm−2 s−1

Jb,s,Xi
,

Jb,ss,Yj

flux of bulk-to-
surface transport of
Xi (sorption layer) and
Yj (quasi-static layer)

cm−2 s−1

Js,b,Xi
,

Jss,b,Yj

flux of surface-to-
bulktransport of
Xi (sorption layer) and
Yj (quasi-static layer)

cm−1 s−1

Symbol Meaning Unit

Jbk,bk−1,Xi
,

Jbk,bk−1,Yj

flux of transport from bulk
layerk to bulk layerk-1 for Xi

and Yj

cm−2 s−1

kb,b,Xi
,

kb,b,Yj

rate coefficient (velocity) of
bulk transport of Xi and Yj

cm s−1

kb,s,Xi
rate coefficient (velocity) of
bulk-to-surface transport of
Xi

cm s−1

kBR,Xi ,Yj
second-order rate coefficients
for bulk reactions of Xi with
Yj

cm3 s−1

kb,ss,Yi rate coefficient (velocity) of
bulk-to-surface transport of
Yj

cm s−1

kd,Xi
first-order desorption rate
coefficient of Xi

s−1

ks,b,Xi
first-order rate coefficient for
surface-to-bulk transport of
Xi

s−1

kss,b,Yj
first-order rate coefficients for
surface-bulk transport of Yj

s−1

kSLR,Xp,Yq second-order rate coefficients
for surface layer reactions of
Xp with Yq

cm2 s−1

Ksol,cc,Xi
gas-particle partitioning coef-
ficient of Xi

lrd,Xi
reacto-diffusive length of
Xi and Yj

cm−3 s−1

Lb,Xi
,

Lb,Yj

loss rate of Xi and Yj by
reaction in the particle bulk

cm−3 s−1

Lbk,Xi
,

Lbk,Yj

loss rate of Xi and Yj by
reaction in bulk layerk

cm−3 s−1

Ls,Xi
,

Lss,Yj

loss rate of Xi and Yj by sur-
face layer reaction

cm−2 s−1

L∗

b,Xi
,

L∗

b,Yj

absolute loss rate of Xi and
Yj by reaction in the particle
bulk

s−1

L∗

bk,Xi
,

L∗

bk,Yj

absolute loss rate of Xi and
Yj by reaction in bulk layerk

s−1

L∗

s,Xi
,

L∗

ss,Yj

absolute loss rate of Xi and
Yj by surface layer reaction

s−1

n number of bulk layers
NY total number of Y molecules
Pb,Xi

,
Pb,Yj

production rate of Xi and Yj

by reaction in the particle bulk
cm−3 s−1

Pbk,Xi
,

Pbk,Yj

production rate of Xi and Yj

by reaction in bulk layerk
cm−3 s−1

Ps,Xi
,

Pss,Yj

production rate of Xi and Yj

by surface layer reaction
cm−2 s−1

rb particle bulk radius cm
rp particle radius cm
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Symbol Meaning Unit

[Xi ]g gas phase number concentration
of Xi

cm−3

[Xi ]gs Near-surface gas phase number
concentration of Xi

cm−3

[Xi ]s surface number concentration of
Xi (sorption layer)

cm−2

[Yj ]ss surface number concentration of
Yj (quasi-static layer)

cm−2

[Xi ]bk,[Yj ]bk Bulk number concentration of
Xi and Yj in the bulk layerk

cm−3

Vb volume of particle bulk
V (k) volume of bulk layerk cm−3

Appendix B

Partial differential equation model (PDE)

Smith et al. (2003) demonstrated that the diffusion and re-
action in the bulk can be described by the following partial
differential equations:

∂[X]b

∂t
=

Db,X

r2

∂

∂r

(
r2∂[X]b

∂r

)
−kBR,X,Y[X]b[Y]b (B1)

∂[Y]b

∂t
=

Db,Y

r2

∂

∂r

(
r2∂[Y]b

∂r

)
−kBR,X,Y[X]b[Y]b (B2)

where X=O3 and Y=oleic acid. The first term describes dif-
fusion based on the Fick’s law and the second term describes
chemical reaction in the bulk. Note that this partial differen-
tial equation (PDE) method can only simulate the processes
in the bulk and not coupled with surface processes. In solv-
ing these PDE equations, several assumptions are required
as boundary conditions (Smith et al., 2003): (1) The con-
centration of the near-surface bulk is fixed over time, (2)
the flux of X at the core is zero (∂[X]b/∂r|r=0 = 0), (3)
the flux of Y at both near-surface bulk and core is zero
(∂[X]b/∂r|r=rp = ∂[X]b/∂r|r=0 = 0). PDE model simula-
tions were performed by numerically solving the partial dif-
ferential equations with Matlab software (PDEPE solver).

We investigate large particles with a radius of 1.0 µm as
investigated by Smith et al. (2003), and we compare the
KM-SUB results (n= 200) to the results of the PDE model.
The gas phase ozone concentration was set to[X]g = [X]gs=

7.0×1013 cm−3 (corresponding to 2.8 ppm at 1013 hPa and
298 K). The initial surface and bulk concentrations of ozone
(X) were set to[X]s,0 = [X]bk,0 = 0, and the initial sur-
face and bulk concentrations of oleic acid (Y) were set
to [Y]ss,0= 9.7×1013 cm−2 and[Y]ss,0= 1.2×1021 cm−3,
respectively. The kinetic parameters used are based on base
case 1 summarized in Table 1 with the second-order sur-
face reaction rate coefficient (kSLR,X,Y) of zero. Unlike

KM-SUB, the PDE model depends on the assumption of a
fixed ozone concentration in the near surface bulk. Smith
et al. (2003) had assumed solubility saturation according to
Henry’s law. In case of fast reaction, however, chemical loss
leads to a substantial decrease and lower value of the actual
ozone concentration. For comparability, the concentration of
ozone in the near-surface bulk of the PDE model was set to a
value of 5.0×1013 cm−3, which is similar to the value calcu-
lated by KM-SUB.

Figure A1 shows the concentration profiles of ozone (top)
and oleic acid (bottom) obtained by simulations with KM-
SUB (left) and with the PDE model (right). The diffusion
of O3 into the bulk was very slow due to the large parti-
cle diameter, so that there was a large concentration gra-
dient of O3. The concentration of O3 at the core remains
small (<103 cm−3) over the reaction time considered. Oleic
acid showed also a concentration gradient, which was due
to the O3 concentration gradient and a slow diffusion coeffi-
cient of oleic acid (Db,Y = 10−10 cm2 s−1). If a largerDb,Y
of 10−7 cm2 s−1 was used in the simulation, the concentra-
tion of oleic acid was homogeneous throughout the bulk,
which was consistent with the results reported by Smith et
al. (2003).

The KM-SUB and PDE methods yield very similar results,
but the concentration gradients for both O3 and oleic acid
were slightly steeper in the PDE model. A possible reason
for the difference may be that the PDE model requires the
assumption of a fixed ozone concentration in the near sur-
face bulk and zero flux values at the surface and at center of
the particles as specified above (boundary conditions). An-
other possible reason for deviations is the estimation of bulk
transport velocities (kb,b). If we assumekb,b= Db/δ instead
of Eqs. (35) and (36), the KM-SUB results become nearly
identical to the PDE results. Note that varying the number of
layers in the KM-SUB model made practically no difference.

Appendix C

Kinetic double-layer model (K2-SUB)

A kinetic double-layer of surface and bulk chemistry (K2-
SUB) was developed by Pfrang et al. (2009). K2-SUB uses
one layer for bulk, therefore concentration profiles in the bulk
is not obtained. The diffusion and reaction in the bulk is
considered by the reacto-diffusive flux (Jb,rd) (Danckwerts,
1951; Hanson, 1997; P̈oschl et al., 2007). The loss rate of
oleic acid in the bulk can be described as follows (Pfrang et
al., 2009), which is based on the resistor model formulation
(Hanson, 1997):

Lb,Y = Jb,rd,X
Ass

Vb

= Cb,rd,X
√

kBR,X,Y[Y]bDb,X[X]bs
Ass

Vb
(C1)
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Figure A1.  63 Fig. A1. Temporal evolution of bulk concentration profiles for ozone by(a) KM-SUB and(b) PDE method and for oleic acid by(c) KM-SUB
and(d) PDE method. The y-axis indicates the radial distance from the particle center (r)normalized by the particle radius, ranging from
the particle core (r/rp ≈ 0) to the near-surface bulk (r/rp = 1). The colored lines are isopleths of bulk concentration with labeled in units of
cm−3 (blue = low, red = high).

whereAssandVb is the surface area and volume of bulk par-
ticle. Cb,rd,X is the reacto-diffusive geometry correction fac-
tor (conversion from planar to spherical geometry) (Pöschl
et al., 2007).Cb,rd,X is a function of particle radius (rp) and
the reacto-diffusive lengthlrd,X, which can be regarded as the
distance from the surface up to which the chemical reaction
proceeds effectively (Finlayson-Pitts and Pitts, 2000; Pöschl
et al., 2007):

Cb,rd,X = coth

(
rp

lrd,X

)
−

lrd,X

rp
(C2)

lrd,X =
√

Db,X/(kBR,X,Y[Y]b) (C3)

K2-SUB presented by Pfrang et al. (2009) assumed the
steady-state condition of O3 in surface and bulk. K2-SUB
was modified by removing these assumptions by including
the gas-surface interaction fluxes (adsorption (Jads,X), des-
orption (Jdes,X) and surface layer reaction (Ls,X andLss,X))

in the differential equations (X=O3, Y=oleic acid). The dif-
ferential equations below can be solved using Matlab solver.

d[X]s/dt = Jads,X−Jdes,X−Ls,X−Js,b,X+Jb,s,X (C4)

d[Y]ss/dt = Jb,ss,Y−Jss,b,Y−Lss,Y (C5)

d[X]b/dt = (Js,b,X−Jb,s,X−Jb,rd,X)Ass/Vb (C6)

d[Y]b/dt = (Jss,b,Y−Jb,ss,Y−Jb,rd,X)Ass/Vb (C7)

Appendix D

KM-SUB rate equations for the ozone – oleic acid
model system

The general rate equations outlined in the main text of
this manuscript can be applied to any system with multiple
chemical components and reactions. The equations actually
needed to model the simple two-component system of ozone
(X) and oleic acid (Y) investigated in this study are more
compact as specified below:

d[X]s/dt = αs,0,X(1−θs)[X]gsωX/4−τ−1
d,X[X]s

−kSLR,X,Y[X]s[Y]ss−ks,b,X[X]s+kb,s,X[X]b1 (D1)
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d[Y]ss/dt = kb,ss,Y[Y]b1−kss,b,Y[Y]ss

−kSLR,X,Y[X]s[Y]ss (D2)

d[X]b1/dt = (ks,b,X[X]s−kb,s,X[X]b1)A(1)/V (1)

−(kb,b,X[X]b1−kb,b,X[X]b2)A(2)/V (1)

−kBR,X,Y[X]b1[Y]b1 (D3)

d[Y]b1/dt = (kss,b,Y[Y]ss−kb,ss,Y[Y]b1)A(1)/V (1)

−(kb,b,Y[Y]b1−kb,b,Y[Y]b2)A(2)/V (1)

−kBR,X,Y[X]b1[Y]b1 (D4)

d[X]bk/dt = (kb,b,X[X]bk−1−kb,b,X[X]bk)A(k)/V (k)

−(kb,b,X[X]bk −kb,b,X[X]bk+1)A(k+1)/V (k)

−kBR,X,Y[X]bk[Y]bk (k = 2,...,n−1) (D5)

d[Y]bk/dt = (kb,b,Y[Y]bk−1−kb,b,Y[Y]bk)A(k)/V (k)

−(kb,b,Y[Y]bk −kb,b,Y[Y]bk+1)A(k+1)/V (k)

−kBR,X,Y[X]bk[Y]bk (k = 2,...,n−1) (D6)

d[X]bn/dt = (kb,b,X[X]bn−1−kb,b,X[X]bn)A(n)/V (n)

−kBR,X,Y[X]bn[Y]bn (D7)

d[Y]bn/dt = (kb,b,Y[Y]bn−1−kb,b,Y[Y]bn)A(n)/V (n)

−kBR,X,Y[X]bn[Y]bn (D8)
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The role of long-lived reactive oxygen
intermediates in the reaction of ozone with
aerosol particles
Manabu Shiraiwa1, Yulia Sosedova2,3, Aurélie Rouvière2, Hong Yang1, Yingyi Zhang1,

Jonathan P. D. Abbatt4, Markus Ammann2 and Ulrich Pöschl1*

The heterogeneous reactions of O3 with aerosol particles are of central importance to air quality. They are studied
extensively, but the molecular mechanisms and kinetics remain unresolved. Based on new experimental data and
calculations, we show that long-lived reactive oxygen intermediates (ROIs) are formed. The chemical lifetime of these
intermediates exceeds 100 seconds, which is much longer than the surface residence time of molecular O3 (∼1029 s). The
ROIs explain and resolve apparent discrepancies between earlier quantum mechanical calculations and kinetic
experiments. They play a key role in the chemical transformation and adverse health effects of toxic and allergenic air-
particulate matter, such as soot, polycyclic aromatic hydrocarbons and proteins. ROIs may also be involved in the
decomposition of O3 on mineral dust and in the formation and growth of secondary organic aerosols. Moreover, ROIs may
contribute to the coupling of atmospheric and biospheric multiphase processes.

R
eactive oxygen species (ROS) play important roles in both
atmospheric chemistry and physiological processes: O3 photo-
chemistry, oxidative self-cleaning of the atmosphere, biological

ageing, metabolism and oxidative stress1–4. In physiology and bio-
chemistry, the umbrella term ROS is defined broadly to comprise
a wide range of oxygen-centred and related free radicals, ions and
molecules1–3. As illustrated in Fig. 1, different types of ROS are
closely coupled by radical reactions and cyclic transformation5–7.
The coupling and exchange of atmospheric and physiological ROS
can proceed through various interfaces, such as plant surfaces and
the human respiratory tract (emission and deposition of trace
gases and particle deposition). Also, the biomedical definition of
ROS includes reactive nitrogen species (RNS), such as NO, NO2
and ONO2

2 (ref. 3). In atmospheric science, however, RNS are
usually treated separately from oxy, hydroxy and peroxy radicals7,8.
For clarity, we adopt the term ROIs to describe the subset of ROS
potentially involved in the reaction of O3 with aerosol particles,
including organic and inorganic species, with reactive oxygen
atoms or groups (O, RO, RO2 and so on).

Heterogeneous reactions of O3 with aerosol particles are studied
extensively, but the molecular mechanism and kinetics remain unre-
solved9–15. Among the organic aerosol components that react readily
with O3, polycyclic aromatic hydrocarbons (PAHs) are one of the
most prominent groups in terms of health effects. They are an inte-
gral component of soot and related carbonaceous combustion
aerosol particles (in the submicron range) that can penetrate deep
into human lungs7. Chemical transformation can change the tox-
icity of PAHs and modify the hygroscopic properties and climate
effects of combustion aerosol particles6,7. PAH oxidation products
(quinones, phenols and so on) are also involved in physiological
processes that lead to the adverse health effects of traffic-related
air pollution3,5,16,17. Several studies show that O3 can also promote
the nitration of protein molecules contained in primary biological

aerosol particles, such as pollen and fungal spores18–20. This post-
translational modification can enhance the allergenic potential of
proteins. It provides a molecular rationale for the enhancement of
allergic diseases by traffic-related air pollution in urban and rural
environments observed in epidemiological studies, but the molecu-
lar mechanism remains to be elucidated18,21,22.

Laboratory studies of the heterogeneous reaction of O3 with
PAHs adsorbed on soot and other substrates generally show a non-
linear dependence of the first-order PAH decay rate coefficient on
gas-phase O3 concentration, which is consistent with a Langmuir–
Hinshelwood (LH) reaction mechanism12,23, in which an adsorbed
O3 molecule reacts with the PAH in a surface reaction. The O3
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Figure 1 | Illustration of the atmospheric and physiological sources,

coupling and effects of ROS. These are defined broadly to include ROIs as

well as RNS.
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surface-residence time or desorption lifetime (td,O3
) inferred from

kinetic data, assuming a simple LH reaction between adsorbed O3
and surface molecules, are in the range 1022 s to 10 s (refs 24,25).
However, according to quantum mechanical calculations based on
density functional theory (DFT), the desorption lifetime of O3 on
PAH11 or graphene26 should be only nanoseconds, which is more
than six orders of magnitude less. This indicates that the DFT simu-
lations address a different step and state of O3 adsorption than the
reaction kinetic experiments. In this study we resolve the apparent
discrepancy using a new kinetic modelling approach that takes
into account intermediate processes of O3 decomposition on
the surface.

Results and discussion
ROIs in the oxidation of PAHs. Figure 2 shows a Lennard-Jones
potential energy diagram27 for the adsorption of O3. It comprises
one curve that describes the weak interaction of molecular O3
with the surface (physisorption) and another that describes the
stronger interaction and dissociation of O3 at the surface
(chemisorption). Figure 2 illustrates the thermodynamic
conditions for the initial steps of the heterogeneous reaction of
gaseous O3. The weakly bound physisorbed O3 molecule (binding
energy Ep) can be desorbed thermally to the gas phase with a
desorption lifetime of nanoseconds, or it can overcome an
activation barrier (Ea,pc), undergo dissociation and enter into a
state of stronger binding to the surface (Ec, Fig. 2). The transition
state from molecular to dissociated O3 may be a primary ozonide
or a trioxyl diradical11,28. The dissociation products are molecular
oxygen29,30 and a ROI, such as a chemisorbed oxygen atom bound
to the delocalized p-electrons of an aromatic surface11,28. In a
further reaction step, the ROIs can form stable products, for
example oxygenated PAHs with hydroxyl, carbonyl and other
functional groups7. Alternatively, the ROIs may be lost by self-
reaction or reactions with other chemical species. In surface and
materials science, chemisorbed oxygen atoms on aromatic
surfaces are often designated as ‘epoxide-like’ groups11,26,28,31,32.

However, the oxygen atoms in these ‘epoxide-like’ groups reside
above the aromatic system, which implies that the electronic
structure and chemical properties are different from those of
classical epoxides33.

Figure 3 shows experimental data12 and model results for the het-
erogeneous ozonolysis of benzo[a]pyrene (BaP, C20H12), one of the
most toxic PAH priority pollutants7. The experiments were per-
formed with soot aerosol particles coated in BaP12 and the model cal-
culations were performed with a kinetic double-layer surface model
(K2-SURF)24 using parameters as detailed in Supplementary Table 1.
Figure 3a shows the first-order BaP decay rate coefficient (ks,PAH) and
Fig. 3b shows the adsorbate surface coverage (us) plotted against the
gas-phase O3 concentration ([O3]g). The experimentally observed
nonlinear dependence of ks,PAH and us on [O3]g can be reproduced
under the assumption of a simple LH reaction between BaP and
reversibly adsorbed O3 with a very long desorption lifetime
(td,O3

¼ 16 s) (ref. 12). If, however, we use a more reasonable very
short desorption lifetime predicted by DFT calculations11,26

(td,O3
¼ 3 ns) in line with the potential energy diagram of Fig. 2,

the observations can be matched only with a multistep LH reaction
mechanism that involves the formation of ROIs with long lifetimes
(�102 s, see Supplementary Section S1). A simple LH mechanism
with short O3-desorption lifetimes and without the formation of
long-lived ROIs would lead to a linear concentration dependence
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of ks,PAH on [O3]g and to an unrealistically low surface coverage (us¼
1026, Fig. 3b).

From the kinetic model approach using a multistep LH reaction
mechanism, we derived an activation energy of Ea,pc¼
�41(+7) kJ mol21 for the transition from the physisorbed O3 mol-
ecules to the ROI. This is consistent with the range of activation
energies estimated from DFT calculations for the chemisorption
of O3 on PAHs and graphene (�40–100 kJ mol21) (refs 11,26).
The activation energy from a ROI to oxidation products was esti-
mated to be �80(+9) kJ mol21 (Supplementary Section S1.3,
equation (20)). Accordingly, the energy profile of the heterogeneous
reaction between O3 and PAH that involves ROI formation can be
described as shown in Fig. 4. The explicit inclusion of long-lived
ROIs in a kinetic model allows us, for the first time, to reconcile
the thermodynamic data of DFT calculations with the results of
experimental studies to investigate the interaction of O3 with
aromatic surfaces.

ROIs in the nitration of protein. Also, strong evidence for the
formation of long-lived ROIs from the interaction of O3 with
aerosol particles is provided by new experimental results on the
nitration by NO2 of the aromatic amino acid tyrosine in protein
macromolecules. The uptake of NO2 by protein particles was
investigated in an aerosol flow tube using a short-lived radioactive
tracer technique (13N) (ref. 34) and bovine serum albumin (BSA),
a globular protein with a molecular mass of 67 kDa and 21
tyrosine residues per molecule. The experimental methods are
described below and in Supplementary Section S2.

As shown in Fig. 5, the NO2 uptake coefficient (gNO2
) of BSA

particles that were not in contact with O3 was less than the detection
limit (�1026), which is consistent with previous studies that indi-
cate protein nitration by NO2 alone is very slow18. However, when
the BSA particles were pretreated with O3 (97 parts per 109

(ppb)) and then exposed to NO2 in the absence of O3, a very
efficient uptake of NO2 was observed, with uptake coeffi-
cients that decreased with increases in NO2 concentration from
gNO2

≈ 5 × 1024 at 6 ppb NO2 to gNO2
≈ 1 × 1024 at 27 ppb

NO2. The high reactivity of NO2 with O3-pretreated particles can
be explained by a nitration reaction that involves O3-generated
ROIs – most likely phenoxy radical derivatives of tyrosine
(Supplemetray Section S2.6)35,36. The decrease of gNO2

with increas-
ing NO2 concentration can be explained by the increasing con-
sumption of ROIs. With concomitant exposure to O3 (97 ppb),

NO2 uptake was still substantial, but gNO2
was lower, which can be

attributed to competitive adsorption and reaction (gNO2
≈ 5× 1025).

The rapid NO2 uptake by pretreated BSA particles confirms that
the reaction involves O3-generated ROIs and is not dominated by
alternative reaction pathways (reaction with NO3 and N2O5
formed in the gas phase).

To examine the lifetime of the ROIs formed by O3 on the pro-
teins, we introduced a dead volume after the removal of O3 and
before the exposure of pretreated BSA particles to NO2. We varied
the time between O3 pretreatment and NO2 exposure over the
range 250–550 s, but we observed no significant decrease of gNO2

(Fig. 6). This implies that the ROIs are long-lived and exhibit no sig-
nificant decay on a timescale of ten minutes. The observed gNO2

results imply that proteins on the surface of aerosol particles are
nitrated efficiently, within minutes, under photochemical smog
conditions with high concentrations of O3 and NO2. The final pro-
ducts of the nitration reaction are nitrotyrosine residues in the
protein macromolecule18,37,38.

ROIs in other atmospheric surface and multiphase processes.
Besides PAH oxidation and protein nitration, long-lived ROIs also
appear to influence the reaction rates of O3 with other surfaces,
including olefinic and inorganic substrates (such as mineral dust),
which exhibit similar LH reaction kinetics9,10. The ozonolysis of
olefins may involve ozonides or stabilized Criegee intermediates39,40,
and the formation of atomic oxygen and peroxides was invoked to
explain the kinetics of O3 decomposition on mineral dust41–43. The
chemical identity of O3-generated ROIs probably varies with
the nature of the substrate, but their formation energetics, given
by the decomposition of adsorbed O3 molecules, are probably similar
for many substrates. They need to be long-lived to explain the LH
reaction kinetics observed on interaction of O3 with aerosol particles.

Apart from the chemical ageing of air particulate matter, long-
lived ROIs may also participate in the formation and growth of
secondary organic aerosols. In particular, surface interactions of
long-lived ROIs may lead to the formation of multifunctional
organic substances (acids, nitrates, sulfates, dimers, oligomers and
so on) with the high molecular mass and low vapour pressure
required for the nucleation and growth of new particles, and they
may also influence their phase state44–48. Further investigations are
required to unravel individual molecular species and steps involved
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in the processes outlined above, as well as their relative importance.
The experimental and theoretical information currently available
suggests that long-lived O3-generated ROIs play a central role in
the multiphase chemistry of atmospheric aerosols.

Methods
PAH oxidation. The kinetic double-layer model applied to model PAH oxidation
(K2-SURF)24 is based on the Pöschl–Rudich–Ammann framework for aerosol
and cloud surface chemistry and gas–particle interactions49,50. It describes the
gas–particle interface by using several compartments and molecular layers in which
volatile and non-volatile species can undergo mass transport and chemical reactions:
gas phase, near-surface gas phase, sorption layer and quasi-static surface layer. The
chemical mechanisms and derivations of kinetic parameters are described in
Supplementary Section S1. The surface mass balance and rate equations of surface
species were solved numerically.

Protein nitration. Aerosols were generated by nebulizing an aqueous solution of BSA.
The size distribution and surface area of particles were monitored by a scanning
mobility particle sizer. Gas and particle flows were mixed in a cylindrical
perfluoroalkoxy polymer flow tube. For the O3 pretreatment experiments, O3 was
removed from the aerosol flow using potassium iodide denuder before mixing with
NO2. Afterwards, the flow entered a narrow parallel-plate diffusion denuder train
coated to absorb the gas-phase NO2 selectively, and then passed through a particle filter
to collect the particles. The gamma-radiation detectors were attached to each denuder
section and to the filters to detect the amount of emitted gamma quanta in the decay of
13N, which corresponds to the amount of trapped 13N molecules of a given species.
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20. Yang, H., Zhang, Y. & Pöschl, U. Quantification of nitrotyrosine in nitrated
proteins. Anal. Bioanal. Chem. 397, 879–886 (2010).

21. Gruijthuijsen, Y. K. et al. Nitration enhances the allergenic potential of proteins.
Int. Arch. Allergy Immunol. 141, 265–275 (2006).

22. Traidl-Hoffmann, C., Jakob, T. & Behrendt, H. Determinants of allergenicity.
J. Allergy Clin. Immunol. 123, 558–566 (2009).
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Supplementary Figures. 
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Figure S1. PAH Oxidation: Temporal evolution of the ozone uptake coefficient (γO3) and the 

surface concentrations of O3, O2, O, PAH and O-PAH according to model simulations assuming 

a multi-step Langmuir-Hinshelwood mechanism.  
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Figure S2.  Protein Nitration: Experimental setup for investigation of ROI lifetime by ozone pre-

treatment, removal of O3 with KI denuders, and exposure to NO2 after variable residence times 

in a dead volume before NO2 was admixed to the aerosol (Experiment 4). The setup comprises 

Flow Reactor 1 for ozone pretreatment, potassium iodide denuders for ozone removal, a dead 

volume for ROI decay, and Flow Reactor 2 for nitration, a scanning mobility particle sizer 

(SMPS), NO2 traps, particle filter, and γ-ray detectors (GD). 
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Supplementary Table. 

Table S1. Kinetic parameters used in the model simulation assuming a multi-step Langmuir-

Hinshelwood mechanism for the ozonolysis of benzo[a]pyrene (BaP) on soot. 

Parameter Description Value 

αs,0,O3 surface accomodation coefficient of O3  1 

αs,0,O2 surface accomodation coefficient of O2  10-5 

τd,O3 (s) desorption lifetime of O3  3.2×10-9 

τd,O2 (s) desorption lifetime of O2  2.9×10-10 

kSLR,O3 (s-1) First-order rate coefficient for conversion of O3 to O   7.2×104 

kSLR,O,PAH (cm2 s-1) second-order rate coefficient for surface layer 

reaction between O and PAH 

 3.2×10-17 

kSLR,O,O2 (s-1) second-order rate coefficient for surface layer 

reaction between O and O2 

 1.8×10-13 

kSLR,O,O (cm2 s-1) second-order rate coefficient for surface layer self-

reaction of O  

 1.0×10-18 

kSLR,O,O3 (cm2 s-1) second-order rate coefficient for surface  

layer reaction between O and O3 

 1.0×10-18 

γGSR,O,O2 elementary gas-surface reaction probability  between 

O and O2 

 1.0×10-11 
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Supplementary Methods and Discussion. 

S1. Ozonolysis of polycyclic aromatic hydrocarbons 

S1.1. K2-SURF model and chemical mechanism 

 The K2-SURF model1 describes the gas-particle interface by several compartments and 

molecular layers in which volatile and non-volatile species can undergo mass transport and 

chemical reactions: gas phase (g), near-surface gas phase (gs), sorption layer (s), quasi-static 

surface layer (ss), near-surface bulk (bs), and particle bulk (b). Chemical reactions at the 

interface are classified as surface layer reactions (SLR) when they involved only species in the 

sorption or quasi-static surface layer and as elementary gas-surface reactions (GSR) when they 

proceed upon collision with a molecule from the gas phase. Thus, SLR corresponds to classical 

Langmuir-Hinshelwood (LH) mechanisms, whereas GSR corresponds to Eley-Rideal (ER) 

mechanisms2-3. Here we focus on mass transport (adsorption, desorption) and chemical reactions 

(SLR, GSR) of ozone and polycyclic aromatic compounds (PAHs) at the interface, and we 

neglect processes in the gas phase and in the particle bulk (diffusion, etc.1, 4). 

 The first set of chemical equations describes the simple Langmuir Hinshelwood (LH) 

reaction between molecular ozone and PAH1, 5-7: 

O3 (gs) → O3 (s)     αs,0,O3   (R1) 

O3 (s) → O3 (gs)     τd,O3   (R2) 

O3 (s) + PAH (ss) → O-PAH (ss)   kSLR,O3,PAH  (R3) 

Molecular O3 undergoes reversible adsorption on the surface (R1-R2), and adsorbed O3 reacts 

directly with the PAH to form an oxygenated product (O-PAH, R3). For the model calculations 

presented in Figure 3 we used the following kinetic parameters based on a previous kinetic-

double layer surface model study1: O3 surface accommodation coefficient αs,0,O3 = 10-3, O3 
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desorption lifetime τd,O3 = 16 s, second-order rate coefficient kSLR,O3,PAH = 2.7×10-17 cm2 s-1 for 

the dashed line; αs,0,O3 = 10-3, τd,O3 = 3.2×10-9 s, and kSLR,O3,PAH = 4.0×10-11 cm2 s-1 for the dotted 

line. The latter value of kSLR,O3,PAH was chosen to match the observed order of magnitude of 

ks,PAH. 

The second set of chemical equations describes the multi-step Langmuir-Hinshelwood 

mechanism involving reactive oxygen intermediates (ROIs):  

 O3 (gs) → O3 (s)     αs,0,O3   (R4) 

O3 (s) → O3 (gs)     τd,O3   (R5) 

O2 (gs) → O2 (s)     αs,0,O2   (R6) 

O2 (s) → O2 (gs)     τd,O2   (R7) 

O3 (s)  → O (s) + O2 (s)    kSLR,O3   (R8) 

O (s) + PAH (ss) → O-PAH (ss)      kSLR,O,PAH  (R9) 

  O (s) + O2 (s) → O3 (s)      kSLR,O,O2  (R10) 

  O (s) + O (s) → O2(s)      kSLR,O,O  (R11) 

  O (s) + O3(s) → 2O2(s)      kSLR,O,O3  (R12)  

  O (s) + O2(gs) → O3(s)      γGSR,O,O2  (R13) 

  O (s) + O3(gs) → 2O2(s)      γGSR,O,O3  (R14) 

Equations (R4-R7) describe the reversible adsorption of molecular O3 and O2 on the surface 

(physisorption). Ozone is stabilized at the minimum of the molecular potential energy curve (Ep, 

Fig. 2), which represents weak interactions with the surface. The weakly bound, physisorbed 

ozone molecule can be thermally desorbed to the gas phase (R5) with a desorption lifetime of 

nanoseconds, or it can overcome an activation barrier (Ea,pc, Fig. 2), undergo dissociation, and 

enter into a state of stronger binding to the surface (chemisorption: Ec, Fig. 2). The transition 
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state from molecular to dissociated ozone can be an ozonide or a trioxyl diradical8-9. The 

products are molecular oxygen (O2, physisorbed) and a reactive oxygen intermediate (ROI), that 

may be regarded as atomic oxygen bound to the delocalized π-electrons of the aromatic surface. 

For brevity, we use the symbol O to represent the ROI in chemical equations.  

 In a second reaction step (R9), the ROI reacts with the PAH to form a stable product, i.e., 

an oxygenated PAH (O-PAH) with hydroxyl, carbonyl or other functional groups10. 

Alternatively, the ROI can be lost by reaction with other oxygen species and formation of 

molecular O2 or O3 through one or more of the following pathways: reverse reaction with 

adsorbed O2 (R10); self-reaction (R11); reaction with adsorbed O3 (R12); reaction with gas 

phase O2 (R13); or reaction with gas phase O3 (R14). The relative importance of the different 

reaction pathways will be explored and discussed in the Section S1.4, and the rate coefficients 

listed after the chemical equations are specified in Table S1.  

  

S1.2. Rate equations 

The surface mass balance and rate equations of O3, O2, O, and PAH on the surface can be 

expressed using mass transport fluxes (J) and chemical production and loss (P and L) as follows: 

d[O3]s/dt =  Jads,O3 – Jdes,O3 + Ps,O3 – Ls,O3     (1) 

d[O2]s/dt =  Jads,O2 – Jdes,O2 + Ps,O2 – Ls,O2      (2) 

d[O]s/dt =  Ps,O – Ls,O         (3) 

d[PAH]ss/dt =  – Lss,PAH        (4) 

d[O-PAH]ss/dt =  Lss,PAH        (5) 

where Jads,Xi is the adsorption flux,  Jdes,Xi is the desorption flux, Ps,Xi and Ls,Xi are chemical 

production and loss of Xi (O3, O2, and O) in the sorption layer, and Lss,PAH is the chemical loss 

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

99



8	 nature chemistry | www.nature.com/naturechemistry

supplementary information doi: 10.1038/nchem.988

8 
 

rate of PAH in the quasi-static surface layer. The initial PAH surface concentration is set to 1 × 

1014 cm−2, and the initial surface concentration of gas species (O3 and O2) is set to zero. 

 The adsorption and desorption flux of gas species Xi (Jads, Xi, Jdes, Xi; Xi = O3, O2) can be 

expressed as follows1-2.  

Jads,Xi = αs,0,Xi (1 – θs) Jcoll,Xi = αs,0,Xi (1 – θs) ωXi [Xi]gs /4    (6) 

Jdes,Xi = kd, Xi [Xi]s = kd,Xi θs / σs,Xi      (7) 

where Jcoll,Xi is the collision flux, αs,0,O3 is surface accommodation coefficient of Xi on a free 

substrate, [Xi]gs is the near-surface gas phase concentration of Xi, ωXi is the mean thermal 

velocity (ωO3 = 3.6 × 104 cm s-1, ωO2 = 4.4 × 104 cm s-1 at 296 K), and σs,Xi is the effective 

molecular cross section of Xi, which are assumed to be 1.8 × 10-15 cm2 11. The desorption lifetime 

τd,Xi, the mean residence time on the surface in absence of a surface reaction, is the inverse of 

desorption rate coefficient (τd,Xi = kd,Xi
-1). θs is the sorption layer coverage, which is given by the 

sum of the fractional surface coverages of all adsorbate species Xi (O3, O2, and O), θs,Xi, each of 

which is given by the ratio between the actual and the maximum surface concentration values of 

Xi: θs,Xi = [Xi]s/[Xi]s,max = σs,Xi[Xi]s. 

 The chemical production and loss rates of O3, O2 and O on the surface are given by: 

Ps,O3 = kSLR,O,O2 [O2]s  [O]s + γGSR,O,O2 θs,O Jcoll,O2      (8) 

Ls,O3 = kSLR,O3 [O3]s + kSLR,O,O3 [O]s [O3]s       (9) 

 Ps,O2 = kSLR,O3 [O3]s + kSLR,O,O [O]s [O]s + 2kSLR,O,O3 [O3]s [O]s+ 2 γGSR,O,O3 θs,O Jcoll,O3 (10) 

 Ls,O2 = kSLR,O,O2 [O2]s [O]s         (11) 

 Ps,O = kSLR,O3 [O3]s          (12) 

      Ls,O = kSLR,O,PAH [O]s [PAH]ss + kSLR,O,O2 [O2]s [O]s+ 2kSLR,O,O [O]s [O]s + kSLR,O,O3 [O3]s [O]s + 

γGSR,O,O2 θs,O Jcoll,O2 +  γGSR,O,O3 θs,O Jcoll,O3  (13) 
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Here kSLR,O3 is the first-order rate coefficient for the conversion of physisorbed into chemisorbed 

ozone (R8), i.e., the dissociation of molecular ozone (O3) into atomic and molecular oxygen (O + 

O2). kSLR,O,O2 is the second-order rate coefficient for the reverse reaction (R10), i.e., the 

conversion of atomic oxygen (chemisorbed) into molecular ozone (physisorbed). kSLR,O,O3 is the 

second-order rate coefficient for the surface layer reaction of O and O3 on the surface (R12). 

γGSR,O,O2 is the reaction probability for the elementary gas-surface reaction2 of gas phase O2 

colliding with O on the surface (R13). kSLR,O,O, kSLR,O,O3 and kSLR,O,PAH are the second-order rate 

coefficients for the reactions of O with O, O3, and PAH, respectively.  

 The chemical loss rate of PAH in the quasi-static surface layer (Lss,PAH) can be described 

by: 

Lss,PAH = kSLR,O,PAH [O]s [PAH]ss
 = ks,PAH [PAH]ss   (14) 

where ks,PAH is an apparent pseudo-first order rate coefficient (d[PAH]ss / dt =  ks,PAH [PAH]ss). 

ks,PAH is related to chemical half-life of PAH (tPAH,1/2), which is defined as the time when the 

PAH concentration reaches half of the initial concentration. 

ks,PAH = ln 2 / tPAH,1/2      (15) 

 The uptake coefficient of O3 (γO3) can be expressed as follows1: 

   
3

33

3
Ocoll,

Odes,Oads,
O J

JJ −
=γ       (16) 

 

S1.3. Kinetic parameters 

 The kinetic parameters used in the multi-step Langmuir-Hinshelwood model simulations 

are summarized in Table S1. The parameter values were adopted from Shiraiwa et al.1 unless 

mentioned otherwise. 
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 The desorption lifetimes (τd,X) of gas species (X = O3, O2) were calculated by the 

following Arrhenius equation12-13: 

τd,X
-1 = ν0,X exp (-Ep,X / (kBT))     (17) 

where kB is the Boltzmann constant (1.38×10-23 J K-1), ν0,X is the attempt frequency, and Ep,X is 

the physisorption energy. According to quantum mechanical calculations, the physisorption 

energies of molecular oxygen and ozone on an aromatic surface are in the range of 14 kJ mol-1 

for O2 on graphene, 15 kJ mol-1 for O3 on PAHs8, and 24 kJ mol-1 on graphene12. In this study we 

use Ep,O2 = 14 kJ mol-1  and approximate average value of Ep,O3 = 20 kJ mol-1. Assuming ν0,O3 = 

ν0,O2 = 1 × 1012 s-1, which is a typical value for physisorbed species14, we calculated and used 

τd,O3 = 3.2×10-9
 s (3.2 ns) and τd,O2 = 2.9×10-10

 s (0.29 ns), respectively. 

 The ozone dissociation rate coefficient (kSLR,O3) was estimated using the activation energy 

for the conversion of physisorbed to dissociated ozone (Ea,pc) by the following equation:  

 kSLR,O3 = ν0 exp (-Ea,pc/(kBT))     (18) 

The rate coefficient for the reverse reaction (kSLR,O,O2) was estimated using the activation energy 

for the conversion of chemisorbed to physisorbed ozone (Ea,cp) by the following equation:  

kSLR,O,O2 = σs,O2 ν0’ exp (-Ea,cp/(kBT))    (19) 

where ν0’ is the attempt frequency of O. Here we assume ν0’ = 1 × 1014 s-1, which is a typical 

value for chemisorbed species14. According to density functional theory (DFT) calculations8, the 

activation energies are expected to be in the range of Ea,pc = ~40–100 kJ mol-1 and Ea,cp = 67–150 

kJ mol-1. The second-order surface reaction rate coefficient kSLR,O,PAH is tightly constrained to be 

~10-17 cm2 s-1 by the observed data and linearly proportional to the ratio of ks,PAH and θs 

(kSLR,O,PAH = σs,O ks,PAH / θs). We systematically and iteratively varied Ea,cp and Ea,pc together with 

kSLR,O,PAH  and αs,0,O3 to match the experimental data of ks,PAH and θs shown in Figure 3. Initial 
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estimates for kSLR,O,PAH  and αs,0,O3 were based on Shiraiwa et al1, and the best estimates obtained 

by the procedures outlined above are listed in Table S1. The other parameters (αs,0,O2, kSLR,O,O, 

kSLR,O,O3, γGSR,O,O2, and γGSR,O,O3) have no direct influence on ks,PAH and were adjusted for best fit 

to the experimental data of θs (Table S1).  

 The activation energy from a reactive oxygen intermediate to oxidized PAH (Ea,ox) were 

estimated using Arrhenius equation as below. 

 kSLR,O,PAH = σss,PAH ν0’ exp (-Ea,ox/(kBT))    (20) 

Ea,ox was calculated to be 80(±9) kJ mol-1.  

 

S1.4. Sensitivity studies  

 In order to characterize the sensitivity of the model results with regard to the chosen set 

of kinetic input parameters, all parameters listed in Table S1 were varied systematically. αs,0,O3, 

τd,O3, and kSLR,O3 (Ea,pc) were found to be important parameters, as they determine the surface 

concentration of O3, and thus the formation of O. If we decrease αs,0,O3 from 1 to 0.5 we can still 

match the experimental data of ks,PAH and θs assuming Ea,pc = 39 kJ mol-1, which is just slightly 

outside the range of values predicted by DFT calculations (~40–100 kJ mol-1)8-9, 12. For αs,0,O3 < 

0.01, Ea,pc would have to be <34 kJ mol-1 to reproduce the experimental data. This appears 

unrealistically low because it would reduce the potential energy of the transition state (ET) to <14 

kJ mol-1, whereas the DFT calculations8-9, 12 predict > 20 kJ mol-1. Note that in our previous 

studies of PAH degradation modeling1, 3 a different set of parameters with αs,0,O3 = 10-3 was used, 

because the decomposition of O3 was not resolved (simple LH mechanism). Thus, the previously 

assumed value of αs,0,O3 = 10-3 can be regarded as an effective accommodation parameter that 

accounts for both the actual surface accommodation and the subsequent dissociation of O3. For 
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τd,O3, the range of physisorption energies predicted by DFT calculations8-9, 12 (15–24 kJ mol-1) 

corresponds to a range of 0.4-16 ns. Within this range the experimental data of ks,PAH and θs can 

be still matched by adjusting Ea,pc in the range of 34–48 kJ mol-1. As outlined above, several 

pairs of parameters can be mutually adjusted to match the experimental data, but the energetic 

constraints limit the actual range of parameters that are able to reconcile kinetic observations and 

DFT calculations. 

 The kinetic parameters of ROI loss reactions (R10-R14) were found to be much less 

critical than the formation rate coefficient kSLR,O3. The surface accommodation coefficient and 

the desorption lifetime of molecular oxygen (αs,0,O2, τd,O2) were found to be uncritical as long as 

αs,0,O2 < 10-2 and τd,O2 < 10-7 s (corresponding Ep,O2 = ~28 kJ mol-1), respectively. 

 In the chemical mechanism outlined above, we assumed that the ROIs are O atoms, 

which is the simplest possible assumption. Alternatively, our model approach would also allow 

describing more complex mechanisms that involve the formation of molecular organic ROIs. 

Note, however, that the ROI formation has to be reversible in order to explain and reconcile 

observations and quantum mechanical calculations (short O3 desorption lifetime, high ROI 

surface coverage, slow PAH degradation). As long as the exact identity of the ROI is not fully 

elucidated, we consider it appropriate to use the simplest possible mechanism. 

 

S1.5. ROI lifetime 

 Fig. S1 shows the temporal evolution of the ozone uptake coefficient (γO3) and the 

surface concentrations of all involved chemical species for the heterogeneous ozonolysis of PAH 

on soot using the parameters of Table S1 and an ozone gas phase concentration of 2.5×1012 cm-2  

(100 ppb at 296 K, 1 atm), which is typical for polluted air masses.  
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 The initial plateau of γO3 equals αs,0,O3 = 1 up to 10-9 s (~1 ns), which can be explained by 

physisorption of O3 onto a nearly adsorbate-free surface. After ~10 ns O3 reaches adsorption 

equilibrium at a surface concentration of ~108 cm-2 (θs ≈ 10-7). The second plateau of γO3 at 

~2×10−4 is due to decomposition of O3 into O and O2. This is consistent with the experimental 

results of Rogaski et al.15 and Fendel et al16, who observed nearly constant values of γO3 ≈ 10-3–

10-4 on amorphous carbon over more than ten seconds. After ~102 s, the surface reaches 

saturation with O at a concentration level of ~1014 cm-2 (θs ≈ 0.5).  Note, as above, that we do not 

consider the O species to be a weakly adsorbed O atom, in which case its lifetime would be short.  

Instead, it likely experiences a strong chemical interaction with the surface.  This is consistent 

with ozone-soot exposure experiments showing that the amount of ozone consumed is roughly 

equal to a monolayer17.  At this point, the reaction with PAH dominates the lifetime of ROI, 

which is of the order of ~102 s. As the PAH surface concentration decreases, the lifetime of ROI 

increases up ~103 s  and is then dominated by loss reactions between different oxygen species 

(R10-R14). These reactions also maintain γO3 at a final plateau level of ~10-5. 

 

S1.6. Related studies 

 Many experimental chemical kinetics studies investigating the heterogeneous ozonolyis 

of PAHs, including anthracene18, naphthalene19, pyrene20, phenanthrene19, benzo[a]anthracene 

(BaA)20, perylene21, and fluoranthene20,  showed similar LH behaviour of ks,PAH as displayed in 

Fig. 3a for  benzo[a]pyrene (BaP)11. The decay of several other types of surface-bound organic 

compounds also follows LH kinetics22: alkenes23, cypermethrin24, chlorophyll25, oleate26, and 

quinuclidine diastereomers27. In most cases, the surface reaction kinetics between adsorbed 
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ozone and unsaturated organic compounds can be described by a second-order rate coefficient of 

the order of 10-18 - 10-17 cm2 s-1 1, 17. 

It has been suggested that the surface diffusion of O3 or its dissociation and the formation 

of intermediates may be the rate-limiting step of the overall process17. In view of the short 

desorption lifetime of O3 (~10-9 s), however, the formation of ROIs has to proceed faster (~10-5 

s) than the decomposition of ROIs (~102 s) in order to achieve the observed high surface 

coverages (Fig. 3b). Thus, we conclude that the second step of reaction, i.e., the reaction of ROI 

with PAH and the formation of stable products should be rate-limiting. This implies that not only 

the energetics and kinetics of the formation of the ROIs, but also their lifetimes and reactivities 

are similar for various unsaturated organic compounds. 

 Most likely, long-lived ROIs also influence the ozone uptake kinetics of other substrates 

like soot, metal oxides, and mineral dust17. Stephens et al.28 observed the formation of an oxygen 

molecule for each ozone molecule lost on soot. The formation of O2 in the heterogeneous 

reaction of ozone with soot was also confirmed by Rogaski et al.15. Similarly, the conversion of 

ozone into O2 was observed on Saharan dust29 and alumina30, and O atoms are supposed to form 

upon interaction of ozone with TiO2 surfaces31. The lost reactivity of alumina surface via ozone 

could be recovered over timescales of days30, implying the reversibility of ROI formation. In this 

case, the ROI would be an inorganic species, likely involving an O-atom chemisorbed to the 

surface.  

 

S2. Protein nitration 

S2.1. Experimental approach 
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The experiments were performed using the short-lived radioactive tracer 13N and an 

aerosol flow tube technique at Paul Scherrer Institut. The radioactive half-life of 13N is ~10 min. 

The use of 13N enabled us to perform experiments at low concentrations because of its high 

radioactivity to concentration ratio32. It also allowed us to conduct uptake experiments under 

atmospherically relevant pressure (960 – 990 hPa) and relative humidity (20 – 80%) and, which 

would interfere with several other sensitive analytical techniques such as IR spectroscopy due to 

water vapor’s strong absorption in the infrared. The experimental setup consists of the following 

part described in detail in the subsections below: gas flow system, aerosol production and 

detection system, aerosol flow tube, and detection system.  

In Experiment 1, BSA particles were exposed to NO2 alone. . In Experiment 2, the BSA 

particles were pre-treated with O3 (97 ppb); then ozone was removed from the aerosol flow, and 

the pre-treated particles were exposed to NO2 in the absence of O3. In Experiment 3, BSA 

particles were exposed to both NO2 and O3. Experiment 4 is similar to Experiment 2, but a dead 

volume was installed with a maximum residence time of 550 s after the removal of ozone and 

before the exposure of pre-treated BSA particles to NO2 (15 ppb).  Fig. S2 shows the schematics 

of the Experiment 4.  

 

S2.2. Gas flow system 

13N was produced through the 16O(p,α)13N nuclear reaction with 11 MeV protons in a gas 

target (20% O2 in He) in continuous mode. It was transported as 13NO with the He/O2 mixture as 

carrier gas to the chemistry laboratory through a 580 m long, 4 mm inner diameter PVDF tube33. 

Note that non-labeled NO at less than about 10 ppb is also produced via radiation chemistry in 

the target and also transported to the laboratory. The transported labeled NO in He/O2 was then 
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mixed with pure N2 and a certified amount of non-labeled NO to give a defined concentration of 

a few ppbv to several hundred ppbv. Labeled and non-labeled NO contained in the carrier gas 

(~300 cm3 s-1) was converted to NO2 by heterogeneous oxidation over firebrick granules 

impregnated with CrO3
32. The efficiency of this conversion is optimal under 30 – 70% relative 

humidity condition. Therefore, the 13NO containing gas was passed through a vertically mounted 

porous Teflon tube partially immersed in water to adjust to a relative humidity (RH) of ~60% 

prior to oxidation.  

O3 was generated by passing a small flow of air (~100 cm3 s-1) containing O2 and N2 

through a quartz tube irradiated by a Xe excimer lamp delivering UV light at 172 nm. By varying 

the volumetric ratio of the O2 and N2 flows, the O3 concentration could be varied. O3 containing 

air was then mixed with the NO2 containing carrier gas. The mixed gas flow was passed through 

a sand-blasted glass tube coated with sodium carbonate to remove HONO upstream of the flow 

tube reactor.  

 

S2.3. Aerosol production and detection system 

Aerosols were generated by nebulizing an aqueous solution of the investigated pure 

substance at a concentration of 0.2 – 0.5 g L-1. The solutions were prepared by dissolving the 

appropriate amounts of bovine serum albumin (BSA, >99%, Sigma) and sodium chloride in 100 

mL of deionised water (18.2 MΩ cm, MilliQplus 185, Millipore). The molecular masses and 

density of BSA are 66.5 kg mol-1 and 1362 kg m-3, respectively. The generated particles are dried 

by a diffusion dryer filled with silica gel. The dried particles are introduced into an 85Kr source to 

establish an equilibrium charge distribution and then passed through an electrostatic precipitator 
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so that only uncharged particles were used for the experiments to avoid uncontrolled loss of 

charged particles at the wall. Then the flow was conditioned to the relative humidity of 50 - 75%.  

The aerosol surface concentration was measured downstream of the flow tube reactor by 

diverting part of the flow to a scanning mobility particle sizer (SMPS) consisting of a differential 

mobility analyzer (DMA) and a condensation particle counter (CPC, TSI 3022). The same 

relative humidity was maintained both in the DMA sheath flow and in the flow tube reactor by 

using filtered carrier gas from the flow tube as the DMA sheath flow, so that the particle size is 

not affected by relative humidity. The diameter range was 15 – 740 nm, and the observed size 

distribution was mono-modal and lognormal. The observed surface distribution was fitted by a 

single lognormal distribution to estimate the whole distribution and surface area. A typical mode 

diameter of the surface area density distribution was ~350 nm, and the surface concentration was 

in the range of 10-4 – 10-3 cm2 cm-3. 

 

S2.4. Aerosol flow tube  

In Experiments 1-3, the gas and aerosol flows were mixed prior to the inlet of a 

cylindrical 7.1 cm inner diameter and 190 cm long PFA flow tube. PFA was used to minimize 

the loss of NO2 on the wall. The flow was 800 – 900 cm3 s-1 in the reactor, and the maximum 

residence time was ~10 min. The flow tube was equipped with a movable Teflon inlet of conical 

shape. The reactor was operated under laminar flow conditions34. The gas-aerosol contact time 

could be adjusted between 3 – 10 min depending on the position of the inlet. At the tube exit, the 

flow was recollected by an identical, conically shaped Teflon plug. The pressure, temperature 

and relative humidity in the flow reactor were generally kept at 970 – 980 hPa, 296 K, and ~60%, 

respectively. 
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In Experiment 4, the above flow reactor is used as a dead volume and another cylindrical 

flow tube reactor of 4 cm inner diameter and 90 cm long lined with a PFA foil was used for Flow 

Reactor 2 (Fig. S2). The reaction time was adjusted between 0.5 - 2 min by a movable injector. 

Pretreatment of BSA with O3 was conducted in 140 cm long PFA tube of 0.8 cm inner diameter 

(Fig. S2; Flow Reactor 1).  

  

S2.5. Detection system 

After passing through the flow tube, the gas and aerosol flow entered a narrow parallel-

plate diffusion denuder train coated to selectively absorb gas phase NO2, followed by a particle 

filter collecting the particles32. The gas passes through the denuder in laminar flow. The first 

section was prepared to trap NO2, coated with a solution of 1% N-(1-naphtyl) ethylenediamine 

dihydrochloride (NDA, Fluka, >99%), 1% KOH and 10% water in methanol. We repeated the 

NDA coating in the second section to make sure that all gas phase NO2 remained trapped in the 

denuder train and to detect eventual breakthrough. The aerosol particles have a small diffusivity 

and pass through the denuder with close to 100% efficiency32 and were retained in the glass fiber 

filter. An additional glass fiber filter soaked with NDA and KOH was used to monitor the total 

concentration of 13NO2 by diverting a small gas flow upstream of the flow tube through it. 

The γ detectors were attached to each denuder section and the filters to detect the amount 

of emitted gamma quanta, which are emitted in the decay of 13N. The counts of γ decays were 

integrated over 1 min. They correspond to the amount of trapped 13N molecules of a given 

species. They were converted to flux into the trap, which can be calculated from the difference 

between two consecutive activity measurements using the decay constant of 13N 33-34. The flux 

corresponds to the total amount of 13N absorbed on the trap per unit time, hence, the 
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concentration of the corresponding species at the exit of the flow tube, which was used for the 

calculation of uptake coefficients. The relative counting efficiency of each γ detectors were 

investigated by exposing a certain amount of 13N on a reference filter to each γ detector32-33. Data 

presented here were all corrected for the difference in counting efficiency among the traps. 

Note that for the particle signal only strongly (chemically) absorbed 13N species are 

detected, while physically adsorbed species desorbing within 30 ms and less contribute to the gas 

phase signal of the corresponding denuder plate, species desorbing within up to a second are 

trapped within the whole denuder train, and species desorbing within a few minutes are lost by 

desorption from the filter before they are detected by the γ detector there. 

 

S2.6. ROIs on protein particles 

 The ROIs generated on protein particles by ozone are most likely phenoxy radical 

derivatives of tyrosine, because the final products of the protein nitration reaction are 

nitrotyrosine residues35-36, and phenoxy radicals are well established intermediates in the 

nitration of phenolic compounds by NO2
37-38. Moreover, phenoxy radicals can be efficiently 

stabilized in condensed phases39, which is consistent with the observed long lifetime of the ROI.  

 Closed shell ozonolysis products such as dihydroxy aromatic compounds are unlikely to 

be ROIs of protein nitration, because of their low reactivity towards NO2. For example, Arens et 

al. (2002)40 reported NO2 uptake coefficients as low as 10-6 for 1,2,10-trihydroxyanthracene. 

Similarly low uptake coefficients have been observed for di- and trihydroxy aromatic acids 

(gentisic and tannic acid; Sosedova et al., in prep.). High reactivity of NO2 with phenolic 

compounds is only possible in strongly basic solutions, which is not relevant for our experiments 

(Ammann et al., (2005)41 and references therein).  

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

111



20	 nature chemistry | www.nature.com/naturechemistry

supplementary information doi: 10.1038/nchem.988

20 
 

Supplementary References. 

1. Shiraiwa, M., R.M. Garland, and U. Pöschl, Kinetic double-layer model of aerosol surface 
chemistry and gas-particle interactions (K2-SURF): Degradation of polycyclic aromatic 
hydrocarbons exposed to O3, NO2, H2O, OH and NO3. Atmos. Chem. Phys., 9(24): p. 9571-9586, 
2009. 

2. Pöschl, U., Y. Rudich, and M. Ammann, Kinetic model framework for aerosol and cloud surface 
chemistry and gas-particle interactions - Part 1: General equations, parameters, and terminology. 
Atmos. Chem. Phys., 7(23): p. 5989-6023, 2007. 

3. Ammann, M. and U. Pöschl, Kinetic model framework for aerosol and cloud surface chemistry 
and gas-particle interactions - Part 2: Exemplary practical applications and numerical simulations. 
Atmos. Chem. Phys., 7(23): p. 6025-6045, 2007. 

4. Shiraiwa, M., C. Pfrang, and U. Pöschl, Kinetic multi-layer model of aerosol surface and bulk 
chemistry (KM-SUB): the influence of interfacial transport and bulk diffusion on the oxidation of 
oleic acid by ozone. Atmos. Chem. Phys., 10(8): p. 3673-3691, 2010. 

5. Ammann, M., U. Pöschl, and Y. Rudich, Effects of reversible adsorption and Langmuir-
Hinshelwood surface reactions on gas uptake by atmospheric particles. Phys. Chem. Chem. Phys., 
5: p. 351-356, 2003. 

6. Kwamena, N.O.A., M.E. Earp, C.J. Young, and J.P.D. Abbatt, Kinetic and product yield study of 
the heterogeneous gas-surface reaction of anthracene and ozone. J. Phys. Chem. A, 110(10): p. 
3638-3646, 2006. 

7. Masel, R.I., Principles of adsorption and reaction on solid surfaces. 1996: John Wiley & Sons. 

8. Maranzana, A., et al., Ozone interaction with polycyclic aromatic hydrocarbons and soot in 
atmospheric processes: Theoretical density functional study by molecular and periodic 
methodologies. J. Phys. Chem. A, 109(48): p. 10929-10939, 2005. 

9. Giordana, A., et al., Soot platelets and PAHs with an odd number of unsaturated carbon atoms 
and pi electrons: Theoretical study of their spin properties and interaction with ozone. J. Phys. 
Chem. A, 112(5): p. 973-982, 2008. 

10. Finlayson-Pitts, B.J. and J.N. Pitts, eds. Chemistry of the upper and lower atmosphere. 2000, 
Academic Press: San Diego, California. 

11. Pöschl, U., T. Letzel, C. Schauer, and R. Niessner, Interaction of ozone and water vapor with 
spark discharge soot aerosol particles coated with benzo[a]pyrene: O3 and H2O adsorption, 
benzo[a]pyrene degradation, and atmospheric implications. J. Phys. Chem. A, 105(16): p. 4029-
4041, 2001. 

12. Lee, G., B. Lee, J. Kim, and K. Cho, Ozone Adsorption on Graphene: Ab Initio Study and 
Experimental Validation. J. Phys. Chem. C, 113(32): p. 14225-14229, 2009. 

13. Frenkel, J., Theory of the adsorption and related occurrences. Zeitschrift Für Physik, 26: p. 117-
138, 1924. 

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

112



nature chemistry | www.nature.com/naturechemistry	 21

supplementary informationdoi: 10.1038/nchem.988

21 
 

14. Atkins, P.W., Physical Chemistry. 1998, Oxford: Oxford University Press. 

15. Rogaski, C.A., D.M. Golden, and L.R. Williams, Reactive uptake and hydration experiments on 
amorphous carbon treated with NO2, SO2, O3, HNO3, and H2SO4. Geophys. Res. Lett., 24(4): p. 
381-384, 1997. 

16. Fendel, W., D. Matter, H. Burtscher, and A. Schmidtott, Interaction between carbon or iron 
aerosol-particles and ozone. Atmos. Environ., 29(9): p. 967-973, 1995. 

17. McCabe, J. and J.P.D. Abbatt, Heterogeneous Loss of Gas-Phase Ozone on n-Hexane Soot 
Surfaces: Similar Kinetics to Loss on Other Chemically Unsaturated Solid Surfaces. J. Phys. 
Chem. C, 113(6): p. 2120-2127, 2009. 

18. Kwamena, N.O.A., et al., Role of the aerosol substrate in the heterogeneous ozonation reactions 
of surface-bound PAHs. J. Phys. Chem. A, 111: p. 11050-11058, 2007. 

19. Kahan, T.F., N.O.A. Kwamena, and D.J. Donaldson, Heterogeneous ozonation kinetics of 
polycyclic aromatic hydrocarbons on organic films. Atmos. Environ., 40(19): p. 3448-3459, 2006. 

20. Alebic-Juretic, A., T. Cvitas, and L. Klasinc, Heterogeneous polycyclic aromatic hydrocarbon 
degradation with ozone on silica-gel carrier. Environ. Sci. Technol., 24(1): p. 62-66, 1990. 

21. Wu, C.H., I. Salmeen, and H. Niki, Fluorescence spectroscopic study of reactions between 
gaseous ozone and surface-adsorbed polycyclic aromatic-hydrocarbons. Environ. Sci. Technol., 
18(8): p. 603-607, 1984. 

22. Finlayson-Pitts, B.J., Reactions at surfaces in the atmosphere: integration of experiments and 
theory as necessary (but not necessarily sufficient) for predicting the physical chemistry of 
aerosols. Phys. Chem. Chem. Phys., 11(36): p. 7760-7779, 2009. 

23. Dubowski, Y., et al., Interaction of gas-phase ozone at 296 K with unsaturated self-assembled 
monolayers: A new look at an old system. J. Phys. Chem. A, 108(47): p. 10473-10485, 2004. 

24. Segal-Rosenheimer, M. and Y. Dubowski, Photolysis of thin films of cypermethrin using in situ 
FTIR monitoring: Products, rates and quantum yields. J. Photochem. Photobiol. A-Chem., 200(2-
3): p. 262-269, 2008. 

25. Clifford, D., et al., Reactive uptake of ozone by chlorophyll at aqueous surfaces. Environ. Sci. 
Technol., 42(4): p. 1138-1143, 2008. 

26. McNeill, V.F., G.M. Wolfe, and J.A. Thornton, The oxidation of oleate in submicron aqueous salt 
aerosols: Evidence of a surface process. J. Phys. Chem. A, 111: p. 1073-1083, 2007. 

27. Stokes, G.Y., et al., Atmospheric Heterogeneous Stereochemistry. J. Am. Chem. Soc., 131(38): p. 
13733-13737, 2009. 

28. Stephens, S., M.J. Rossi, and D.M. Golden, The heterogeneous reaction of ozone on 
carbonaceous surfaces. Int. J. Chem. Kinet., 18(10): p. 1133-1149, 1986. 

29. Hanisch, F. and J.N. Crowley, Ozone decomposition on Saharan dust: an experimental 
investigation. Atmos. Chem. Phys., 3: p. 119-130, 2003. 

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

113



22	 nature chemistry | www.nature.com/naturechemistry

supplementary information doi: 10.1038/nchem.988

22 
 

30. Sullivan, R.C., T. Thornberry, and J.P.D. Abbatt, Ozone decomposition kinetics on alumina: 
effects of ozone partial pressure, relative humidity and repeated oxidation cycles. Atmos. Chem. 
Phys., 4: p. 1301-1310, 2004. 

31. Quiller, R.G., et al., Surface Chemistry of Organic Pollutants: Styrene, Ozone, and Water on 
TiO2(110). J. Phys. Chem. C, 113(6): p. 2063-2070, 2009. 

32. Ammann, M., Using 13N as tracer in heterogeneous atmospheric chemistry experiments. 
Radiochim. Acta, 89(11-12): p. 831-838, 2001. 

33. Sosedova, Y., A. Rouviere, H.W. Gäggeler, and M. Ammann, Uptake of NO2 to Deliquesced 
Dihydroxybenzoate Aerosol Particles. J. Phys. Chem. A, 113(41): p. 10979-10987, 2009. 

34. Stemmler, K., et al., Light induced conversion of nitrogen dioxide into nitrous acid on submicron 
humic acid aerosol. Atmos. Chem. Phys., 7: p. 4237-4248, 2007. 

35. Zhang, Y., H. Yang, and U. Pöschl, Analysis of nitrated proteins and tryptic peptides by HPLC-
chip-MS/MS: site-specific quantification, nitration degree, and reactivity of tyrosine residues. 
Anal. Bioanal. Chem.: p. 1-13, 2010. 

36. Yang, H., Y. Zhang, and U. Pöschl, Quantification of nitrotyrosine in nitrated proteins. Anal. 
Bioanal. Chem., 397(2): p. 879-886, 2010. 

37. Harrison, M.A.J., et al., Nitrated phenols in the atmosphere: a review. Atmos. Environ., 39(2): p. 
231-248, 2005. 

38. Hartshorn, M.P., Reactions of substituted phenols with nitrogen dioxide; Rearrangements and 
addition reactions of nitrodienones. Acta Chem. Scand., 52(1): p. 2-10, 1998. 

39. Truong, H., S. Lomnicki, and B. Dellinger, Potential for Misidentification of Environmentally 
Persistent Free Radicals as Molecular Pollutants in Particulate Matter. Environ. Sci. Technol., 
44(6): p. 1933-1939, 2010. 

40. Arens, F., L. Gutzwiller, H.W. Gaggeler, and M. Ammann, The reaction of NO2 with solid 
anthrarobin (1,2,10-trihydroxy-anthracene). Phys. Chem. Chem. Phys., 4(15): p. 3684-3690, 2002. 

41. Ammann, M., E. Rossler, R. Strekowski, and C. George, Nitrogen dioxide multiphase chemistry: 
Uptake kinetics on aqueous solutions containing phenolic compounds. Phys. Chem. Chem. Phys., 
7(12): p. 2513-2518, 2005. 

 
 
 

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

114



B5) Shiraiwa et al., Proc. Natl. Acad. Sci., 2011 
 
 
 

Gas uptake and chemical aging of semisolid organic aerosol particles 
 
 

Manabu Shiraiwa1, Markus Ammann2, Thomas Koop3 and Ulrich Pöschl1 

 
 
 
 

1 Max Planck Institute for Chemistry, Biogeochemistry Department, P.O. Box 3060, 55128 
Mainz, Germany 

2 Paul Scherrer Institut, Laboratory of Radiochemistry and Environmental Chemistry, Villigen, 
CH-5232, Switzerland 

3Faculty of Chemistry, Bielefeld University, 33615 Bielefeld, Germany 
 
 
 
. 

Proceedings of the National Academy of Sciences of the United States of America, 108, 11003-11008, 
2011 

 
 
 
 

Authors contributions. 
 

MS, MA, and UP designed research. MS and MA performed research. MS and TK analyzed data. 
MS and UP wrote the paper. 

 

  

115



Gas uptake and chemical aging of semisolid
organic aerosol particles
Manabu Shiraiwaa, Markus Ammannb, Thomas Koopc, and Ulrich Pöschla,1

aBiogeochemistry Department, Max Planck Institute for Chemistry, P.O. Box 3060, 55128 Mainz, Germany; bLaboratory of Radiochemistry and
Environmental Chemistry, Paul Scherrer Institut, CH-5232 Villigen, Switzerland; and cFaculty of Chemistry, Bielefeld University,
Universitätsstraße 25, 33615 Bielefeld, Germany

Edited* by Margaret A. Tolbert, University of Colorado, Boulder, CO, and approved May 25, 2011 (received for review February 23, 2011)

Organic substances can adopt an amorphous solid or semisolid
state, influencing the rate of heterogeneous reactions and multi-
phase processes in atmospheric aerosols. Here we demonstrate
how molecular diffusion in the condensed phase affects the gas
uptake and chemical transformation of semisolid organic particles.
Flow tube experiments show that the ozone uptake and oxidative
aging of amorphous protein is kinetically limited by bulk diffusion.
The reactive gas uptake exhibits a pronounced increase with rela-
tive humidity, which can be explained by a decrease of viscosity
and increase of diffusivity due to hygroscopic water uptake trans-
forming the amorphous organic matrix from a glassy to a semi-
solid state (moisture-induced phase transition). The reaction rate
depends on the condensed phase diffusion coefficients of both the
oxidant and the organic reactant molecules, which can be de-
scribed by a kinetic multilayer flux model but not by the traditional
resistor model approach of multiphase chemistry. The chemical life-
time of reactive compounds in atmospheric particles can increase
from seconds to days as the rate of diffusion in semisolid phases
can decrease by multiple orders of magnitude in response to low
temperature or low relative humidity. The findings demonstrate
that the occurrence and properties of amorphous semisolid phases
challenge traditional views and require advanced formalisms for
the description of organic particle formation and transformation
in atmospheric models of aerosol effects on air quality, public
health, and climate.

Stokes-Einstein ∣ percolation theory ∣ glass transition ∣ secondary organic
aerosol partitioning ∣ ozonolysis

Aerosols are ubiquitous in the atmosphere and have strong
effects on climate and public health (1–3). Depending on

chemical composition, phase state, and surface properties, aero-
sol particles can act as nuclei for cloud droplets and ice crystals,
and they can affect the abundance of trace gases through hetero-
geneous chemical reactions (4–8). Gas-particle interactions can
also significantly change the physical and chemical properties
of aerosols such as toxicity, reactivity, hygroscopicity, and radia-
tive properties (9–13). Chemical reactions and mass-transport
lead to continuous transformation and changes in the composi-
tion of atmospheric aerosols (“chemical aging”) (14–20).

Atmospheric aerosol particles may occur as solids or liquids
or as a mixture of both depending on their composition and
ambient conditions (21, 22). Carbonaceous combustion aerosol
particles such as soot and related substances are known to be
quasi-solid and undergo chemical reactions at the surface rather
than in the bulk (black or elemental carbon, graphene, and poly-
cyclic aromatic hydrocarbons) (1, 23–25). Until recently, second-
ary organic aerosol (SOA) particles formed in the atmosphere
from condensable oxidation products of volatile organic com-
pounds were assumed to be liquid (26–28). Virtanen et al. (2010)
(29), however, showed that biogenic SOA particles formed in
plant chamber experiments and in new particle formation events
over boreal forests can adopt an amorphous semisolid state,
which is in line with the observed presence of oligomers or other
organic compounds with high molecular mass and low volatility

in SOA (30, 31). Many organic substances, including carboxylic
acids, carbohydrates, and proteins, tend to form amorphous
phases upon cooling or drying of aqueous solution droplets
(32–34). Depending on viscosity and microstructure, the amor-
phous phases can be classified as glasses, rubbers, gels, or ultra-
viscous liquids (32).

Amorphous substances have no long-range atomic order and
are classified as solid glasses when their viscosity exceeds
1012 Pa s (35). Semisolid substances like rubbers, gels, or ultravis-
cous liquids have viscosities that are in the range of ∼1012 to
∼102 Pa s, which is still orders of magnitude higher than the visc-
osity of liquid water at ambient conditions (∼10−3 Pa s) (32, 36).
Through the Stokes-Einstein equation, the viscosity of an amor-
phous organic substance can be related to its molecular self-
diffusion coefficient (Dorg):

Dorg ¼
kT
6πaν

: [1]

Here k is the Boltzmann constant (1.38 × 10−23 JK−1), T is the
temperature (K), a is the effective molecular radius (m), and ν is
the dynamic viscosity (Pa s). Typical viscosity values and related
diffusion coefficients for liquid, semisolid, and solid phases are
listed in Table 1. Note that Dorg can vary over fifteen orders of
magnitude from ∼10−5 cm2 s−1 in a liquid to ∼10−20 cm2 s−1 in a
solid organic matrix.

Compared to the self-diffusion coefficients of the large organic
molecules constituting the bulk material of amorphous organic
particles (multifunctional hydrocarbon derivatives, oligomers,
and macromolecules), the bulk diffusion coefficients of atmo-
spheric photooxidants and other small gas molecules entering
the organic matrix (O3, OH, NOx, H2O, etc.) are usually orders
of magnitude larger and less variable. Typically, the diffusion
coefficients of water and photo-oxidants (Dox) are around
∼10−10 cm2 s−1 in solids (37, 38), ∼10−9—10−6 cm2 s−1 in semiso-
lid (39), and ∼10−5 cm2 s−1 in liquid organic matrices (37, 40).

Fig. 1 shows the characteristic time of mass-transport and
mixing by molecular diffusion τcd in aerosol particles (41) accord-
ing to

τcd ¼
dp2

4π2D
[2]

as a function of particle diameter (dp ¼ 1 nm–10 μm) and diffu-
sion coefficient (D ¼ 10−5 cm2 s−1 to 10−21 cm2 s−1). In case of
nonreactive gas uptake (partitioning), τcd is the e-folding time
of equilibration, i.e., the time after which the concentration in
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the particle core deviates by less than a factor of 1/e from the
equilibrium value.

In the size range of the accumulation mode of atmospheric
aerosols (dp ≈ 102 nm), τcd for nonvolatile organic species varies
from microseconds to milliseconds for liquids, seconds to years
for semisolids, and many years for solids. Thus, diffusion is likely
to limit the kinetics of mass-transport and chemical reaction in
amorphous organic aerosol particles, but so far the effects of dif-
fusivity and their dependence on ambient conditions have hardly
been quantified (29, 42–44).

The viscosity and diffusivity of water soluble and hygroscopic
organic substances depend strongly on the ambient relative hu-
midity (RH), because water can act as a plasticizer and increase
the mobility of the organics (32, 43). Accordingly, the glass tran-
sition temperature of organic substances depends on RH (33, 34),
and amorphous semisolids can undergo moisture-induced phase
transitions (32, 43, 44). The viscosity and bulk diffusion coeffi-
cient of amorphous proteins can be estimated as a function of
relative humidity, using the Stokes-Einstein relation with pub-
lished viscosity and hygroscopic growth factor data (45–47) (SI
Text). As shown in Fig. 2A, the phase of the protein bovine serum
albumin (BSA) changes from solid to semisolid as RH increases,
while Dorg increases from 10−21 cm2 s−1 up to 10−10 cm2 s−1.
Fig. 2B shows the diffusion coefficient of ozone in the aqueous
protein as estimated from percolation theory and hygroscopicity
data [SI Text, (47–49)]. Dox is ∼10−10 cm2 s−1 at <20% RH, but it
increases up to ∼10−5 cm2 s−1 as RH increases to 100%.

Experimental and theoretical studies investigating atmo-
spheric multiphase processes usually apply resistor model formu-
lations that build on analogies with electric circuits (14, 15, 50,
51). The traditional resistor models, however, are usually based
on simplifying assumptions such as steady state conditions, homo-
geneous mixing, and limited numbers of species and processes.
To overcome these limitations, we use kinetic flux models to ana-
lyze measurement data of ozone uptake by amorphous semisolid

organics and to elucidate the effects of bulk diffusion on gas up-
take and chemical aging of atmospheric aerosols. Ozone uptake
experiments were performed in a flow tube coated with the pro-
tein BSA as a proxy for semisolid organic aerosol (32, 47), and
numerical simulations were performed with kinetic double- and
multilayer models of aerosol surface and bulk chemistry [K2-SUB
(52), KM-SUB (42)].

Results and Discussion
Ozone Uptake by Amorphous Protein. Measurements of ozone
uptake by amorphous protein were conducted in a coated wall
flow tube for a wide range of ozone concentrations and relative
humidities (42–207 ppb O3, 0–95% RH, 296 K, 1 atm). The mea-
surement results are ozone uptake coefficients (γO3

) which repre-
sent the probability that ozone molecules colliding with the
surface are taken up by the condensed phase [net loss from the
gas phase (53, 54)].

Fig. 3 shows double-logarithmic plots of γO3
plotted against

reaction time (t), which exhibit a slope that is characteristic
for diffusion-limited gas uptake (γ ∝ ðD∕πtÞ1∕2, ∂ ln γ∕∂ ln t ¼
−0.5) (51, 55, 56). As shown in Fig. 3A, the uptake coefficients
observed at a given relative humidity decreased with increasing
gas-phase concentration of ozone, which is due to more rapid
depletion of condensed phase reactants (reactive amino acids in
the protein). Fig. 3B shows that the uptake coefficients observed
at a given ozone concentration level increased with increasing
relative humidity. This behavior can be explained by a decrease
of viscosity and increase of diffusivity with increasing RH, while
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Table 1. Characteristic magnitudes of viscosity for different
phase states, corresponding self-diffusion coefficients of
organic matrix molecules (Dorg, Eq. 1 assuming a ¼ 10−10 m
at 298 K), and condensed phase diffusion coefficients of
small molecules like water and atmospheric oxidants (Dox)

Phase state ν (Pa s) Dorgðcm2 s−1Þ Doxðcm2 s−1Þ
Liquid ∼10−3 ∼10−5 ∼10−5
Semisolid ∼102–1012 ∼10−10–10−20 ∼10−7–10−9
Solid ≥1012 ≤10−20 ∼10−10
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Fig. 2. (A) Viscosity (ν) and self-diffusion coefficient (Dorg) of the protein BSA
estimated as a function of relative humidity (RH) using the Stokes-Einstein
relation with published viscosity data and hygroscopic growth factor data
for BSA. As RH increases, the protein phase changes from solid over semisolid
to viscous liquid, while Dorg increases from ∼10−21 cm2 s−1 to ∼10−10 cm2 s−1.
(B) Diffusion coefficient of ozone (Dox) in BSA estimated as a function of
RH by theoretical calculations using hygroscopic growth factor data. Dox is
∼5 × 10−10 cm2 s−1 in solid BSA at RH <20%, but it increases up to
∼10−6 cm2 s−1 in a viscous liquid aqueous phase at RH > 95%. The shaded
areas represent uncertainties of estimation. The red stars show the Dorg and
Dox values derived from the ozone uptake experiments, and the error bars
indicate corresponding uncertainties.
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the amorphous protein is transformed from a glassy to a semiso-
lid state.

The time, concentration, and humidity dependence of γO3
can

be reproduced by the kinetic multilayer flux model KM-SUB
(42) as illustrated by the dotted lines in Fig. 3 and in Fig. S1.
The model input parameters include the surface accommodation
coefficient of ozone, the surface and bulk reaction rate coeffi-
cients between ozone and reactive amino acids, and the bulk dif-
fusion coefficients of ozone and reactive amino acids (Dox, Dorg).
Initial estimates of these parameters were taken from previous
work (12, 24, 52), and best fit values were obtained by iterative
variation as detailed in SI Text. The best fit values and humidity
dependence ofDox andDorg derived from the kinetic experiments
are shown in Fig. 2. The experimental results agree well with the
estimates obtained from theoretical calculations using literature
data of protein viscosity and hygroscopic growth.

Fig. 4 displays the model simulation results for the experiment
performed at 42 ppb O3 and 50% RH. Initially γO3

equals the
surface accommodation coefficient αs;O3

≈ 1 due to adsorption
of ozone onto the particle surface. After ∼10−8 s the ozone con-
centration at the surface reaches a steady state level of ∼107 cm−2

(Fig. S2A) determined by the combination of reversible adsorp-
tion, surface reaction, and surface-to-bulk transport, and γO3

de-
creases to the value of the bulk accommodation coefficient
of αb;O3

≈ 10−5 (Fig. 4A), indicating that the contribution of
the surface reaction to the total ozone uptake is relatively minor.
Up to ∼10 s, γO3

remains as large as αb;O3
, i.e., the uptake kinetics

are limited by the transfer of ozone from the surface to the near-
surface-bulk where it can readily oxidize reactive amino acids in
the amorphous protein. After ∼10 s, which is the time when
experimental data become available, γO3

decreases below αb;O3
,

because the uptake is kinetically limited by diffusion in the bulk
where ozone can oxidize further reactive amino acids.

In Fig. 4B the y-axis indicates the radial distance from the
bottom of the protein coating (r) normalized by the film thickness
(rp), ranging from the bottom (r∕rp ≈ 0) to the surface of the film

(r∕rp ≈ 1). The isolines in Fig. 4B show the radial distribution
and temporal evolution of ozone in the amorphous protein
matrix. Due to low diffusivity and reactive consumption, ozone
initially exhibits a steep concentration gradient near the surface
(r∕rp > 0.90), while the underlying bulk material remains essen-
tially ozone-free. After ∼10 s ozone begins to diffuse further into
the bulk (Fig. 4B), the reactive amino acids are depleted near the
surface (Fig. S2C), and the reaction front proceeds further into
the particle bulk (Fig. S2D).

In contrast to the kinetic multilayer model KM-SUB, the ki-
netic double-layer model K2-SUB failed to reproduce the experi-
mental results. In analogy to traditional resistor models, K2-SUB
does not resolve radial profiles but approximates the effect of
bulk processes by a reacto-diffusive flux term (50, 51, 53). This
term accounts for the diffusion of gaseous reactants but neglects
the diffusion of condensed phase reactants, assuming that the
latter are homogeneously mixed. Using the same kinetic para-
meters as KM-SUB, K2-SUB cannot reproduce the observed
time dependence of the ozone uptake coefficient. Instead, the
predicted value of γO3

would remain constant over an extended
period to 103 s and then drop off steeply due to rapid depletion of
reactive amino acids throughout the homogeneously mixed pro-
tein film (dashed line in Fig. 4A). The results demonstrate that
the assumption of homogeneous mixing and the application of
the reacto-diffusive term of traditional resistor models are not
appropriate for condensed phase reactants with low diffusivity
in an amorphous semisolid matrix. Reliable predictions for such
reaction systems require models that are able to resolve the dif-
fusion of both gaseous and condensed phase reactants.

Atmospheric Implications. To explore and characterize the effects
of bulk diffusion on the chemical aging of semisolid organic aero-
sols in the atmosphere, we calculated the chemical half-life (t1∕2)
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of reactive amino acids in amorphous protein particles exposed
to ozone under a wide range of ambient relative humidity and
temperature. t1∕2 is defined as the time after which the number
of reactive amino acids in the particle has decreased to half of its
initial value. The particle diameter was set to 200 nm, which is
typical for the accumulation mode of atmospheric aerosols, and
the ozone concentration was varied in the range of zero to
200 ppb, covering clean and polluted conditions in the lower at-
mosphere. The kinetic parameters were the same as in the model
simulation of the flow tube experiments (Table S1). The depen-
dence of Dox and Dorg on relative humidity is shown in Fig. 2, and
their temperature dependence is discussed in the supplement
(SI Text).

The results of these calculations are shown in Fig. 5. As ex-
pected, t1∕2 decreases with increasing ozone gas-phase concentra-
tion. Fig. 5A shows that t1∕2 depends strongly on the ambient
relative humidity at 25 °C. At 50 ppb O3, for instance, t1∕2 is ∼4 h
at 20%RH, ∼1.5 h at 50%RH, and only ∼0.1 h at 90%RH. This
variation is mainly because of the increase of Dox at higher RH
due to the moisture-induced phase transition of protein particles
(i.e., solid at low RH, semisolid at medium RH, and viscous liquid
at high RH). Fig. 5B shows the dependence of t1∕2 on ambient
temperature at 50% RH: t1∕2 is ∼1.5 h at 25 °C, and it increases
to ∼20 h at −60 °C due to the decrease of Dox. To account for the
possibility of freezing at low temperatures, we added a scenario
assuming a diffusion coefficient similar to the values character-
istic for small molecules in ice, i.e., Dox ≈ 10−11 cm2 s−1 (57), re-
sulting in t1∕2 ≈ 100 h at 50 ppb O3 and −60 °C (upper bound of
shaded area). Note that a decrease of reaction rate coefficients
with decreasing temperature may increase t1∕2 even further. The
results show that the chemical half-life of organics can increase

dramatically when particles are transported from the boundary
layer to the upper free troposphere.

Fig. 6 illustrates how the phase state, viscosity, and diffusivity
of atmospheric organic aerosol particle may vary upon changes in
ambient relative humidity and temperature (physical transforma-
tion). Consequently, the chemical transformation and aging upon
exposure to atmospheric oxidants such as O3, OH, NO3, N2O5,
and halogen radicals will proceed differently (58, 59). In solid
particles, the reactants are essentially confined to the surface,
whereas they are rapidly mixed throughout the bulk of liquid par-
ticles. The chemical aging of semisolid organic substances is likely
to be limited by the rate of molecular diffusion in the particle
bulk. Our measurement and model results demonstrate that
chemical reactions in amorphous semisolid aerosol particles
are indeed limited by bulk diffusion, and that the rate of reaction
can be strongly influenced by changes in relative humidity leading
to changes in phase state and diffusivity due to hygroscopic water
uptake. Thus, the chemical half-life of reactive organic com-
pounds can change by orders of magnitude depending on ambient
temperature and relative humidity, and uptake can become lim-
ited either by surface reaction, surface-bulk exchange, or bulk
diffusion, underpinning the large potential effects of phase state
for chemical aging (29, 42, 60, 61). The results of this study de-
monstrate quantitatively that mass-transport can have strong
nonlinear effects on the chemical composition of atmospheric
aerosols (16), and that amorphous semisolid states with high visc-
osity and low diffusion coefficients can effectively shield reactive
organic compounds from degradation by atmospheric oxidants.

In addition to chemical aging of atmospheric aerosol particles,
kinetic limitations of gas uptake by bulk diffusion may also influ-
ence the gas-particle partitioning of semivolatile organic com-
pounds (SVOCs). In current gas-particle partitioning models,
SVOCs are usually assumed to be well mixed throughout the
particle (62–64). However, slow bulk diffusion may change the
growth of SOA particles from absorptive to adsorptive, resulting
in steep concentration gradients. On the other hand, slow trans-
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port from the bulk to the surface may play an important role in
the suppression of SOA evaporation (65). Moreover, aerosol
hygroscopic growth and the nucleation of cloud droplets or ice
crystals can be retarded or inhibited by slow diffusion (29, 32,
34, 43, 44, 47, 54, 66–69). The occurrence and properties of amor-
phous semisolid phases challenge traditional views and require
new formalisms for the description of organic particle transfor-
mation and partitioning in atmospheric models of aerosol effects
on air quality, public health, cloud physics, and climate.

Methods
BSA was obtained from Sigma-Aldrich (>96%, Sigma); it is a globular protein
with a molecular mass of 67 kDa. Ozone uptake experiments with BSA were
conducted in a cylindrical coated wall flow tube reactor (surface area
120 cm2, surface-to-volume ratio 5 cm−1). The sand-blasted inner surface
of the pyrex tube was coated with BSA dissolved in water (18.2 MΩ cm, Milli
Q plus 185, Millipore) and dried gently with a flow of nitrogen. This proce-
dure led to about 2–4mg of BSA deposited on the tube, which corresponds to
a film thickness of BSA of 130–350 nm, assuming BSA to be evenly spread. O3

was introduced into the flow reactor with synthetic air as carrier gas with a
total flow rate of ∼1 L min−1. The experiments were conducted at atmo-
spheric pressure and room temperature (∼1 atm, ∼296 K) and different
relative humidities (0–95%). The gas-phase ozone concentration was moni-
tored using a photometric ozone analyzer. The uptake coefficients of ozone
(γO3

) were calculated using the Cooney-Kim-Davis method to concomitantly
take into account radial gas-phase diffusion and first-order loss at the wall
(70, 71). The model approach applied to analyze the experimental results is
described in the SI Text [KM-SUB (42), K2-SUB (52), Figs. S3, S4, S5, and S6].
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Estimation of Diffusion Coefficients. Estimation of Dorg. In order to
estimate the self-diffusion coefficient of bovine serum albumin
(BSA) in BSA/water mixtures we used data of the viscosity of
aqueous BSA solutions by Brownsey et al. (1) shown as red circles
in Fig. S3. The data cover a range of dilute to concentrated solu-
tions up to a BSA mass fraction of 0.5. Moreover, Brownsey et al
(1) and Hottot et al (2) suggested that at room temperature aqu-
eous BSA turns into a glass at a mass fraction between 0.6–0.8.
Therefore, we chose a representative value of the viscosity at Tg
of 1012 Pa s at a BSA mass fraction of 0.7, see blue square in
Fig. S3. Using these data we can fit the viscosity (ν) of aqueous
BSA over the whole concentration range, which can be estimated
as follows:

lnðνÞ ¼ lnðν0Þ þ
lnðνmaxÞ

1þ expðwc−w
s Þ þ Awð1 − tanhðw − wcÞÞ; [S1]

where ν0 is the viscosity of water (8.9 × 10−4 Pa s), νmax is the
characteristic viscosity in the glass transition (∼1012–1013 Pa s,
here: 7.53 × 1012 Pa s), w is the BSA mass fraction, wc ¼ 0.514
is the critical BSA mass fraction at which the BSA globules begin
to come into contact with each other, s ¼ 0.041,A ¼ 9.32 is a con-
stant characteristic of the near linear increase in lnðνÞ at small
BSA mass fractions, and the term 1 − tanhðw-wcÞ is responsible
for saturating this increase to a constant at concentration higher
than about wc.

The function in Eq. S1 was chosen such that once the transla-
tional motion of globular BSA proteins seizes close to Tg, the
viscosity remains practically constant at a value of about that at
Tg (red dashed line), which is however, not relevant for the in-
vestigated concentration range investigated in Mikhailov et al. (3)
and this work. Note that the steepest change in viscosity occurs
around a mass fraction of 0.5–0.6, in agreement with experimen-
tal observations of Brownsey et al. (1), who observed a “glass-like
kinetic arrest” at mass fractions in the region of 0.55.

The green triangles shown in Fig. S3 are inferred from the
hygroscopicity tandem differential mobility analyzer (HTDMA)
experiments by Mikhailov et al. (3). From these data, the water
content of BSA aerosol particles as a function of relative humidity
was calculated assuming a void fraction of 0.3, in agreement with
a glass-transition induced fixation of BSA globules at a mass frac-
tion of ∼0.7, which is close to a dense packing of spheres. Fig. S3
implies that the BSA particles experience the entire semisolid
range upon changes in humidity, with near-liquid viscosity/diffu-
sivity at RH ≥ ∼95% and near-solid behavior at RH ≤ ∼30%.

The resulting viscosity values of aqueous BSA range from ν of
101–1012 Pa s depending on relative humidity. Using Eq. 1 in the
main text, this viscosity can be converted to Dorg values assuming
a radius for globular BSA of a ¼ 2.5 nm. As RH increased, Dorg
increases as particles take up more water.

Estimation ofDox.The diffusion coefficient of ozone in the aqueous
BSA film is estimated using the percolation theory (4–6), because
the Stokes-Einstein equation is not applicable for small gas
molecules diffusing through a highly viscous heterogeneous
matrix near the glass-transition temperature (7). According to
percolation and effective medium theory, the average diffusion
coefficient in a mixture of two media with different diffusion can
be described by the following equation:

Dox ¼ ½D0
ox;p þD0

ox;w

þ ½ðD0
ox;p þD0

ox;wÞ2 þ 2ðZ − 2ÞDox;pDox;w��∕ðZ − 2Þ; [S2]

where Dox;p is the diffusion coefficient of oxidant in protein glo-
bules, and Dox;w is the diffusion coefficient of oxidant in water
(∼10−5 cm2 s−1), which can be calculated by DO3;w ðcm2s−1Þ ¼
1.1 × 10−4 expð−1;896∕TÞ (8). D0

ox;p and D0
ox;w are reduced diffu-

sion coefficients and are expressed as:

D0
ox;p ¼ ½ðZ∕2ÞðV p∕f Þ − 1�Dox;p [S3]

D0
ox;w ¼ ½ðZ∕2Þð1 − V p∕f Þ − 1�Dox;w: [S4]

V p is the volume fraction of protein globules, which can be di-
rectly calculated using hygroscopic growth factor (GF) data mea-
sured for BSA (3): V p ¼ ð1∕GFÞ3. f is the packing fraction, for
which we assumed a value of 0.85 (9). Z is the coordination num-
ber between water-filled pores in the protein matrix, for which we
assumed a value of 12 that is characteristic for dense sphere pack-
ings (10). ForDox;p we assumed a value of 5 × 10−10 cm2 s−1 which
is of a magnitude characteristic for diffusion of small molecules
solids (Table 1) and consistent with the diffusion-limited uptake
of ozone observed under dry conditions (Fig. 2). For uncertainty
estimates (green shaded area), f was varied from 0.65 to 1 (4, 9,
11), Z was varied between 8 and 16 (4), and Dox;p was varied
from 10−10–10−9 cm2 s−1 (12).

The temperature dependence ofDox at 50%RHwas estimated
using an Arrhenius-approach with an activation energy of about
15.8 kJ mol−1 (8) (Fig. S4).

Ozone Uptake Experiments. Fig. S5 shows the ozone uptake ob-
served with an initial gas phase O3 concentration of ∼110 ppb
at 50% RH. At the beginning of each experiment, the coated wall
flow tube was bypassed to obtain a stable ozone signal (t < 0).
When the flow was redirected through the flow tube (t ¼ 0),
the gas phase O3 concentration dropped rapidly to ∼60 ppb,
which corresponds to an ozone uptake coefficient of γO3

≈ 10−5

during the first few seconds of reaction time (t ≈ 10 s). Then the
ozone concentration recovered asymptotically towards the initial
value, and the uptake coefficient exhibited a strong decrease that
continued over multiple hours (Fig. 3). When the flow tube was
bypassed again (e.g., at t ≈ 3;000 s in Fig. S5), the gas phase ozone
concentration quickly returned to the initial value, showing that
the experimental conditions were stable. No significant ozone
uptake was observed in an uncoated glass flow tube, confirming
that the observed ozone loss was due to uptake by the protein film
on the wall of the coated tube.

The magnitude and temporal evolution of γO3
did not change

when the thickness of the protein film on the flow tube walls was
varied between 133–346 nm. This finding indicates that the ozone
uptake was kinetically limited by processes at or near the surface
of the protein film. If the uptake kinetics had been affected by
processes involving the entire volume of the protein film, the
film thickness should have influenced the results, i.e., thicker
films should have exhibited higher values or slower decrease
of γO3

. Moreover, the amount of ozone taken up by the protein
film (>1 × 1014 cm−2 after 1 h) clearly exceeded the surface ca-
pacity of reaction sites (≤3 × 1013 cm−2). Thus, the most plausi-
ble explanation for the observed behavior is that the uptake of
ozone was limited by diffusion and reaction near the surface
of the protein film.

Shiraiwa et al. www.pnas.org/cgi/doi/10.1073/pnas.1103045108 1 of 6122

http://www.pnas.org/cgi/doi/10.1073/pnas.1103045108


Kinetic Models and Parameters. Two kinetic flux models were ap-
plied to analyze the experimental results: the kinetic multilayer
model (KM-SUB) (13) and the kinetic double-layer model
(K2-SUB) (14) for aerosol surface and bulk chemistry, both of
which build on the formalism and terminology of the PRA frame-
work (15, 16). The uptake coefficient of ozone (γO3

) is defined as
the ratio between the net flux of O3 from the gas phase to the
condensed phase and the gas kinetic flux of O3 colliding with the
surface (13, 14). The temporal evolution of γO3

and the particle
surface and bulk composition were modeled by numerically sol-
ving the differential equations for the mass balance of each model
compartment with Matlab (ode23tb solver with 999 time steps).

KM-SUB consists of multiple model compartments and layers:
gas phase, near-surface gas phase, sorption layer, quasi-static
surface layer, near-surface bulk, and a number of bulk layers as
detailed below. KM-SUB explicitly treats all steps of mass trans-
port (gas phase diffusion, gas-surface transport, and bulk diffu-
sion) and chemical reactions from the gas-particle interface to the
particle core, resolving concentration gradients and diffusion
throughout the particle bulk. Unlike traditional resistor models,
KM-SUB does not require simplifying assumptions about steady-
state conditions and radial mixing. Surface-bulk transport and
bulk diffusion of volatile and nonvolatile reactants are treated
as the mass transport from one bulk layer to the next by describ-
ing the mass transport fluxes between different layers of the bulk
by first-order transport velocities, which are calculated from the
bulk diffusion coefficients (13). Bulk reaction rates are calculated
assuming that bulk reactions proceed with second-order rate
dependencies on the concentrations within each bulk layer. In the
numerical simulations presented in this study, the number of mod-
el layers was set to n ¼ 200 unless mentioned otherwise. Test
calculations using smaller or higher values of n gave very similar
results. The maximum relative deviations were 10% for n < 20,
reconfirming the robustness of the KM-SUBmodel approach (13).

Instead of explicitly resolving radial profiles of bulk diffusion
and reaction, K2-SUB (14) uses just one layer for the bulk, and
the effects of bulk diffusion and reaction are represented by the
reacto-diffusive flux (Jb;rd) based on traditional resistor model
formulations (15,17–19). In this approach, the nonvolatile reac-
tant is assumed to be well mixed in the bulk of the condensed
phase (14). While the original K2-SUB model presented by
Pfrang et al. (2009) (14) also assumed steady-state conditions for
O3 on the surface and in the bulk, we used the modified K2-SUB
model of Shiraiwa et al. (2010) (13) without these steady-state
assumptions (13).

The initial concentrations of ozone at the surface and in the
bulk were set to zero, and the kinetic input parameters are listed
in Table S1: surface accommodation coefficient of ozone for the
clean substrate (αs;0), desorption lifetime of ozone (τd), bulk dif-
fusion coefficients of ozone and reactive amino acids (Dox, Dorg),
and second-order rate coefficients for the reaction between
ozone and amino acids at the surface and in the bulk (kSLR
and kBR), and the Henry’s law coefficient of ozone (K sol;cc). Ad-
ditional input parameters are the mean thermal velocity of ozone
(ω ¼ 3.6 × 104 cm s−1) and the effective molecular diameter of
ozone (δO3

¼ 0.4 nm) (14).
Among the 20 standard amino acids occurring in proteins,

five are known to react with ozone: cysteine [35], methionine
[5], tryptophan [3], tyrosine [21], and histidine [16] (20–22);
the number in brackets shows the number of amino acid residues
in one BSA molecule. The second-order rate coefficients of the
reaction between these reactive amino acids and ozone in water
at around pH7 vary by about three orders of magnitude from
105–107 M−1 s−1 (20, 23). For simplicity, we assume that ozone
reacts with these amino acids with the same reactivity of

106 M−1 s−1 (1.6 × 10−15 cm3 s−1). Considering the BSA molecu-
lar mass (67 kDa) and density (1.36 g cm−3) and assuming that
the BSA protein molecules are densely packed, the BSA concen-
tration is calculated to be 4.5 × 1018 cm−3. Here we assume that
one quarter of the reactive amino acids in the protein can be
reacted (24, 25), resulting in the initial surface and bulk concen-
trations of these reactive amino acids of 3.3 × 1013 cm−2 and
9.0 × 1019 cm−3, respectively.

Initial estimates for the required kinetic parameters are based
on our previous studies (13, 14, 16, 26) and typical ranges for the
interactions between ozone and organic surfaces: αs;0 ¼ 10−3 − 1,
τd ¼ 10−10 − 1, kSLR ¼ 10−18 − 10−11 cm2 s−1, and K sol;cc ¼ 10−5−
10−3 mol cm−3 atm−1. These parameters were systematically and
iteratively varied using Matlab software to find a best fit solution
as summarized in Table S1. As specified below, the optimized
parameter combination given in Table S1 is not a unique solution
and other parameter combinations can also match the observed
uptake coefficients. However, the key results presented in our
study remain unchanged. In particular, the range of available lit-
erature data on the reaction rate coefficients and Henry’s law
coefficients of ozone in organic matrices does limit the range
of diffusion coefficients that we extracted by applying KM-SUB
to the experimental data observed as a function of time, O3, and
RH. The corresponding ranges of uncertainty are indicated by the
error bars in Fig. 2.

Sensitivity Studies. In order to characterize the sensitivity of the
model results with regard to the chosen set of kinetic input para-
meters, all parameters in Table S1 were varied systematically. The
sensitivity studies revealed that αs;0, τd, and kSLR are not critical
for describing the observations of γO3

over the time scales of the
experiments performed (>10 s); much higher time resolution
would be required to resolve the surface processes. Even if the
surface reaction is switched off (i.e., kSLR;X;Y ¼ 0), the model
can reproduce the observed γO3

because uptake kinetics was lim-
ited by surface-bulk transport and bulk diffusion of ozone. The
uptake of O3 is insensitive to kBR as long as it exceeds
10−16 cm2 s−1, indicating that for the reaction of ozone with ami-
no acids under our experimental conditions, uptake was not ki-
netically limited by bulk reaction. If both the surface and bulk
reactions are switched off, the calculated ozone concentration
profiles (Fig. S6) reflects a nonreactive saturation process with
a characteristic diffusion time as discussed in the main text (Fig. 1
and Eq. 1).

The most sensitive parameter is found to be Dox, confirming
that bulk diffusion of ozone is the rate-limiting step. The sensi-
tivity study suggests that Dox should be in the range of 5 × 10−10 −
10−8 cm2 s−1 at 50% RH, which is consistent with predictions
of Fig. 2B. Dox, K sol;cc, and kBR can be mutually adjusted to
match the observed γO3

; for example, the data can be also repro-
duced with Dox ¼ 10−8 cm2 s−1, K sol;cc ¼ 10−4 mol cm−3 atm−1,
and kBR ¼ 1.6 × 10−14 cm3 s−1. The reported kBR (10−17−
10−14 cm3 s−1) and K sol;cc (∼10−4 mol cm−3 atm−1) limit the range
of Dox to match the kinetic observations and modeling.

The sensitivity study suggests that Dorg should be below
10−17 cm2 s−1 at 50% RH in order to be consistent with the ex-
perimental data. For values smaller than 10−17 cm2 s−1, the
actual value becomes unimportant. This result implies that a po-
tential breakdown of the Stokes-Einstein near the glass-transition
is not relevant for the self-diffusion coefficient Dorg. If a larger
value for Dorg is used, the second plateau of γO3

extends, showing
similar behavior as K2-SUB in Fig. 5A. In this case Org is trans-
ported to the near-surface bulk to react with ozone there, so that
diffusion of ozone is not the limiting step any more.
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Table S1. Kinetic parameters for the interaction of ozone and reactive amino acids in amorphous
protein at 50% RH and 296 K

Parameter (Unit) Value Reference

αs;0 1 (1)
τd (s) 10−9 (1)
kSLR (cm2 s−1) 10−11 (2)
kBR (cm3 s−1) 1.6 × 10−15 (3)
Ksol;cc (mol cm−3 atm−1) 10−3 (4)
Dox (cm2 s−1) 10−9 SI Text
Dorg (cm2 s−1) 10−20 SI Text

*αs;0: surface accommodation coefficient of ozone on adsorbate-free substrate, τd: desorption lifetime of
ozone, kSLR: second-order rate coefficients of surface reaction between ozone and reactive amino acids, kBR:
second-order rate coefficients of bulk reaction between ozone and reactive amino acids, Ksol;cc: Henry’s law
coefficient of ozone, Dox and Dorg: bulk diffusion coefficients of ozone and reactive amino acids.

1 Shiraiwa M, et al (2011) The role of long-lived reactive oxygen intermediates in the reaction of ozone with aerosol particles. Nature Chemistry 3:291–295.
2 Pfrang C, Shiraiwa M, Pöschl U (2010) Coupling aerosol surface and bulk chemistry with a kinetic double-layer model (K2-SUB): an exemplary study of the

oxidation of oleic acid by ozone. Atmos Chem Phys 10:4357–4557.
3 Sharma VK, Graham NJD (2010) Oxidation of amino acids, peptides, and proteins by ozone: a review. Ozone Sci Eng 32:81–90.
4 Ammann M, Pöschl U (2007) Kinetic model framework for aerosol and cloud surface chemistry and gas-particle interactions—Part 2: exemplary practical

applications and numerical simulations. Atmos Chem Phys 7:6025–6045.
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Abstract. Recent experimental evidence underlines the im-
portance of reduced diffusivity in amorphous semi-solid or
glassy atmospheric aerosols. This paper investigates the
impact of diffusivity on the ageing of multi-component re-
active organic particles approximating atmospheric cooking
aerosols. We apply and extend the recently developed KM-
SUB model in a study of a 12-component mixture contain-
ing oleic and palmitoleic acids. We demonstrate that changes
in the diffusivity may explain the evolution of chemical loss
rates in ageing semi-solid particles, and we resolve surface
and bulk processes under transient reaction conditions con-
sidering diffusivities altered by oligomerisation. This new
model treatment allows prediction of the ageing of mixed
organic multi-component aerosols over atmospherically rel-
evant timescales and conditions. We illustrate the impact
of changing diffusivity on the chemical half-life of reactive
components in semi-solid particles, and we demonstrate how
solidification and crust formation at the particle surface can
affect the chemical transformation of organic aerosols.

1 Introduction

Aerosols are highly variable components of the Earth’s atmo-
sphere that have a substantial impact on hydrological cycle,
climate and public health (e.g. Seinfeld and Pankow, 2003;
Pöschl, 2005; Fuzzi et al., 2006; Andreae and Rosenfeld,
2008). Gas-particle interactions can significantly change
the physical and chemical properties of aerosols such as
toxicity, reactivity, hygroscopicity and radiative properties
(e.g. Rudich, 2003; Enami et al., 2008; Shiraiwa et al.,
2011a). Thus, full understanding of the properties and trans-
formation of aerosol particles is of key importance for at-

Correspondence to: C. Pfrang
(c.pfrang@reading.ac.uk)

mospheric science. Aerosols may be present as solids or liq-
uids depending on their compositions and ambient conditions
(Martin, 2000; Marcolli et al., 2004; Shiraiwa et al., 2011b;
Vaden et al., 2011). Until recently, secondary organic aerosol
(SOA) particles formed in the atmosphere were assumed to
be liquid (Hallquist et al., 2009). Virtanen et al. (2010), how-
ever, showed that biogenic SOA particles produced both in
chamber experiments and during particle-formation events
over boreal forests can adopt an amorphous semi-solid state,
which is in line with the observed presence of oligomers with
high molecular mass and low volatility in SOA (Kalberer et
al., 2004). Many organic compounds, e.g. carboxylic acids,
form amorphous phases upon cooling or drying of aque-
ous solution droplets (Murray, 2008; Zobrist et al., 2008;
Mikhailov et al., 2009). These solid or semi-solid amorphous
phases can be classified as glasses, rubbers, gels, or ultra-
viscous liquids (Mikhailov et al., 2009). The occurrence of
highly viscous, glassy or gel-like substances can impact on
the atmospheric fate of reactive aerosol components. The
oxidation of organic substances in the atmosphere is mainly
initiated by hydroxyl radicals (OH), nitrate radicals (NO3)
and ozone (O3) (Wayne, 2000). While atmospheric lifetimes
of volatile organic compounds are largely determined by the
rate coefficients of the chemical reactions with OH, NO3, and
O3 (e.g. King et al., 1999; Pfrang et al., 2006, 2007, 2008;
McGillen et al., 2011), mass transport parameters of reac-
tants are important additional factors for organic aerosols.
Chemical reactions can occur at the surface and in the bulk of
aerosol particles (e.g. Pfrang et al., 2010; Xiao and Bertram,
2011). Rates and relative proportions of surface and bulk
reactions as well as the evolution of diffusivity during at-
mospheric ageing of multi-component aerosol particles are
poorly understood.
Cooking aerosol has been recognised to contribute sub-

stantially to the urban aerosol burden. The aerosol-mass
spectrometer spectra of one of its most prominent reactive
components have strong similarity to oleic acid (Allan et al.,

Published by Copernicus Publications on behalf of the European Geosciences Union.
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2010). Oxidation of oleic acid and related compounds has
been subject to intense experimental investigation (e.g. Zie-
mann, 2005; Zahardis and Petrucci, 2007; Gonzalez-Labrada
et al., 2007; Lee and Chan, 2007; King et al., 2008, 2009,
2010; Vesna et al., 2009; Thompson et al., 2010; Pfrang et
al., 2011) and been established as a model system for at-
mospheric aerosol ageing. While single-component aerosol
oxidation studies provide very useful mechanistic and ki-
netic insight, real atmospheric aerosols consist of much more
complex multi-component and multi-phase mixed particles.
Recent studies of mixed particles report that the changes in
viscosity and phase significantly affect atmospheric aerosol
ageing (e.g. Xiao and Bertram, 2011 and references therein;
Tong et al., 2011; Zobrist et al., 2011; Shiraiwa et al., 2011b).
Xiao and Bertram (2011) studied a mixture of the oleic acid
methyl ester, methyl oleate, in a multi-component matrix.
Kinetic parameters were derived following a resistor model
approach aiming to distinguish between surface and bulk
reactivity. A range of laboratory studies report an impact
of diffusivity changes on the ageing of aerosols containing
oleic acid (e.g. Moise and Rudich, 2002; Nash et al., 2006;
Zahardis et al., 2008; Last et al., 2009). Most of these
studies found physical changes leading to the solidification
(e.g. drying and deliquescence). A few studies reported re-
duced reactivity with increasing reaction time that suggests
an oxidation-induced change in viscosity (e.g. Huff Hartz et
al., 2007). To date, the large majority of laboratory stud-
ies provide evidence for physical – not chemical – processes
altering diffusivity, but this might be due to the higher com-
plexity of the added chemical reactions that have to be con-
sidered in studies of chemical ageing.
Moise and Rudich (2002) studied oleic acid ozonolysis

in liquid and solid particles. They contrast liquid parti-
cles where sub-surface layers participate in the uptake with
frozen oleic acid particles where uptake is limited exclu-
sively to the surface. Lee and Chan (2007) studied ozonoly-
sis of oleic acid particles in an electrodynamic balance with
Raman spectroscopy. They report formation of peroxidic
compounds and an increasing hygroscopicity of aged parti-
cles. They propose reaction pathways leading to formation
of diperoxides and polymeric peroxides. Vesna et al. (2009)
also report predominance of peroxides as secondary reaction
products (Ziemann, 2005 estimated organic peroxides to con-
tribute 68% to the total product aerosol mass) and include
polymerisation channels in their reaction schemes. They
found that the product distribution depends strongly on ambi-
ent relative humidity. Last et al. (2009) studied products from
oleic acid ozonolysis and found that oligomer chain lengths
increased with ozone exposure. Zahardis et al. (2008) studied
mixed particles containing oleic acid and particulate amines.
They also report stabilised Criegee intermediates and found
direct evidence for the formation of a surface reaction barrier
during ozonolysis of mixed oleic acid/octadecylamine parti-
cles. This reaction barrier leads to retention of oleic acid in
the mixed particle even at very high ozone concentrations.

Zahardis et al. (2008) propose that this effect is caused by
surface or near-surface reactions that produce high molecu-
lar weight products and that these surface active species may
impede the diffusion of ozone into the particle as well as lim-
iting the diffusion of oleic acid to the surface: this effectively
shuts down oleic acid ozonolysis. Similar effects of forma-
tion of solid or highly viscous surface layers have been ob-
served by Nash et al. (2006) for ozonised mixed oleic acid-
myristic acid particles. Zahardis et al. (2008) propose that
condensed phase thermochemical effects like gel or semi-
solid formation that may prolong oleic acid lifetimes need
to be explored.
Huff Hartz et al. (2007) applied a relative rate technique

to follow the kinetics of multi-component reactive organic
aerosol particles. They found a retardation of the decay of
oleic and palmitoleic acids and report initial and final rate
coefficients differing by more than one order of magnitude.
This investigation was chosen for simulation in the present
modelling study, since these experimental data are very well
suited for detailed analysis with our modelling tools promis-
ing new mechanistic insight by exploring diffusivity effects.
Description of the behaviour of multi-component aerosols

that are realistic models for atmospheric particles remains a
major challenge. In the present modelling study we applied
three approaches for description of 12-component mixed or-
ganic aerosol particles: a simple model variant based on
resistor model formulations (K2-SUB; Pfrang et al., 2010)
is compared with a more sophisticated model (KM-SUB;
Shiraiwa et al., 2010) to establish the significance of diffu-
sion processes in semi-solid aerosol particles that cannot be
resolved in resistor model formulations. In the KM-SUB
modelling approach we either assume a semi-solid matrix
with constant diffusivity or describe the diffusivity evolution
caused by highly viscous reaction products.

2 Methodology

We applied two kinetic flux models to analyze the ex-
perimental results of ozone uptake by semi-solid multi-
component organic aerosol particles: the kinetic multi-
layer model (KM-SUB: Shiraiwa et al., 2010) and the ki-
netic double-layer model (K2-SUB: Pfrang et al., 2010) for
aerosol surface and bulk chemistry, both of which are based
on Pöschl-Rudich-Ammann framework (Pöschl et al., 2007;
Ammann and Pöschl, 2007). KM-SUB explicitly treats all
steps of mass transport and chemical reaction from the gas-
particle interface to the particle core, resolving concentration
gradients and diffusion throughout the particle bulk. Unlike
traditional resistor models, KM-SUB does not require sim-
plifying assumptions about steady-state conditions and ra-
dial mixing. Instead of explicit treatments of bulk diffusion
and reaction, K2-SUB uses one layer for bulk and the dif-
fusion and reaction in the bulk is represented by the reacto-
diffusive flux (Jb,rd,O3) based on traditional resistor model

Atmos. Chem. Phys., 11, 7343–7354, 2011 www.atmos-chem-phys.net/11/7343/2011/
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formulations (Pöschl et al., 2007). In this approach, the non-
volatile reactant is assumed to be well mixed in the bulk of
the condensed phase.
KM-SUB consists of multiple model compartments and

layers: gas phase, near-surface gas phase, sorption layer,
quasi-static surface layer, near-surface bulk, and a number
of n bulk layers. The following processes are considered
in KM-SUB: gas phase diffusion and gas-surface transport
(reversible adsorption) of ozone, surface and bulk reactions
between ozone and each organic component, surface-bulk
transport and bulk diffusion of ozone and organic multi-
components.
Surface-bulk transport and bulk diffusion of volatile and

nonvolatile reactants are explicitly treated as the mass trans-
port from one bulk layer to the next by describing the mass
transport fluxes between different layers of the bulk by first-
order transport velocities, which are calculated from the bulk
diffusion coefficients (Shiraiwa et al., 2010). Bulk reaction
rates are calculated assuming that bulk reactions proceed
with straightforward second-order rate dependences on the
concentrations within each bulk layer. In the numerical sim-
ulations presented in this study, the number of model layers
was set to n= 250 for the 275 nm-radius particle. Test calcu-
lations using a wide range of values for n gave very similar
results (see Fig. S5 in the Supplement).
The evolution of bulk diffusion coefficients upon products

formation are implemented to KM-SUB in this study. The
diffusion coefficient of ozone in the multi-component organ-
ics is evolved using the theory for diffusion in heterogeneous
media, known as obstruction theory (Stroeve, 1975). Assum-
ing the reaction products are dimmers and polymers which
have much lower diffusivity compared to parent organics, the
obstruction theory gives the expression for the diffusion co-
efficients of ozone and the organic reactant, Y, in a medium
containing a concentration fraction fb,n of products in each
layer n as follows:

Db,O3,n(t)=Db,O3,0(2−2fb,n)/(2+fb,n) (1)

Db,Y,n(t)=Db,Y,0(2−2fb,n)/(2+fb,n) (2)

whereDb,O3,0 andDb,Y,0 are the initial diffusion coefficients
of ozone and Y in the 12-component mixture, respectively.
The concentration fraction of products in the quasi-static sur-
face layer (fss) is used analogously for calculation of the
surface diffusion coefficients Ds,O3(t) and Ds,Y(t). The re-
action products are assumed to be (semi-)solid, so that the
concentration fractions fss and fb may be interpreted as de-
grees of solidification with a value of unity corresponding
to complete conversion of reactants into (semi-)solid prod-
ucts. fss or fb approaching unity thus leads to a shut down
of transport due to massively decreasing diffusivity.
While we follow the obstruction theory approach through-

out the paper, we tested the sensitivity of our modelling ap-
proach on the method used to describe the evolution of dif-
fusivity as detailed in the Supplement material (see Fig. S4).

The alternative approach uses a linear combination expres-
sion for the time-dependent diffusion coefficients assuming
a product diffusivity of 1/4 of the initial value (based on aM2

dependence for dimmer formation). There is a measurable,
but not substantial difference between the two approaches.
Another alternative approach, percolation theory, has been
applied by Shiraiwa et al. (2011b), but constraining param-
eters required for application of this theory are not available
for the multi-component system investigated in the present
study. We thus used the obstruction theory approach which
has been applied in the past (Stroeve, 1975). However, we
would like to point out that representation of viscosity and
diffusion in multi-component mixtures is highly uncertain:
lack of miscibility may lead to phase heterogeneity and sep-
aration into domains of very different compositions and vis-
cosities. There is no direct experimental evidence suggest-
ing only radial heterogeneity in viscosity and discrete do-
mains analogous to micelle formation by surfactant material
in aqueous solutions may be equally as possible as formation
of complete crusts.
In both models the uptake coefficients of ozone (γO3) is

expressed as the ratio of the net flux of O3 from the gas
phase to the condensed phase to the gas kinetic flux of ozone
colliding with the surface (Pöschl et al., 2007). The tem-
poral evolution of the particle surface and bulk composition
and uptake coefficient of ozone were modelled by numer-
ically solving the differential equations for the mass bal-
ance for each model compartment with Matlab (using the
ode23tb solver with 999 time steps). The initial concen-
trations of ozone at the surface and in the bulk were set to
zero and those of the 12-mixture components are based on
Huff Hartz et al. (2007). The 12 components (9.9% unre-
active alkanes, 14.9% palmitoleic acid, 13.1% oleic acid,
1% nervonic acid, 2.8% cholesterol, 2.0% decanoic acid,
17.7% palmitic acid, 22.4% stearic acid, 1.3% arachadic
acid, 2.6% glutaric acid, 6.6% adipic acid, 5.8% suberic
acid) have been chosen to mimic meat-cooking emission pro-
files in dry conditions containing the key unsaturated com-
pounds commonly used as markers, in particular cholesterol
as well as palmitoleic and oleic acids (Huff Hartz et al., 2007
and references therein). Product volatilization in the com-
plex 12-component aerosol mixture is not considered here,
mainly because of the lack of experimental data to con-
strain any modelling attempt. Re-condensation of compo-
nents is unlikely to be of importance in the experimental con-
ditions where gaseous components originate from the parti-
cles only. All components are assumed to be initially ho-
mogeneously mixed throughout the particle. The required
kinetic parameters are listed in Table 1. The values were
chosen based on previous work (Pfrang et al., 2010; Shi-
raiwa et al., 2011a) and to match the experimental data. Ini-
tial surface accommodation coefficient of ozone (αs,0,O3 = 1)
and desorption lifetime of ozone (τd,O3 = 10−9 s) are based
on previous studies (Shiraiwa et al., 2011a, b). Addi-
tional input parameters are: the mean thermal velocity of
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Table 1. Kinetic parameters for the interaction of ozone and multi-
component organics (compare List of symbols in Appendix A).

Parameters Values

αs,0,O3 1
τd,O3 (s) 10−9
Ksol,cc,O3 (mol cm

−3 atm−1) 4.8×10−4
Db,O3,0 (cm

2 s−1) 5.5×10−8
Db,Y,0 (cm2 s−1) 3.0×10−15
kSLR,O3,ole (cm

2 s−1) 1.0×10−10
kSLR,O3,pal (cm

2 s−1) 1.6×10−10
kBR,O3,ole (cm

3 s−1) 1.0×10−16
kBR,O3,pal (cm

3 s−1) 1.6×10−16

αs,0,O3 : surface accommodation coefficient of ozone on free substrate, τd: desorption
lifetime of ozone, Ksol,cc,O3 : Henry’s law coefficient of ozone, Db,O3,0 and Db,Y,0:
bulk diffusion coefficients of ozone and organics, kSLR,O3,ole, kSLR,O3,pal: second-
order rate coefficients of surface reaction between ozone, and oleic acid and palmitoleic
acids, respectively, kBR,O3,ole, kBR,O3,pal: second-order rate coefficients of bulk re-
action between ozone, and oleic acid and palmitoleic acids, respectively.

ozone (ωO3 = 3.6×104 cm s−1), the Henry’s law coefficient
of ozone (Ksol,cc,O3 = 4.8×10−4 mol cm−3 atm−1), and the
molecular diameter of ozone and organics (δO3 = 0.4 nm,
δY = 0.8 nm) (Shiraiwa et al., 2009; Pfrang et al., 2010).
Second-order rate coefficients for the reaction between ozone
and oleic and palmitoleic acid in the bulk (kBR) are taken
from Huff Hartz et al. (2007) and those at the surface (kSLR)
are based on Pfrang et al. (2011). The initial estimates of
bulk diffusion coefficients of ozone and organics (Db,O3,0
and Db,Y,0) are based on Shiraiwa et al. (2011b) and they
were systematically and iteratively varied using Matlab soft-
ware to find the best fits. The sensitivity of each parameter on
model results is discussed in the Supplement material. While
experimental data are only available for the first ca. 13 000 s,
the model was run for 105 s since this is an atmospherically
relevant timescale for this type of aerosol matrix.

3 Results and discussion

Figure 1 shows the time evolution of oleic and palmitoleic
acids, the most reactive species in the 12-component mix-
ture approximating cooking aerosols. Surface and bulk con-
centrations are converted into numbers of molecules to be
able to show the decays in a single figure. The fitted data
were obtained using variants of the detailed kinetic multi-
layer flux model (KM-SUB) at 130 ppb [O3] with the ki-
netic parameters listed in Table 1. The best fits (illustrated as
solid lines) to experimental data fromHuff Hartz et al. (2007)

1Only a limited timescale is accessible with standard Matlab
solvers (see end of dot-dashed line in Fig. 1a) due to the steep
decays. The deviation from experimental data is clearly demon-
strated on the available timescale and we expect the dot-dashed line
in Fig. 1a to behave like that in Fig. 1b.

(a)

(b)

Fig. 1. Decays of numbers of molecules of (a) oleic and (b) palmi-
toleic acids in a 12-component aerosol matrix as a function of
time. Symbols correspond to experimental data (Huff Hartz et
al., 2007). The solid line is our best model fit with solidification
(diffusivity-evolution model variant). The dashed line is a model
fit of the semi-solid matrix assuming constant diffusivity (constant-
diffusivity variant). The dot-dashed line1 represents a fit using a
resistor-model formulation (K2-SUB).

are achieved when assuming successive solidification of the
mixed particle (diffusivity-evolution model variant). At short
reaction times, a fit that assumes a semi-solid matrix with
constant diffusivity (dashed lines) matches the experimental
data equally well. The constant-diffusivity fits lie outside the
error limits of the experimental data for reaction times above
ca. 104 s. The discrepancy between the two model variants is
substantial for longer reaction times: complete consumption
of the reactive acids (concentration <1% of initial value)
takes ca. 104 s longer and the relative differences in concen-
trations increase progressively (>50% at t : 2×104 s) if the
viscosity of the mixed aerosol increases during the ageing
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processes. The massive importance of the diffusivity of the
particle matrix is illustrated in a comparison with the resistor-
model formulation based K2-SUB model variant (Pfrang et
al., 2010) where diffusion of the organic species in the bulk
is not resolved (see dot-dashed lines in Fig. 1). This com-
parison illustrates that the assumption of homogeneous mix-
ing and the application of the reacto-diffusive term of tra-
ditional resistor models are not appropriate for condensed
phase reactants with low diffusivity in an amorphous semi-
solid multi-component aerosol matrix (confirming very re-
cent findings by Shiraiwa et al., 2011b for protein ozonoly-
sis). While there is clear experimental evidence for a retarda-
tion of the losses of oleic and palmitioleic acids (Huff Hartz
et al., 2007), it should be noted that volatilization of reaction
products – which is not considered in our approach – might
affect the experimental data. The chemical composition of
the particle will change during reaction and the extent of the
deviation from initial particle composition will become in-
creasingly significant for longer reaction timescales. Dom-
inant initial products from the ozonolysis of oleic acid are
known to be nonanal, which is likely to evaporate, as well
as 9-oxononanoic, nonanoic, and azelaic acids in the liquid
phase (e.g. Rudich et al., 2007; Vesna et al., 2009). We ex-
pect first-generation products of oleic acid ozonolysis other
than nonanal to remain in the particle phase. No data is avail-
able on the product volatility or properties for the specific
12-component organic aerosol matrix simulated, so that the
evaporation of products from particle to gas phase could not
be considered in the current model. However, if crust forma-
tion is occurring the loss of volatiles would be restricted to
the surface and near-surface bulk, i.e. the amount of volatile
molecules relative to the total number of oleic and palmi-
toleic acid molecules in the particle would be small. The in-
fluence of the changing chemical composition of the particle
surface on adsorbate–surface interactions i.e. on the surface
accommodation coefficient can be taken into account by ad-
justing αs,0,O3 (see Pöschl et al., 2007, Pfrang et al., 2010 and
Shiraiwa et al., 2010). For long reaction times, the increas-
ing proportion of second- and third-generation products in
the particle will also introduce additional uncertainties since
branching ratios and molecular properties in such complex
multi-component and multi-phase matrices are entirely un-
known. Reliable predictions for such reaction systems re-
quire models able to resolve diffusivity of both gaseous and
condensed phase reactants together with constraining exper-
imental data.
Figure 2 compares surface and bulk accommodation

with the uptake coefficient of ozone for constant-diffusivity
(dashed lines) and diffusivity-evolution (solid lines) model
variants. Surface accommodation, αs,O3, remains at the ini-
tial surface accommodation value of unity throughout all
model runs. Bulk accommodation, αb,O3, is time indepen-
dent as long as the diffusivity remains constant. At long re-
action times, lower diffusion coefficients lead to a substantial
reduction in bulk accommodation. This causes an earlier, but

Fig. 2. Time evolution of surface and bulk accommodation as
well as uptake coefficient for ozone for constant-diffusivity (dashed
lines) and diffusivity-evolution (solid lines) model variants.

more gradual drop in γO3. Crust formation on the particle
surface is illustrated by the plateau in αb,O3 at long reaction
times in the diffusivity-evolution model variant.
Figure 3 illustrates model surface parameters. Figure 3a

shows the time evolution of surface concentrations of the re-
actants for both KM-SUB variants. While surface ozone is
not affected by crust formation, the surface loss of the re-
active organic species is significantly faster if the evolution
of diffusivity is considered. In this case, transport between
surface and bulk is slowed down due to the changes in dif-
fusivity: transport is impeded 2-fold ∼500 s oxidative age-
ing, 3-fold ∼1000 s, 10-fold ∼5000 s and 20-fold ∼10000 s.
The decay of reactive species on the particle surface is en-
hanced, because the surface cannot be renewed as bulk to
surface transport of organics is inhibited by crust formation.
Figure 3b illustrates surface parameters for the diffusivity-
evolution model variant. The concentration fractions of prod-
ucts in the quasi-static surface layer (fss) and in the parti-
cle bulk (fb) are illustrated in Figs. 3b and 6, respectively.
Since the products are assumed to be (semi-)solid, we inter-
pret these fractions as degrees of solidification with a value
of unity corresponding to a complete conversion of reactants
into products. fss approaching unity thus corresponds to the
formation of a surface crust which would effectively shut
down transport into the particle core due to the massively
decreased diffusivity in the quasi-static surface layer. The
degree of solidification (fss) is shown as blue line, while dif-
fusivities at the surface for ozone and the organic species (Y;
here oleic acid) are represented by black and red lines, re-
spectively. One third of the surface solidifies already ∼500 s
oxidative ageing; half of the surface ∼1000 s, 60% ∼1800 s,
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(a)

(b)

Fig. 3. (a) Time profiles of concentrations in the quasi-static sur-
face layer of the reactive acids and ozone for constant-diffusivity
(dashed lines) and diffusivity-evolution (solid lines) model variants.
(b) Time evolution of diffusion coefficients for ozone and oleic acid
as well as extent of solidification (fss) at the particle surface for the
diffusivity-evolution model variant.

80%∼4500 s, 90%∼9100 s, and: 95%∼30000 s. Note that
30 000 s correspond to about 8 h, which is still much shorter
than the typical atmospheric residence time of aerosol parti-
cles in the accumulation size range (several days). The solid-
ification reduces the diffusivity of ozone and organic species
at the particle surface by more than one order of magnitude.
Figure 4 shows the evolution of diffusivity in the bulk of

the mixed particle for the best fit to the experimental data
from Huff Hartz et al. (2007). The y-axis indicates the radial
distance from the core of the aerosol particle (r) normalized
by the particle radius (rp), ranging from the core (r/rp ≈ 0;
not shown) to the particle surface (r/rp≈ 1). The isolines in
Fig. 4 illustrate the radial distribution and temporal evolution
of the bulk diffusion coefficients of ozone (Fig. 4a) and the

(a)

(b)

Fig. 4. Bulk diffusion coefficients of (a) ozone and (b) oleic acid as
a function of time and depth in the 275 nm-radius particle.

reactive organic species (here oleic acid; Fig. 4b) in the semi-
solid aerosol matrix. It is apparent that the diffusivities of
both ozone and the organic species near the surface (up to:
120 nm into the particle) show considerable gradients while
the diffusivities in the inner half of the particle remain largely
unaffected by the oxidative ageing processes. Diffusion in
the surface region is slowed down substantially: after 10-h
ageing we observe a 6-fold drop in the diffusion coefficient
for ozone and a 10-fold reduction for oleic acid comparing
the top to a depth of 75 nm in the 275 nm-radius particle. The
crust formation clearly reduces the diffusivity. This effect
becomes more pronounced at long reaction times.
Figure 5 displays the time evolution of the bulk concen-

trations of ozone and oleic acid. It is apparent that both
ozone and organic species are not well-mixed and subject
to considerable concentration gradients. The O3 gradient
remains fairly large throughout the model run (ca. two orders
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(a)

(b)

Fig. 5. Bulk concentration profiles of (a) ozone and (b) oleic
acid for the diffusivity-evolution model. Equivalent plots for the
constant-diffusivity model variant are presented in the Supplement
in Fig. S1a and b.

of magnitude in the top 75 nm of the particle). Gradients
in the organic compounds are generated very rapidly due to
initially efficient loss at and near the particle surface. The
oleic acid gradient in the top 75 nm reaches ca. three orders
of magnitude and then decreases to ca. two orders of mag-
nitude after one day of ageing. In particular the concentra-
tion gradient of the organic species leads to the breakdown of
the resistor model treatment (see deviation of the dot-dashed
lines in Fig. 1 from the experimental data) where organics
are assumed to remain homogeneously mixed throughout the
particle.
Figure 6 illustrates the extent of solidification in the parti-

cle bulk. Values close to unity illustrate the crust formation
near the particle surface. 90% of the aerosol matrix becomes
solid in the top 30nm of the 275 nm-radius particle already
after 10-h ageing. However, only 60% of the particle core

Fig. 6. Extent of solidification in the particle bulk, fb, as a function
of time and depth in the 275 nm-radius particle.

solidifies even after long-term atmospheric ageing (>1 day)
illustrating that the solid crust does not allow the reaction to
continue efficiently inside the particle. This suggests that re-
active species in the particle bulk are protected underneath a
solid crust and may thus survive much longer in the atmo-
sphere than anticipated based on chemical reactivity.
We demonstrate that our model allows flexible descrip-

tion of chemical and physical processes in multi-component
aerosol matrices with evolving diffusivity. The best fit to ex-
perimental data is achieved for a solidifying aerosol forming
a crust on the surface of the mixed particle. The impact of
crust formation and diffusivity change on the reactive decay
becomes larger with increasing reaction times. On typical
atmospheric timescales crust formation would strongly af-
fect the fate of reactive organic species with substantially
extended lifetimes near the particle core. On the shorter
timescales of experimental data (up to 104 s), a semi-solid
matrix with constant diffusivity can also describe the ob-
served reactive decays. Resistor model assumptions are inad-
equate even at short timescales, since limited diffusion of the
organic species strongly affects particle ageing. These dif-
fusivity effects cannot be described with traditional resistor-
model formulations (compare Shiraiwa et al., 2011b). We
demonstrate this directly by comparison of models with op-
posing assumptions for description of diffusivity. Chemical
loss and physical retardation of composition changes in semi-
sold aerosol matrices can be de-convoluted with our mod-
elling approach. Solidification plays a substantial role at long
reaction times highly relevant on atmospheric timescales.
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4 Atmospheric implications

In order to explore the effects of the diffusivity evolution on
the chemical aging of semi-solid multi-component organic
aerosols in the atmosphere, we have calculated the chemical
half-life (t1/2) of the reactive fatty acids in the 12-component
mixed particles exposed to atmospherically relevant gas-
phase ozone mixing ratios. t1/2 is defined as the time af-
ter which the number of reactive fatty acid molecules in the
particle has decreased to half of its initial value. The particle
radius was set to 275 nm, which corresponds to the size used
in the simulated experiments (Huff Hartz et al., 2007) and is
typical for the accumulation mode of atmospheric aerosols.
[O3] was varied in the range of 4 to 150 ppb, covering clean
and polluted conditions in the lower atmosphere. The kinetic
parameters were the same as in the model simulation of the
experimental data (see Table 1).
For atmospheric interpretation of the results presented be-

low, it should be noted that the model used in the present
study has been optimized to simulate laboratory data for a
12-species organic aerosol matrix in dry conditions (Huff
Hartz et al., 2007). While the 12 components have been
chosen to mimic meat-cooking emission profiles containing
the key unsaturated compounds commonly used as mark-
ers, in particular cholesterol as well as palmitoleic and oleic
acids (Huff Hartz et al., 2007 and references therein), real
meat cooking emissions are complex mixtures of hundreds
of compounds and likely to interact with moisture present in
the atmosphere. Particularly in highly humid conditions we
would expect considerable deviations between our model re-
sults and the behaviour of cooking aerosol in the atmosphere,
since hygroscopic growth can impact substantially on chem-
ical ageing and atmospheric lifetimes of aerosols. Product
volatilization in the complex 12-component aerosol mixture
is also not considered here, mainly because of the lack of
experimental data to constrain any modelling attempt. The
evaporation and re-condensation of components and the re-
sulting evolution of the chemical matrix may have consid-
erable effects on chemical processes in these multi-species
and multi-phase mixtures. While re-condensation is unlikely
to be of importance in the experimental conditions where
gaseous components originate from particles only, it may be
important in complex atmospheric aerosol matrices.
Figure 7 shows the chemical half-life for oleic and palmi-

toleic acids contrasting diffusivity-evolution (solid lines) and
constant-diffusivity (dashed lines) model variants. Model
parameters are identical to those used in our best-fit sce-
nario (see Table 1). As expected, t1/2 decreases with in-
creasing ozone gas phase concentration. Below 50 ppb, oleic
and palmitoleic acids have half lives of several hours (up
to >0.5 days at 4 ppb). At 150 ppb, half lives are below
one hour. There are clear differences between the half lives
obtained when assuming constant or evolving diffusivities.
In clean and low-pollution environments, crust formation
caused by diffusivity evolution of semi-solid aerosol matri-

Fig. 7. Chemical half-life of oleic and palmitoleic acids, the most
reactive components of the 12-component mixed aerosol matrix
with a particle radius of 275 nm as a function of gas phase ozone
mixing ratio. Bold solid lines represent results from the diffusivity-
evolution model variant and the dashed lines are obtained assuming
constant diffusivity of the semi-solid aerosol matrix.

ces would lead to almost identical half lives of the reac-
tive species while under polluted conditions (>40 ppb for
palmitoleic acid and >50 ppb for oleic acid), lifetimes of
reactive organics are increased significantly. The half-life
increase becomes more pronounced at high [O3]. Overall,
the half lives are increased when considering the crust for-
mation which illustrates that reactive organic species can be
protected underneath a surface crust in multi-component re-
active aerosol matrices. This is consistent with atmospheric
residence times of reactive species (in particular oleic acid)
that are substantially longer than those obtained when con-
sidering chemical reactivity alone. The evolution of diffusiv-
ity in multi-component aerosol matrices clearly impacts on
the fate of reactive components of organic aerosols.
The importance of diffusivity for the lifetime of the reac-

tive species in multi-component aerosols is further illustrated
in Fig. 8. Diffusion coefficients of water and photo-oxidants
are typically <10−10 cm2 s−1 in solid (Bird et al., 2007;
Huthwelker et al., 2006), 10−10–10−6 cm2 s−1 in semi-solid
(Parker and Ring, 1995), and 10−6–10−5 cm2 s−1 in liq-
uid organic matrices (Bird et al., 2007; Johnson and Davis,
1996). We varied diffusivity of ozone between 10−5 cm2 s−1
(liquid matrix) to 10−10 cm2 s−1 in Fig. 8a. In Fig. 8b we var-
ied the initial diffusivity of the organic species in the range
for semi-solids of 10−13–10−20 cm2 s−1 (compare Shiraiwa
et al., 2011b).
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(a)

(b)

Fig. 8. Chemical half-life of oleic acid in the 12-component
mixed aerosol matrix with a particle radius of 275 nm as a func-
tion of gas phase ozone mixing ratio. (a) With fixed Db,Y,0
(3× 10−15 cm2 s−1) and Db,O3,0 are varied between 10

−10–
10−5 cm2 s−1. (b) With fixed Db,O3,0 (5.5×10−8 cm2 s−1) and
Db,Y,0 are varied between 10−20–10−13 cm2 s−1.

The chemical lifetimes converge for diffusivities of the or-
ganic species (see Fig. 8b) above 10−18 cm2 s−1 while they
remain sensitive to the diffusivity of ozone (see Fig. 8a).
The half lives span ca. three orders of magnitude for a given
[O3] depending on the diffusivity of the aerosol matrix. This
underlines the importance of a detailed understanding of
aerosol diffusivity to be able to establish lifetimes of reac-
tive aerosol components in semi-solid matrices.

The importance of the phase state of aerosol particles
(solid, semi-solid, or liquid) has been pointed out in previous
studies (Knopf et al., 2005; Zahardis and Petrucci, 2007;
Virtanen et al., 2010; Shiraiwa et al., 2011b). Recent ki-
netic model simulations showed that the atmospheric chemi-
cal lifetime of oleic acid in a liquid is only a few minutes,
and it may increase to many hours if organic species are
embedded in semi-solid aerosol matrices with low diffusiv-
ity (Shiraiwa et al., 2010). Our present study demonstrates
that chemical reactions are hindered in amorphous semi-solid
aerosol particles so that chemical half lives of many hours
to a few days can be reached even for reactive unsaturated
fatty acids in multi-component matrices (similar effects dur-
ing protein ozonolysis have been described very recently by
Shiraiwa et al., 2011b). The results of this study confirm that
highly viscous semi-solid aerosol matrices with low diffusiv-
ity can effectively shield reactive organic compounds from
degradation by atmospheric oxidants (Shiraiwa et al., 2010;
George and Abbatt, 2010; Zobrist et al., 2011). Amorphous
semi-solid or gel-like phases present in multi-component or-
ganic aerosol matrices thus require new formalisms for de-
scription of particle transformation.

5 Conclusions

Synthesising previous work in a detailed model analysis we
demonstrate how variations in aerosol diffusivity can be de-
scribed in multi-component semi-solid aerosol matrices. By
extending the recently developed kinetic model (KM-SUB)
for description of a 12-component mixture approximating at-
mospheric cooking aerosols we demonstrate how this model
may be used to resolve flexibly surface and bulk processes in
varying phases considering diffusivities altered by oligomeri-
sation of reaction products.
We successfully resolve bulk diffusion and temporal

change of diffusivity in a complex reactive multi-component
aerosol matrix. We confirm that resistor-model formulations
break down for the semi-solid aerosols and illustrate under
which conditions changes in diffusivity play a key role for
the fate of aged multi-component aerosol mixtures.
Atmospheric half lives for several components of a com-

plex semi-solid aerosol matrix have been calculated for a
wide range of [O3] illustrating the impact of diffusivity and
its evolution on the ageing of multi-component aerosols in
atmospheric conditions. Impeded diffusivity in semi-solid
matrices needs to be considered when estimating lifetimes
for reactive species present in atmospheric aerosols.
Discrepancies between laboratory and field derived life-

times of reactive aerosol components can be explained by
trapping of the reactive species underneath a surface crust
that limits diffusion into the aerosol core. We illustrate
and quantify crust formation on the surface and in the near-
surface bulk as well as its impact on the reactive loss of com-
ponents of the semi-solid aerosol matrix. Slow diffusion in a
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semi-solid aerosol matrix can explain the reduced bulk reac-
tivity reported in Huff Hartz et al. (2007) without introducing
an arbitrary change of chemical reaction rate coefficients.
While there is qualitative evidence for oligomer forma-

tion upon chemical ageing of atmospheric aerosols, further
investigations are required to elucidate the importance of
these processes both in the laboratory and in the atmosphere.
Future studies should resolve the interactions and relative
contributions of physical and chemical processes leading to
changes in phase and diffusivity, i.e. the interplay of chemi-
cal reaction and transformation with changes in temperature
and relative humidity.

Appendix A

List of symbols

Symbol Meaning Unit

αb,O3 Bulk accommodation coefficient of O3
αs,O3 Surface accommodation coefficient of O3
αs,0,O3 Surface accommodation coefficient of O3 on an

adsorbate-free surface
αs,0,O3,Yj

Surface accommodation coefficient of O3 on an
adsorbate-free surface composed of Yj

γO3 Uptake coefficient of O3 (normalized by gas
kinetic flux of surface collisions)

τd,O3 Desorption lifetime of O3 s
τd,O3,Yj Desorption lifetime of O3 on a surface composed of Yj s
ωO3 Mean thermal velocity of O3 in the gas phase cm s−1
Db,O3,0, Db,Y,0 Initial bulk diffusion coefficient of O3 and Y cm2 s−1
Db,O3,0 (t), Time-dependent bulk diffusion coefficient cm2 s−1
Db,Y,0(t) of O3 and Y
Ds,O3,0 (t), Time-dependent surface diffusion coefficient cm2 s−1
Ds,Y,0(t) of O3 and Y
fb,n Extent of solidification in bulk layer n
fss Extent of solidification in the surface layer
Jb,rd,O3 Reacto-diffusive flux of 03 in the particle bulk cm−2 s−1
kBR,O3,Yj

Second-order rate coefficients for bulk reactions of cm3 s−1
O3 with Yj

kSLR,O3,Yq Second-order rate coefficients for surface layer cm2 s−1
reactions of O3 with Yq

Ksol,cc,O3 Gas-particle partitioning coefficient of O3
n Number of bulk layers
NY Total number of Y molecules
rp Particle radius cm
[Ole]b Bulk phase number concentration of oleic acid cm−3
[Ole]ss Surface number concentration of oleic acid cm−2

(quasi-static surface layer)
[O3]b Bulk phase number concentration of O3 cm−3
[O3]g Gas phase number concentration of O3 cm−3
[O3]gs Near-surface gas phase number concentration of O3 cm−3
[O3]s Surface number concentration of O3 (sorption layer) cm−2
[Pal]ss Surface number concentration of palmitoleic acid cm−2

(quasi-static surface layer)

Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/11/
7343/2011/acp-11-7343-2011-supplement.
Dateinamevonsupplement.
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6 Supplementary Material 

Supplement S1: Sensitivity studies 

Figure S1 illustrates the concentration profiles for ozone and oleic acid when assuming constant 

diffusivity in the semi-solid 12-component aerosol matrix.  The differences to the diffusivity-

evolution model variant (see Fig. 5) are subtle, but accumulate to considerable differences in the total 

loss in particular at long reaction times. 

The sensitivity of our best-fit scenario (see solid lines in Fig. 1) are tested towards a wide range of 

input parameters.  Fig. S2 illustrates the impact of a 10-fold change of the surface rate coefficients and 

Fig. S3 shows the impact of a 10-fold change of the bulk reactivity.  The surface reactivity has only a 

small impact on the total number of molecules lost (partly caused by the surface to volume ratio of a 

275nm-radius particle).  The faster the surface reaction the slower is the loss of the reactive 

component: this suggests that the loss is not limited by surface reactivity, but by transport to the 

aerosol bulk.  Surface rate coefficients are constrained by experimental data (Pfrang et al., 2011) for 

ozonolysis of a monolayer of the oleic acid methyl ester, methyl oleate.  This new experimental 

evidence demonstrates considerably higher reactivity at the surface than assumed previously (e.g. 

Pfrang et al., 2010) based on earlier experimental work. The bulk rate coefficients affect the loss of 

reactive species significantly. Please note that the coefficients used for the best-fit scenario are 

constrained by experimental data from Huff Hartz et al. (2007). 

We also tested the sensitivity of our modelling approach on the method used to describe the evolution 

of diffusivity.  Throughout the paper we follow the obstruction theory approach (Stroeve, 1975). In 

Fig. S4 we present an alternative approach using a linear combination expression for the time-

dependent diffusion coefficients assuming a product diffusivity of ¼ of the initial value (based on a 

M2 dependence for dimer formation; compare Bird et al., 2007).  There is a measurable, but not 

substantial difference between the two approaches (compare Figs. 4 and S4) and we thus used the 

obstruction theory approach which has been applied in the past (Stroeve, 1975). 

The robustness of the model to the thickness of the layers representing the 275nm-radius aerosol 

particle is illustrated in Fig. S5.  The results converge from ca. 100 layers with the chosen 250 layers 

being both physically meaningful and computationally affordable.  
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(a)  (b)  
Figure S1 Concentration profiles of ozone ((a)) and oleic acid ((b)) when assuming constant-
diffusivity of the semi-solid aerosol matrix. Equivalent profiles for the diffusivity-evolution model 
variant are displayed in Fig. 5 (a) and (b). 
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Figure S2 Decays of numbers of molecules of oleic 
acid in a 12-component aerosol matrix as a function 
of time. Symbols correspond to experimental data 
(Huff Hartz et al., 2007). Surface rate coefficients 
are set to be 10-fold higher (dotted line) and 10-fold 
lower (dashed line) than in our best-fit scenario (red 
solid line). 
 

 

 

Figure S3 Decays of numbers of molecules of oleic 
acid in a 12-component semi-solid aerosol matrix as 
a function of time. Symbols correspond to 
experimental data (Huff Hartz et al., 2007). Bulk 
rate coefficients are set to be 10-fold higher (dashed 
line) and 10-fold lower (dotted line) than in our 
best-fit scenario (red solid line). 
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(a)  (b)  
Figure S4 Bulk diffusion coefficients of (a) ozone and (b) oleic acid as a function of time and depth 
in the 275nm-radius particle. The diffusivity evolution is represented here by a linear combination 
assuming a final diffusion coefficient at ¼ of the initial coefficient. Fig. 4 shows the equivalent plots 
with the diffusivity expressed by obstruction theory (Stroeve, 1975). 
 

 

Figure S5 Decays of numbers of molecules of 
oleic acid in a 12-component aerosol matrix as 
a function of time. Symbols correspond to 
experimental data (Huff Hartz et al., 2007).  
Numbers of layers representing the aerosol 
particle in the model are varied (n = 50-275; 
black lines; the dotted line slightly above the 
other lines is for n = 50).  The bold red line 
corresponds to the model representation used 
for all other runs (see also solid line in Fig. 1 
(a)) with n = 250. 
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Abstract. 

 Protein is nitrated by O3 and NO2 in polluted air. The protein nitration can enhance 

allergic responses, which may contribute to an increased prevalence of allergic diseases in 

modern societies. The heterogeneous reaction kinetics and mechanism of the nitration of 

aerosolized protein (bovine serum albumin) exposed to O3 and NO2 at atmospherically relevant 

concentration was investigated in an aerosol flow tube. The experiments were performed using 

the short-lived radioactive tracer 13N and a denuder technique. In the absence of O3, NO2 uptake 

by protein particles was below detection limit (γNO2 < ~10-6). In the presence of O3, however, the 

γNO2 were of the order of 10-5 and enhance up to ~1×10-4 with the increase of the O3 

concentration. The additional experiments and kinetic modeling confirm the formation of long-

lived reactive oxygen intermediates (ROIs) upon ozone exposure, which are reactive towards 

NO2. The products analysis of protein exposed to ozone suggests phenoxy radical derivatives of 

amino acid tyrosine as chemical identity of ROI. 

 

1. Introduction 

 Airborne particulates and gaseous pollution are important environmental issues because 

they affect human health. Asthma and allergy are major health problems in most modern 

societies and numerous studies indicate that allergic diseases have been increasing during the 

past decades (Krämer et al., 1999; 2000). Immune responses can be affected by air pollutants 

including atmospheric particles, semi-volatile hydrocarbons and exhaust gases, which drive 

proallergic inflammation through the generation of oxidative stress (Saxon and Diaz-Sanchez, 

2005). Traffic-related air pollution such as ozone and nitrogen dioxide and particulate matter less 

than 10 or 2.5 µm in size appears to link allergic diseases and childhood respiratory health 

(Miguel et al., 1999; Brunekreef and Sunyer, 2003; Janssen et al., 2003). However, the effects of 

air pollution on the occurrence of allergic diseases are not yet well-understood (Ring et al., 2001). 

 Proteins contained in biogenic aerosol particles account for up to 5% of urban air 

particulate matter (Fröhlich-Nowoisky et al., 2009; Huffman et al., 2009). They are not only 

contained in coarse biological particles (e.g., pollen, spores) but also in the fine fraction of air 

particulate matter (Schäppi et al., 1997; Jaenicke, 2005). Several studies have shown that ozone 

can also promote the nitration of protein molecules contained in primary biological aerosol 

particles (Franze et al., 2005; Shiraiwa et al., 2011b). Nitration of protein leads to the formation 
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of 3-nitrotyrosine residues, which is a posttranslational modification (Yang et al., 2010; Zhang et 

al., 2010). Indeed, nitrated proteins were detected in dust samples from various urban 

environments (Franze et al., 2005). Inhalation and deposition of these nitrated proteins in the 

human respiratory tract may lead to the adverse health effects. Accumulating data suggest a 

strong link between protein 3-nitrotyrosine and the mechanism involved in disease development 

(Souza et al., 2008). This posttranslational modification provides a molecular rationale for the 

enhancement of allergic diseases by traffic-related air pollution in urban and rural environments, 

which has been observed in epidemiological studies but remains to be elucidated on a molecular 

level (Franze et al., 2005; Gruijthuijsen et al., 2006; Traidl-Hoffmann et al., 2009). 

The purpose of this study is to investigate the kinetics and reaction mechanism of 

nitration of aerosolized protein. The uptake experiments of nitrogen dioxide by protein particles 

were conducted at atmospherically relevant concentration of nitrogen dioxide, ozone, and water 

vapor. Bovine serum albumin (BSA) is chosen as a well-defined model substance for proteins, 

which is a globular protein with a molecular mass of 67 kDa and 21 tyrosine residues per 

molecule. The experiments were also done using deliquesced sodium chloride (NaCl) particles as 

reference. 

 

2. Experimental method 

2.1. NO2 uptake experiments 

The experiments were performed using the short-lived radioactive tracer 13N and an 

aerosol flow tube technique at the Paul Scherrer Institute, Switzerland. The radioactive half-life 

of 13N is ~10 min. The use of the 13N enables us to perform experiments at low concentrations 

because of its high radioactivity to concentration ratio (Ammann, 2001). Fig. 1 shows the 

schematics of the experimental setup. It consists of the production system of O3 and labeled 
13NO2, an aerosol generation system, a flow tube reactor, and a detection system. The detail of 

the experimental setup is described in Shiraiwa et al. (2011b). 
13NO were produced through the 16O(p,α)13N nuclear reaction with 11 MeV protons in a 

gas target (20% O2 in He) in continuous mode at Paul Scherrer Institute (Ammann, 2001). They 

were converted to NO2 by heterogeneous oxidation over firebrick granules impregnated with 

CrO3 (Levaggi et al., 1972; Ammann, 2001). O3 was generated by passing O2/N2 air through a 

147



 

quartz tube irradiated by a Xe excimer lamp. The gas flow was passed through a sand-blasted 

glass tube coated with sodium carbonate to remove HONO upstream of the flow tube reactor.  

Aerosols were generated by nebulizing an aqueous solution of the investigated pure 

substance at a concentration of 0.2 – 0.5 g L-1. The solutions were prepared by dissolving the 

appropriate amounts of bovine serum albumin (BSA, fraction V, >96%, Sigma) and sodium 

chloride in 100 mL of deionised water (18.2 MΩ cm, Milli Q plus 185, Millipore). The generated 

particles are dried by a diffusion dryer filled with silica gel. The dried particles are introduced 

into an 85Kr source to attain an equilibrium charge distribution and then passed through an 

electrostatic precipitator so that only uncharged particles were used for the experiments to avoid 

uncontrolled loss of charged particles at the wall. Then the flow was conditioned to the relative 

humidity of 50 - 75%. For NaCl particles, the flow was humidified to 75% to achieve complete 

deliquescence. 

The aerosol surface concentration was measured downstream of the flow tube reactor by 

diverting part of the flow to a scanning mobility particle sizer. The same relative humidity was 

maintained both in the DMA sheath flow and in the flow tube reactor by using filtered carrier gas 

from the flow tube as the DMA sheath flow, so that the particle size is not affected by relative 

humidity. The diameter range was 15 – 740 nm, and the observed size distribution was mono-

modal and lognormal. The observed surface distribution was fitted by a single lognormal 

distribution to estimate the whole distribution and surface area. A typical mode diameter of the 

surface area density distribution was ~350 nm, and the surface concentration was in the range of 

10-4 – 10-3 cm2 cm-3. 

The gas and aerosol flows were mixed prior to the inlet of a cylindrical 7.1 cm inner 

diameter and 190 cm long PFA flow tube. PFA is used to minimize the loss of NO2 on the wall. 

The flow was 800 – 900 cm3 s-1 in the reactor and the maximum residence time was ~10 min. 

The gas-aerosol contact time could be adjusted between 3 – 10 min depending on the position of 

the inlet. At the tube exit, the flow was recollected by an identical Teflon plug.  The pressure of 

the flow reactor was kept constant 970 – 980 hPa and the temperature was kept at 296 K by an 

efficient air conditioning system. 

After passing through the flow tube, the gas and aerosol flow entered a narrow parallel-

plate diffusion denuder train coated to selectively absorb gas phase HONO and NO2, followed by 

a particle filter collecting the particles (Ammann, 2001). The gas passes through the denuder in 
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laminar flow. The first and second sections of the denuder were coated with a sulphanilamide 

which trapped HONO. Some amount of NO2 was also absorbed or temporarily retained in the SA 

coating. To take this interference by NO2 into account, we repeated the SA coating in the second 

section. The third section was prepared to trap NO2, coated with N-(1-naphtyl) ethylenediamine 

dihydrochloride (NDA, Fluka, >99%). We repeated the NDA coating in the fourth section to 

make sure that all gas phase NO2 remained trapped in the denuder train and to detect eventual 

breakthrough. The aerosol particles have a small diffusivity and pass through the denuder with 

close to 100% efficiency (Ammann, 2001; Stemmler et al., 2007) and were retained in the glass 

fiber filter.  

The gamma-radiation detectors were attached to each denuder section and to the filters to 

detect the amount of emitted gamma quanta in the decay of 13N, which corresponds to the 

amount of trapped 13N molecules of a given species. Note that for the particle signal only 

strongly (chemically) absorbed 13N species are detected, while physically adsorbed species 

desorbing within 30 ms and less contribute to the gas phase signal of the corresponding denuder 

plate, species desorbing within up to a second are trapped within the whole denuder train, and 

species desorbing within a few minutes are lost by desorption from the filter before they are 

detected by the γ detector there (Kalberer et al., 1999). 

 

2.2. Ozone uptake experiments 

 Ozone uptake experiments on bulk BSA were conducted with a sand-blasted cylindrical 

coated wall flow tube reactor (surface = 120 cm2, surface to volume ratio = 5 cm-1) (Shiraiwa et 

al., 2011a). The tube was coated with bovine serum albumin (BSA) dissolved into water (18.2 

MΩ cm, Milli Q plus 185, Millipore) and dried gently with nitrogen flow. Consequently 2 – 4 

mg of BSA was deposited on the tube, which corresponds to a film thickness of BSA of 130 – 

350 nm, if assumed to be evenly spread. O3 was introduced into the flow reactor with synthetic 

air as carrier gas with a total flow rate of ~1 l min-1. The experiments were conducted at 

atmospheric pressure and room temperature (296 K) and 50(±5) % of relative humidity. The gas 

phase ozone concentration was monitored using a photometric ozone analyzer. The uptake 

coefficients were calculated using the Cooney-Kim-Davis method to concomitantly take into 

account radial gas-phase diffusion and first-order loss at the wall (Cooney et al., 1974; Murphy 

and Fahey, 1987; Ammann et al., 2005).  
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 The ozone uptake experiments were also conducted on pure tyrosine coatings to judge 

whether tyrosine is responsible for the reactivity of proteins towards O3. As tyrosine is not water 

soluble, the tyrosine solutions were prepared by dissolving 0.05 g of tyrosine (BSA, fraction V, 

>96%, Sigma) in 10 mL of 1M HCl. The coated wall flow tube was coated with 0.5 ml of this 

solution and dried gently under a flow of nitrogen. Accordingly, 2.1 mg of tyrosine are deposited 

on the tube, which corresponds to a film thickness of 120 nm. 

 Protein samples were extracted from the tube using MiliQ water for products analysis. 

The extracted samples were dried using a freeze dryer. The intact protein samples were analyzed 

with a HPLC-chip MS/MS system consisting of a nano pump (G2226A, Agilent) with 4-channel 

micro-vacuum degasser (G1379B, Agilent), a microfluidic chip cube (G4240-64000, Agilent) 

interfaced to a Q-TOF mass spectrometer (6520, Agilent; nominal mass resolution 20000 at a 

scan rate of 5 s-1), a capillary pump (G1376A, Agilent) with degasser (G1379B, Agilent), and an 

autosampler with thermostat (G1377A, Agilent). All modules were controlled by Mass Hunter 

software (version B.02.00, Agilent. A microfluidic reversed phase HPLC chip (Zorbax 300SB-

C8, 5µm particle size, 75µm i.d., and 75 mm length) was used for protein separation. For each 

chromatographic run, the solvent gradient started with 97% water with formic acid (HCOOH 

volume fraction 0.1%, Chromasolv, Sigma, Seelze, Germany) and 3% acetonitrile at 400 nL min-

1 (3min). Then the acetonitrile (Chromasolv, Sigma, Seelze, Germany) content was increased to 

50% within 11 min and then to 70% within 1 min. Finally, the mobile phase was reset to initial 

conditions within 0.1 min, and the chip was equilibrated for 2 min before the next run. The ESI-

Q-TOF instrument was operated in the positive ionization mode (ESI+) with an ionization 

voltage of 1750 V and a fragmentor voltage of 175 V at 300 °C. The MS mode was used and the 

selected m/z ranges were 200 to 3000 Da. The acquisition rate was 1.02 spectra s-1. Reference 

correction of detected ions was enabled during the whole analysis. Protein identification and 

deconvolution was performed with Agilent MassHunter Bioconfirm Software (version B.03) 

using Large Molecular Feature Extraction (MFE). 

 

3. Results and discussion 

3.1. Uptake of NO2 under absence of O3 

Protein (BSA) and deliquesced NaCl particles were exposed to NO2 (6, 30 ppb) under 

humid condition (25, 60% RH). Figure 2(a) shows the experimental profile when BSA particles 
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were exposed to 30 ppb NO2 at 60% RH. The signal from particle filter did not show any 

enhancement in the investigated range of NO2 concentration and relative humidity. The 

estimated upper limit of uptake coefficient of NO2 (γNO2) for BSA particles is ~1×10-6. This 

indicates NO2 itself cannot nitrate protein efficiently, consistent with a previous study (Franze et 

al., 2005).  

NO2 uptake was also not observed on deliquesced NaCl particles with an estimated upper 

limit of γNO2 of ~1×10-7. Abbatt and Waschewsky (1998) reported an upper limit of γNO2 by liquid 

NaCl aerosol of ~1×10-4. Our results are consistent with their results and give better estimates. 

This is in line with some earlier studies indicating that the bulk aqueous phase reaction of NO2 

with chloride to form NOCl and nitrate is very slow (Cape et al., 1993; Behnke et al., 1997; 

Karlsson and Ljungstrom, 1998). It however also contrasts with other experiments, though 

performed at significantly higher concentrations of NO2, where uptake coefficients of up to 10-4 

have been reported (Harrison and Collins, 1998; Yabushita et al., 2009). Yabushita et al. (2009) 

propose a surface complex NO2*Cl- to play a significant role at millimolar chloride 

concentration, i.e., for more dilute solutions than the deliquesced particles of the present study. 

 

3.2. Uptake of NO2 in presence of O3 

 The initial gas phase concentrations of NO2 and O3 were in the range of 5 – 110 ppb and 

0 – 160 ppb, respectively. For most of the experiments a relative humidity (RH) of 60 ± 5% was 

chosen unless mentioned otherwise. Kinetic experiments usually involved measurements of NO2 

uptake at five different contact times in the range 2 – 10 min (40 – 100 cm injector 

displacements).  

Typical experimental profiles are shown in Figure 2(b) with mixing ratios of NO2 and O3 

of 10 ppb and 120 ppb, respectively, at 25% RH. The NDA denuder signal represents gas phase 

NO2 (red line), and the signal from the particle filter represents NO2 on the particles (green line). 

The black line with markers gives the surface area of particles measured by the SMPS.  In 

absence of aerosol (surface area ≈ 0, nebulizer was switched off), only a NDA signal is observed 

and the particle filter signal remained at the detection limit. When the nebulizer was switched on 

to generate aerosols, the surface area increased, along with the enhancement of a 13N signal on 

the particle filter, which is by factor of ~20 smaller than the gas phase 13NO2 signal. This 

indicates that a small fraction of labeled 13NO2 molecules had been taken up by the particles. The 
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signal from the particle filter decreased for shorter reaction times, whereas the gas phase 13NO2 

signal remained almost unchanged. The HONO signal did not show an increase at any O3 and 

NO2 concentration, indicating that HONO was not produced by this reaction system in detectable 

amounts (γHONO < 10-6). 

The uptake coefficient of NO2 (γNO2) is defined by the following equation: 
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Here we assume [13NO2]g,t = [13NO2]g,0 – [particle 13N], which is justified as 13N on the particle 

originates from gas phase 13NO2.  

 Figure 3 shows the uptake coefficients of NO2 (γNO2) on BSA and deliquesced NaCl 

particles as a function of NO2 mixing ratio with fixed RH (60%) and O3 mixing ratio: (a) 30 ppb, 

(b) 70 ppb, and (c) 150 ppb. γNO2 was almost constant in the 0 – 40 ppb NO2 range at 30 and 70 

ppb O3. As the NO2 concentration increases to 100 ppb, γNO2 decreases by factor of ~4. γNO2 on 

deliquesced NaCl particles are by a factor of ~5 smaller than that by BSA and showed only a 

small dependence on the NO2 mixing ratio. 

Figure 4 shows the γNO2 on BSA and deliquesced NaCl particles as a function of O3 

mixing ratio with fixed RH (60%) and NO2 mixing ratio: (a) 9 ppb, (b) 26 ppb, (c) 75 ppb, and 

(d) 100 ppb. γNO2 showed pronounced non-linear increases with increasing O3 mixing ratio. For 

example, at 9 ppb NO2 γNO2 on BSA is 4.4×10-6
 at 16 ppb O3, which is enhanced by factor of ~30 

to 1.0×10-4 at 158 ppb O3. The γNO2 on deliquesced NaCl is one order of magnitude smaller, 

which is likely to be attributed to the formation of gas phase NO3 and N2O5, as neither O3 nor 

NO2 is expected to rapidly react with deliquesced NaCl.  

NO2 can be oxidized by O3 to form the highly reactive NO3 in the gas phase. NO3 

radicals could further react with NO2 to form N2O5. Generally NO3 radical could directly react 

with particles to cause oxidation/nitration. The reactive uptake coefficients of NO3 on liquid and 

solid surfaces of unsaturated organic are reported to be in the range of 10-3 – 0.1 (Moise et al., 

2002; Gross et al., 2009). N2O5 undergoes heterogeneous hydrolysis to form HNO3 on the 
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surface. There have been extensive laboratory investigations of the reactive uptake coefficients 

of N2O5 on aqueous inorganic particles, which showed reactive uptake coefficients between 0.02 

- 0.15 (Hu and Abbatt, 1997; Knopf et al., 2007; Cosman and Bertram, 2008).  

To evaluate the influence of NO3 and N2O5 in the flow reactor, the temporal evolution of 

gas phase species and uptake of NO3 and N2O5 in the flow reactor was modeled within the 

experimental reaction time (~10 min).using a kinetic double-layer model (Shiraiwa et al., 2009). 

The gas phase reactions considered in the model are listed in Table 1. The kinetic parameters 

were taken from Finlayson-Pitts and Pitts (2000). The photolysis rate of NO3 (GPR2 and GPR3) 

is hard to determine as the reported value is the value under sunlight, while the experiment was 

done under undefined light intensity in the laboratory. For simplicity the photolysis rates were 

assumed to be 0, which may have led to an overestimation of the NO3 concentration. The 

reactive uptake of NO3 and N2O5 by particles was considered by using the elementary gas-

surface reaction probabilities (γgsr) (Pöschl et al., 2007; Shiraiwa et al., 2009), which is assumed 

to be equivalent to the reactive uptake coefficient. To estimate the possible maximum 

contribution of NO3 and N2O5 to the apparent NO2 uptake, γgsr are assumed to be the maximum 

reported values: γgsr,NO3 = 0.1, γgsr,N2O5 = 0.15. The loss of NO3 and N2O5 by the wall was also not 

considered for simplicity, which also led to an overestimation of their concentration. 

The initial mixing ratios of O3 and NO2 were set to 120 and 10 ppb, respectively, as an 

exemplary simulation, whereas those of NO3, N2O5, and NO were set to 0. The model results 

show that the steady-state condition was achieved in less than 1 min. The mixing ratios of O3 and 

NO2 showed only a slight decrease (< 3%) and remained practically unchanged. The NO3 and 

N2O5 mixing ratios were comparable and between of 0.1 and 1 ppt, whereas NO mixing ratio 

remained low at ~0.01 ppt. The model underestimates the observed uptake of NO2 by BSA 

significantly as shown in Fig. 5(a). NO3 and N2O5 uptake could explain only ~30% of the 

observed uptake, indicating gas phase NO3 and N2O5 is not the main contributor. This is 

certainly a conservative upper limit, since we do not take into account wall losses, which likely 

reduce this contribution significantly. On the other hand, the model can successfully reproduce 

the observed NO2 uptake by deliquesced NaCl particles as shown in Fig. 5(b), indicating that gas 

phase NO3 and N2O5 is the main contributor. 

 The dependence of uptake of NO2 on relative humidity (RH) in the range of 24 – 75% is 

shown in Figure 6 with two concentration sets of O3 and NO2 (10 ppb NO2, 120 ppb O3 and 9 
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ppb NO2, 30 ppb O3). In both cases, there were no clear effects of RH on NO2 uptake. Shiraiwa 

et al. (2011a) emphasized the strong effects of relative humidity on ozone uptake by protein due 

to the moisture-induced phase transition (Mikhailov et al., 2009). The ozone uptake by protein at 

70% RH is ca. 50% higher than that at 70 % RH. This implies that the NO2 uptake is not limited 

by the formation of reactive oxygen intermediates, but limited by reaction between intermediates 

and NO2. Note that Franze et al. (2005) reported that under dry condition the degree of protein 

nitration was very low compared to under 40% RH, suggesting the importance of hygroscopic 

growth of BSA on nitration. Generally, competitive adsorption of water vapor could reduce the 

uptake by particles (Pöschl et al., 2001), which is not clearly seen in this study. The promoting 

effects of hydration may be counteracted by the competing effects of water adsorption at the 

surface. 

 

3.3. Uptake of NO2 by pretreated BSA with O3 

 To further investigate the mechanism of the protein nitration, we conducted additional 

experiments with O3 as a possibly competing oxidant on the aerosol surface (Shiraiwa et al., 

2011b). Protein particles were pretreated by 97 ppb O3 in the first flow reactor with variable 

reaction time in the range of 0 - 2 min. O3 was then removed from the aerosol in a denuder 

coated with potassium iodide (KI). The aerosol flow was further introduced into a second reactor 

with maximum residence time of ~10 min to investigate the decay of intermediates. They were 

again introduced to a KI denuder in case some O3 should have desorbed from the particle phase 

to the gas phase in this reactor. The gas phase O3 free aerosol flow was finally mixed with NO2 

in the third flow reactor with 4 - 5 different reaction times within ~10 min. All experiments were 

performed at 50 (±3)% RH. 

 As reported in Shiraiwa et al. (2011b), the obtained γNO2 is larger than for the case when 

O3 and NO2 coexist in the flow reactor, confirming that the uptake route via NO3 and N2O5 are 

not the main pathways, by which labelled NO2 is ending up in the protein particles, as neither 

NO3 nor N2O5 could be formed in this system. Moreover, Shiraiwa et al. (2011b) did not observe 

significant decrease of γNO2 when the decay time of intermediates in the second reactor was 

varied up to 550 s, confirming the long lifetime of intermediates. 

 The reaction time between O3 and BSA particles in the first reactor was varied between 0 

– 2 min. As shown in Fig. 8, the observed γNO2 did not show any significant increase as reaction 
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time increases, and is rather independent on the reaction time with O3. This indicates that BSA 

could react with O3 quickly to form reactive oxygen intermediates (ROIs), and the reaction 

between ROIs and NO2 is the limiting step. Indeed, NO2 uptake by ROI showed strong time 

dependence, i.e., the longer reaction time between ROI and NO2 lead to higher uptake of NO2. 

  

3.4. Uptake of O3 by BSA 

 Figure 7 illustrates the results of one such experiment of BSA and tyrosine exposed to 

200 ppbv of O3. A constant value of γO3 on tyrosine at ~10-4 was observed during the first ~5 min, 

which was by one order of magnitude higher than the initial uptake coefficient on BSA and 

clearly indicating that tyrosine is very reactive towards O3. Shiraiwa et al. (2011a) observed that 

the magnitude and temporal evolution of γO3 did not change when the thickness of the protein 

film on the flow tube walls was varied between 133–346 nm, indicating that the ozone uptake 

was kinetically limited by processes at or near the surface of the protein film. If the uptake 

kinetics had been affected by processes involving the entire volume of the protein film, the film 

thickness should have influenced the results, i.e., thicker films should have exhibited higher 

values or slower decrease of γO3. Moreover, Fig. 7 exhibit a slope that is characteristic for 

diffusion-limited gas uptake uptake (γ∝ (D/πt)1/2, ∂lnγ/∂lnt = -0.5) (Huthwelker and Peter, 1996). 

Thus, the most plausible explanation for the observed behavior is that the uptake of ozone was 

limited by bulk diffusion. The time, dependence of γO3 can be reproduced by the kinetic 

multilayer flux model KM-SUB (Shiraiwa et al., 2010), as shown in dotted lines in Fig. 7. 

 Shiraiwa et al. (2011a) shows that the uptake coefficients observed at a given ozone 

concentration level increased with increasing relative humidity. This can be explained by a 

decrease of viscosity and increase of diffusivity with increasing RH, while the amorphous 

protein is transformed from a glassy to a semi-solid state. 

 Figure 9 shows the molecular weight of native BSA and BSA exposed to O3 at dry and 

95% RH conditions, obtained by HPLC-chip MS/MS system. The molecular weight of native 

BSA is 66.4 kDa, and after the exposure of O3 the molecular weight shifted due to the 

modification. The degree of modification is more prominent at 95% RH condition, consistent 

with ozone uptake results. Some products have smaller molecular mass probably due to 

decomposition of molecules via ozonolysis. Interestingly the formation of dimer is observed. At 

wet conditions some products pose larger molecular weight than dimer of 13.3 kDa, which may 
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due to dimerization between modified monomers or secondary reactions between dimer and 

decomposed protein. 

 The phenoxy radical derivatives of tyrosine residues are known to undergo dimerization 

(Bartesaghi et al., 2007). Moreover, the final products of the protein nitration reaction are 

nitrotyrosine residues, and phenoxy radicals are well established intermediates in the nitration of 

phenolic compounds by NO2 (Harrison et al., 2005). In addition, phenoxy radicals can be 

efficiently stabilized in condensed phases (Truong et al., 2010), which is consistent with the 

observed long lifetime of the ROI. Thus, as shown in Fig. 10 the identity of ROI is most likely 

phenoxy radical derivatives, as speculated by Shiraiwa et al. (2011b). 

   

4. Conclusions 

Reaction kinetics and mechanism of the nitration of the aerosolized protein by O3 and 

NO2 was investigated at atmospherically relevant concentration. In the absence of O3, NO2 

uptake by both protein and deliquesced NaCl particles were below detection limit (γNO2 < ~10-6). 

In the presence of O3, however, the γNO2 of BSA were of the order of 10-5, which is one order of 

magnitude larger than that of deliquesced NaCl, indicating the higher reactivity of protein 

particles. The γNO2 of BSA enhance up to ~1×10-4 with the increase of the O3 concentration, 

while they decrease with the increase of the NO2 concentration.  

The additional experiments confirm that gas phase NO3 or N2O5 have small contribution 

to NO2 uptake. Rather, O3 reacts with protein to form reactive oxygen intermediates (ROIs), 

which could further react with NO2 efficiently. The kinetic results suggest that protein contained 

bio particles such as pollen can be efficiently nitrated in urban polluted air masses. The products 

analysis of ozone exposed protein strongly indicates phenoxy radical derivatives of tyrosine 

amino acid residues as chemical identities of ROI. 
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Table 1. Gas phase reaction (GPR) included in the box model. 
 Gas phase reaction Rate coefficient (296 K) 

GPR1 NO2 + O3 → NO3 + O2 3.2 ×10-17 cm3 molecule-1 s-1 

GPR2 NO3 + hν → NO + O2 0 – 0.016 s-1 

GPR3 NO3 + hν → NO2 + O 0 – 0.19 s-1 

GPR4 NO + O3 → NO2 + O2 1.8 ×10-14 cm3 molecule-1 s-1 

GPR5 NO + NO3 → 2NO2 2.6×10-11 cm3 molecule-1 s-1 

GPR6 NO2 + NO3 + M ↔ N2O5 + M Keq = 2.9×10-11 cm3 molecule-1 

GPR7 NO3 + M → NO + O2 + M 3.0×10-3 s-1 
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Figure 1. Scheme of the experimental setup: D. D. – Diffusion dryer, E. P. – Electrostatic 

precipitator. 
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Figure 2. Experimental profiles of NO2 interacting with protein (BSA) particles: NDA denuder 

signal representing gas phase NO2 (dashed line), signal from particle filter representing NO2 on 

particle (solid line), and surface area measured by SMPS (dotted line with markers): (a) 30 ppb 

NO2 at 60% RH, (b) 9 ppb NO2, 120 ppb O3 at 25% RH. 

 

 

 

14NO2

13NO2

O3

Flow reactor (6 L)

Nebulizer

SMPS

HONO trapNO2 trap 1 Interferenceγ

γ γγ

γ

Denuder

Filter

D. D. 85Kr E. P. Humidifier

NOx analyzer

NO2 trap 2

γ

4

3

2

1

0

Fl
ux

 o
f g

as
 p

ha
se

 N
O

2 
(×

10
5  s

-1
)

13:15 13:30 13:45 14:00 14:15 14:30

4

3

2

1

0

Flux of 13N
 on particle (×10

4)

8

6

4

2

0Su
rfa

ce
 a

re
a 

(1
0-4

 c
m

2  c
m

-3
)

 NO2

 13N on particle
 surface area

30 ppb NO2 without O3

(a) 5

4

3

2

1

0Fl
ux

 o
f g

as
 p

ha
se

 N
O

2 
(×

10
5  s

-1
)

17:00 17:10 17:20

2.0

1.5

1.0

0.5

0.0

Flux of 13N
 on particle (10

4)

1.0

0.8

0.6

0.4

0.2

0.0

S
ur

fa
ce

 a
re

a 
(1

0-3
 c

m
-1

)

9 ppb NO2, 115 ppb O3

(b)

161



 

  

 
Figure 3. Uptake coefficients of NO2 (γNO2) by BSA (circle) and deliquesced NaCl (open circle) 

particles under 60% RH as a function of NO2 mixing ratio with fixed O3 mixing ratio: (a) 30 ppb, 

(b) 70 ppb,  and (c) 150 ppb. 
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Figure 4. Uptake coefficients of NO2 (γNO2) by BSA (circle) and deliquesced NaCl (open circle) 

particles under 60% RH as a function of O3 mixing ratio with fixed NO2 mixing ratio: (a) 9 ppb, 

(b) 26 ppb, (c) 75 ppb, and (d) 100 ppb. 

 

 
Figure 5. The measured fraction of NO2 ([NO2 on particle]/[NO2]g) on (a) BSA particles and (b) 

deliquesced NaCl particles as function of reaction time. The dotted lines are modeled considering 

the contribution from gas phase NO3 formation and their uptake to particles. 
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Figure 6. Uptake coefficients of NO2 (γNO2) by BSA particles as a function of relative humidity 

(RH). 

 

 
Figure 7. O3 uptake coefficients (γO3) by tyrosine and BSA film at 200 ppb O3 and 50% RH. 
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Figure 8. Uptake coefficients of NO2 (γNO2) by BSA particles, which was first exposed to 97 ppb 

O3 and then exposed to NO2 as function of reaction time between O3 and BSA particles. 
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Figure 9. The molecular weight of (a) native BSA and BSA exposed to O3 at (b) dry and (c) wet 

conditions (95% RH). The molecular weight of native BSA is 66.4 kDa. Due to the reaction with 

O3, dimerization and decomposition of BSA are observed and the degree of modification is 

larger at wet condition.  

 

 

 

6000

5000

4000

3000

2000

1000

0

M
S

 s
ig

na
l h

ei
gh

t

200150100500
Molecular weight (kDa)

monomer
66.4 kDa

dimer
13.3 kDa

(a) 6000

5000

4000

3000

2000

1000

0

M
S 

si
gn

al
 h

ei
gh

t

200150100500
Molecular weight (kDa)

monomer
66.4 kDa

dimer
13.3 kDa

(b)

6000

5000

4000

3000

2000

1000

0

M
S

 s
ig

na
l h

ei
gh

t

200150100500
Molecular weight (kDa)

monomer
66.4 kDa

dimer
13.3 kDa

(c)

166



 

OH

H
N

O

O3

O

H
N

O

O

H
N

O

NO2

OH

H
N

O

NO2

O

H
N

O

O

H
N

O

O

H
N

O

Reactive Oxygen Intermediate (ROI) Nitration

Dimerization  
Figure 10. Schematics of reaction pathways of protein BSA and ozone and nitrogen dioxide. 

167



Appendix C. Media Reports 
 
 Shiraiwa et al. Nature Chem., 2011 (Appendix B4) was widely reported by medias including 
newspapers, radio, and TV over Europe and in Japan. 

Below are the lists of media reports in German newspapers and radios. 

 Allgemeine Zeitung vom 21.02.2011, Seite 0,   „Mehr Ozon, mehr Allergien“ 
 Berliner Zeitung vom 22.02.2011, Seite 12, „Schadstoffe verändern Oberfläche von Pollen Grund 

für Allergiehäufigkeit“ 
 dapd Nachrichtendienste vom 20.02.2011, Seite 0, „(Sperrfrist 19.00 Uhr) Allergien: 

Sauerstoffverbindungen machen Pollen und Feinstaub scharf“ 
 FOCUS online vom 21.02.2011, Seite online, „Warum Allergien auf dem Vormarsch sind“ 
 Frankfurter Rundschau vom 22.02.2011, Seite 22, „Schadstoffe verändern Oberfläche von Pollen” 
 Gränzbote vom 22.02.2011, Seite 7,„Wissenschaftler sind Allergien auf der Spur ” 
 Neue OZ Osnabrücker Zeitung vom 21.02.2011, Seite, „Scharfmacher in der Luft“ 
 pressetext vom 22.02.2011, Seite 0, „Reaktive Sauerstoffformen begünstigen Allergien“ 
 WELT ONLINE vom 23.02.2011, „Sauerstoffverbindungen lassen Allergien steigen“ 
 Recklinghäuser Zeitung vom 24.02.2011, Seite 33, Ohne Titelangabe 
 Recklinghäuser Zeitung vom 03.03.2011, Seite 35, „Verstärkte Allergien“ 
 RP Online (Rheinische Post) vom 25.02.2011, Seite Online 25.02.2011, 21:17 Uhr, „Abgase 

gefährlicher als bisher bekannt“ 
 Stuttgarter Nachrichten - Stadtausgabe vom 23.02.2011, Seite 32, „Auch im hohen Alter für 

Heuschnupfen anfällig“ 
 Süddeutsche Zeitung vom 23.02.2011, Seite 16, „Eine unheilige Allianz“ 
 Thüringer Allgemeine vom 22.02.2011, Seite 0, „Abgase als häufige Ursachevon Allergien“ 
 Westfalenpost vom 21.02.2011, Seite 4 
 Schwäbische Zeitung Laupheim vom 25.02.2011, Seite 2, „Wissenschaftler sind Allergien auf der 

Spur“ 
 Frankfurter Allgemeine Zeitung vom 11.03.2011, „Der Scharfmacher für Pollenkörner“ 

 
 Süd West Rundfunk vom 22.02.2011, „Warum Allergien zur Volkskrankheit werden“ 
 Campus Radio Köln vom 09:10 Uhr, 28.02.2011, „Dangerous Oxygen“ 

 
Below are the lists of media reports in Japanese newspapers and TV. 

 The NIKKEI Shimbun(日本経済新聞),朝刊,23.02.2011,「大気汚染 花粉症悪化、仕組み

解明」 
 The ASAHI Shimbun(朝日新聞), 朝刊, 04.03.2011,「大気中のオゾン 変化の過程解明 

発がん性に影響」 
 Tokyo Broadcast System Television (TBS テレビ), 09.03.2011, N スタ、「大気汚染で花粉

症が」 
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