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The cloud condensation nuclei (CCN) activity of both primary and secondary 

sources of aerosol was studied to gain a deeper understanding of how aerosols affect 

climate and health. CCN from secondary organic aerosol (SOA) was studied in four 

different systems: longifolene, isoprene, amines and uncombusted gasoline. Primary 

aerosol from electronic cigarette (E-cig) liquids was also studied. 

The CCN activity of longifolene SOA increased over time, but could not be seen 

with the use of the typical κ-hygroscopicity parameter. To further investigate the cause of 

this, volatility data was taken at various thermodenuder temperatures and then used to 

model the formation of reaction products. Modeling showed that extremely low volatility 

organic compounds (ELVOCs) are produced via this pathway. 

To further investigate changing hygroscopicity of SOA, isoprene SOA and isoprene 

+ longifolene SOA was studied in addition to longifolene. The CCN/CN ratio of 100 nm 

particles at ~0.2% supersaturation was plotted, resulting in a sigmoid indicative of a critical 
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time, at which 50% of the particles activated. This plot and critical time were then recreated 

using gas-phase decay data of the precursors, resulting in a similar sigmoid that predicted 

the critical time within 0.05 hours of the initial critical times. This indicates that gas phase 

vapors may influence CCN activation and changing hygroscopicity. 

The potential health effects of aerosols produced by electronic cigarettes was 

studied by atomizing dilute E-cig liquid into a scanning mobility particle sizer (SMPS) 

coupled with a CCN counter. Flavorings were found to affect the enhanced condensational 

growth (ECG) potential, and mass spectra of the liquids also showed significant differences 

in the composition of the liquids. 

The hygroscopicity of amine SOA was studied in 2 methods: temperature changes 

and alcohol amines. Temperature effects the evaporation of salts that form from amine 

oxidation. Hygroscopicity cannot be predicted using average molecular weights from the 

PiLS-ToF-MS. 

The CCN potential of SOA from uncombusted gasoline was studied relative to 

commercial blends. Hygroscopicity was dependent on blend and changed over time for one 

commercial blend, but not the other, indicating not all fuel blends have the same CCN 

activity. 
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1 Introduction 

 

 

1.1 Motivation 

 

In a recent study by the World Health Organization (WHO), 1 in 8 global deaths are 

directly attributable to air pollution, making air pollution the single largest environmental 

health risk (WHO, 2014). Specifically, particulate matter (PM) can be directly linked to an 

accelerated progression of chronic obstructive pulmonary disease COPD, inflammation and 

accelerated atherosclerosis and altered cardiac autonomic function (Pope III et al., 2004; 

WHO, 2014). Exposure to PM below 2.5 μm in diameter (PM2.5) has been proven to trigger 

cardiovascular disease and mortality, reducing life expectancy by several months to several 

years (Brook et al., 2010). Short-term PM2.5 exposure was also proven to increase the risk of 

hospital admission for cardiovascular and respiratory diseases (Dominici et al., 2006). 

Not only can air pollution affect human health, it may also play a significant role in 

global climate (IPCC, 2013). However, while there is general agreement that greenhouse 

gases greatly contribute to global warming, there is low confidence in the impact aerosols have 

on climate (IPCC, 2013). Aerosols and CCN have a cooling effect on global temperatures, but 

the extent at which they affect climate is still unknown. 

 

1.2 Secondary Organic Aerosol and Cloud Condensation Nuclei 

 

When volatile precursor gases react with atmospheric components such as OH 

radicals, NO3 radicals, NOx and O3, they can form secondary organic aerosol (SOA). These 

volatile organic carbons (VOCs) react with atmospheric oxidants to form alkyl radicals, which 

in turn begins a chain reaction with oxygen and the oxidants to form a complex mixture of 
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gas-phase products (Turpin and Huntzicker, 1995; Odum et al., 2006; Lim and Turpin, 2002; 

Robinson et al., 2007; Kroll and Seinfeld, 2008). These resulting particles are referred to as 

SOA. 

These aerosols can have a large impact on global radiative forcing via aerosol direct 

and indirect effects (Levy II et al., 2013). The aerosol direct effect occurs when particles in 

the atmosphere scatter radiation and light. The aerosol indirect effect is observed when 

particles activate, or behave as cloud condensation nuclei (CCN) and form cloud droplets. The 

resulting clouds can reflect solar radiation. CCN activation size has a large impact on the 

physical properties of clouds (Boucher et al., 2013). Clouds formed from larger seed particles 

have a lower albedo (or reflectiveness). This lower albedo is normally observed from natural 

(biogenic) emissions (D’Andrea et al., 2014). In a polluted atmosphere, smaller CCN are 

observed. Smaller size CCN can form warm clouds with a higher albedo and stronger ability 

to reflect solar irradiation. This in turn leads to a cooling effect on climate (IPCC, 2013). Both 

the size and chemistry of the CCN will impact droplet formation and can be theoretically 

described by particle hygroscopicity. 

Hygroscopicity is defined as the ability of a particle to uptake water. SOA can activate 

to form cloud droplets under certain supersaturated conditions. These particles are referred to 

as CCN (Köhler, 1936). Small hygroscopic particles can activate as CCN and may promote 

longer cloud lifetimes and higher albedos (D’Andrea et al., 2014). It is important to 

understand the chemistry of SOA for CCN prediction and overall climate change. 

To understand the ability of particles to activate as CCN, κ-Köhler theory is 

commonly employed (Petters and Kreidenweis, 2007). When dissolved in water, the 

saturation ratio, S, of the droplet is calculated by the following equation: 
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S = aw
4σs/aMw

RTρwD
, (1) 

where aw, is the activity of water in solution, ρw is the density of water, Mw is the molecular 

weight of water, σs/a is the surface tension of the surface/air interface, R is the universal gas 

constant, T is temperature and D is the wet droplet diameter. The hygroscopicity parameter, κ, 

is parameterized by its effect on aw: 

1

aw
= 1 + κ

Vs

Vw
; (2) 

Where Vs is the volume of dry particulate matter and Vw is the volume of water.  For multi-

component systems composed of species i, that follow the Zdanovskii, Stokes and Robinson 

(ZSR) assumption, Vw=ΣVwi, and awi=aw the following equation can be written: 

Vw =
aw

1−aw
∑ κiVsii , (3) 

The total volume of the system is: 

VT = ∑ Vsii + ∑ Vwii = Vs + Vw. (4) 

Substituting εi=Vsi/Vs and VT-Vs for Vw transforms equation 3 into the following:  

VT − Vs =
aw

1−aw
∑ εiκii . (5) 

Next, the volumes are converted to volume equivalent diameters (D3=6V/π), equation (5) is 

solved for aw, and the result is combined with equation (1), leading to the defining equation of 

κ-Köhler theory:  

S(D) =
D3−Dd

3

D3−Dd
3 (1−κ)

exp (
4σs/aMw

RTρwD
), (6) 

where Dd is the particle dry diameter and κ= ∑ εiκii . 

Values of κ vary from 0-1.5, where a value of 0.5-1.5 is very hygroscopic. Values in 

the range of 0.01-0.5 are somewhat hygroscopic and values less than 0.01 have low 
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hygroscopicity but “wettable.” κ-hygroscopicity can be calculated from measurements in 

which the critical supersaturation, sc (Sc-1 = sc) of a particle is plotted against its dry diameter.  

An exponential fit is applied to the data and relates directly to the Köhler equation.  A curve is 

generated of the equation, 𝑠𝑐 = 𝜔𝑑−3/2 corresponding to the Köhler slope of -3/2. However, 

as κ approaches 0 for insoluble particles, the activity of water approaches 1, reducing equation 

(6) to the Kelvin equation. 

To calculate κ, the following expression is used:  

κ =
4A3

27Dd
3 ln2Sc

   A =
4σs/aMw

RTρw
,(7) 

 where Dd is the dry diameter of the particle, Sc is the supersaturation at which activation 

occurs, σs/a is the surface tension of the solution/air interface, Mw is the molecular weight of 

water, R is the universal gas constant, T is temperature and ρw is the density of water. A visual 

representation of κ can be seen by plotting the critical supersaturation percentage against the 

dry diameter of the particle. 

There is a clear dependence (both theoretically and experimentally) on the relationship 

of particle hygroscopicity, κ to particle size and supersaturation. However, research that 

challenges the typical views of hygroscopicity is beginning to emerge. For example, Asa-

Awuku et al. (2009) found that the CCN/CN ratio of 100 nm β-caryophyllene + O3 SOA was 

not constant; rather it increased sigmoidally over time. Zhao et al. (2015) proposed a size 

dependence of κ over time. Previous studies have also suggested an increase of particle 

hygroscopicity due to particle volatility (Asa-Awuku et al., 2009; Kuwata et al., 2011).    
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1.3 Emission Sources relevant to CCN 

 

Organic compounds contribute to 20-90% of total fine aerosol mass (Kanakidou et 

al., 2005; Jimenez et al., 2009); 70% of organic aerosols are secondary (Hallquist et al., 2009). 

Biogenic VOCs (BVOCs) dominate gas-phase emissions and are the main contributor to 

global SOA formation (Guenther et al., 1995; Goldstein and Galbally, 2007). However, near 

urban areas, anthropogenically influenced emissions can be large contributors to SOA 

formation (Dechapanya et al., 2004). 

 The most prominent SOA precursor is isoprene (~500 Tg emitted annually, Goldstein 

and Galbally, 2007).  Isoprene is also the foundation for terpenes, which are organic molecules 

comprised of isoprene units. For example, monoterpenes have two isoprene units and 

sesquiterpenes have three. All terpenes are of the structure (C5H8)n. Some common terpenes 

include α-pinene, β-caryophyllene and limonene.  

Amines can be both a biogenic and anthropogenic SOA precursor (Price et al 2014.; 

Cadle and Mulawa, 1980; Mosier et al., 1973; Westerholm et al., 1993).  A biogenic example 

is biomass burning. Catalytic reduction technology and agriculture are two examples of 

anthropogenic emissions.   

Vapors from whole gasoline emissions have been shown to be SOA precursors (Odum 

1996). They can vaporize from gasoline stations where evaporative control nozzles are not 

used, as well as from vehicle engines and gasoline tanks.  

Electronic cigarettes (E-cigs) are a source of primary, anthropogenic aerosol.  The 

electronic cartridge atomizes E-cig liquid to create an aerosol spray that is directly inhaled into 

the lungs. Because this is still an emerging market, more studies are needed to fully grasp the 

potential health effects of E-cigs.  
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All the above sources can enter the atmosphere and react with atmospheric oxidants to 

form SOA.  Four of the primary oxidants are hydroxyl radical (OH), ozone (O3), nitrate radical 

(NO3) and nitrogen oxides (NOx). Hydroxyl radical is the most prominent and arguably most 

important oxidant for daytime chemistry. Sources of OH include the photolysis of ozone, and 

nitrous acid (HONO), as well as the reaction of ozone with alkenes. However, since photolysis 

is required for OH to form and react with oxidants, nighttime chemistry is driven more by 

ozone and nitrate radical. Excess tropospheric O3 is the result of fossil fuel combustion. When 

NOx photochemically reacts with volatile organic compounds, O3 is produced. NO3 is 

primarily formed from the decomposition of N2O5 to NO3 at night.  

 

1.4 Chamber Facilities and Instrumentation 

 

1.4.1 UCR EPA Chamber 

The state-of-the-art University of California, Riverside (UCR) College of Engineering-

Center for Environmental Research and Technology (CE-CERT) Atmospheric Processes 

Laboratory houses a temperature, humidity and pressure controlled chamber with dual 90m3 

Teflon® batch reactors. Details on the construction are found elsewhere (Carter, 2006). 

 

1.4.2 Gas Chromatography (GC) 

GC analysis was used to observe the gas phase chemistry. The gaseous sample is 

injected into the column of the GC, and is heated until all present compounds separate out 

and elute at their own retention times, which enables the different compounds to be identified 

and quantified separately. GC is especially useful for observing the decay rate of precursors. 



7  

1.4.3 Scanning Mobility Particle Sizer (SMPS) 

SMPS is used for obtaining the size distribution of particles. The particles are charged 

with at Kr- 85 charger, and then passed through a differential mobility analyzer (DMA) 

column, which selects an electric field specific for a particle’s electric mobility. The particles 

that are of a given size will be able to exit the column where the number will be counted by 

a condensation particle counter (CPC). 

 

1.4.4 Aerosol Particle Mass Analyzer (APM) 

APM analysis was performed to obtain the density of particles. After the size 

distribution of particles is selected by the SMPS, the particles are passed into the system 

where two rotating electrodes rotate around a common axis. The particles with the correct 

balance of electrostatic and centrifugal force exit the APM to be counted by a CPC. 

 

1.4.5 Volatility Tandem Differential Mobility Analyzer (VTDMA) 

Particle volatility was be analyzed with the VTDMA. The particles are sized and 

quantified through a DMA column, and then passed through a thermodenuder which is set at 

a given temperature. After heating, the particles pass through a cooling section and then are 

passed through a second DMA, where they are counted. The difference in particle size is 

reported as the volume fraction remaining (VFR). 

 

1.4.6 High Resolution - Time of Flight – Aerosol Mass Spectrometer (HR-ToF-AMS) 

HR-TOF-AMS was be used to obtain online size and chemical mass loading 

information of particles. Particles are focused into a beam and then heated. Non-refractory 
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particles vaporize and are then ionized by electron impact. From here, time-of-flight mass 

spectrometry analyzes them. There are two modes of operation, which allow for a mass 

spectrum to be obtained as well as size-resolved mass spectra. The high-resolution component 

allows specific ions and organic composition to be identified. HR-TOF-AMS was used to 

obtain the elemental composition and oxidization state, which can be related to 

hygroscopicity. 

 

1.4.7 Particle into Liquid Sampler – Time of Flight - Mass Spectroscopy (PiLS-ToF-MS) 

In PiLS-ToF-MS, particles are first injected into the PiLS by sending them into a 

steam chamber where they are dissolved and then impacted on a quartz plate. This is then 

rinsed and pumped into the ToF-MS to further identify the components chemical structure, 

weight, and evolution over time. The ToF- MS is operated in the positive ionization mode 

and can measure on a range of 100-1050 m/z. 

 

1.4.8 Cloud Condensation Nuclei Counter (CCNC) 

CCN activity was monitored with a Droplet Measurement Technologies (DMT) 

Cloud Condensation Nuclei Counter (CCNC) attached to a TSI Scanning Mobility Particle 

Sizer (SMPS) (Roberts and Nenes, 2005). The SMPS scans the distribution of particles, and 

the CCNC measures the particles that activate to form droplets. Inside the CCN, a thermal 

gradient along a column with wetted walls creates a supersaturated environment which the 

particles pass through. The temperature varies to create the supersaturation that is specified 

on the instrument (usually in the range of 0.2-1.2%). If a particle activates to form a cloud 

droplet, it is then counted by an optical particle counter (OPC). 
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1.5 Dissertation Chapters 

The following sections briefly describe the chapters presented in the thesis.  Chapters 

1, and 2 are currently in review. Chapter 3 has also been submitted for review.  

 

1.5.1 Volatility and Hygroscopicity of Longifolene SOA from Hydroxyl Radical Pathways 

In this chapter, we explored the chemical and physical properties of SOA from the 

photolysis of a sesquiterpene, longifolene. Experimental volatility data was recorded and used 

to model the saturation vapor pressures and we found that longifolene SOA appears to form 

extremely low volatility organic compounds (ELVOCS) with high molecular weight and 

increasing hygroscopicity.  

 

1.5.2 Gas Phase Vapors Play a Critical Role in CCN Activation 

Here, we further explored changing hygroscopicity of biogenic terpenes. CCN 

activation of 100nm isoprene and longifolene SOA were plotted with their respective precursor 

gas-phase concentration to form a sigmoid in which the critical time could be inferred. This 

was compared with a direct CCN/CN plot against photooxidation time. Using gas-phase decay 

accurately predicted the critical time, indicating that gas-phase vapors play a direct role in CCN 

activation. 

 

1.5.3 Flavorings Modify the Enhanced Condensational Growth of Electronic Cigarette Liquids 

Electronic cigarettes (E-cig) are a popular alternative to traditional cigarettes. Often 

marketed as a safe method of nicotine delivery, few studies have been done on the potential 

health effects. In this study, we atomized dilute E-cig liquid into an SMPS and CCNC to 
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observe if E-cig liquids could activate as droplets in the lungs. Overall, flavorings were found 

to influence the enhanced condensational growth (ECG) potential of E-cig liquids. This was 

also evidenced by the presence of higher molecular weight compounds in the tobacco flavor. 

However, when Kӧhler theory was used to predict the κ-ECG potential, a discrepancy was 

noted. This difference in predicted versus measured κ was attributed to surfactants in the E-cig 

liquids that may decrease the surface tension of the resulting activated droplet. 

 

1.5.4 Hygroscopicity of Amine SOA 

The hygroscopicity of amine SOA was studied in 2 scenarios: temperature change and 

alcohol amines. First, the effects of temperature on κ-hygroscopicity was studied. The amines 

formed volatile and hygroscopic salts that evaporated at higher temperatures both in the 

chamber and in the CCNC. The alcohol amine system was used to determine if average 

molecular weight from the Particle in to Liquid Sampler – Time of Flight – Mass Spectrometer 

(PiLS-ToF-MS) could be used to accurately predict κ-hygroscopicity of the system. However, 

good closure was not obtained and is mostly attributed to the formation of salts that dissociate 

into ions below 100 AMU, the lower limit of detection of the PiLS-ToF-MS. 

 

1.5.5 Hygroscopicity of Uncombusted Gasoline SOA 

The hygroscopicity of SOA formed from the reaction of uncombusted gasoline with 

NOx was studied to observe if different brands of gasoline have different hygroscopicities. The 

CCN/CN ratio changed over time for specific supersaturations and varied by brand.  
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2 Volatility and hygroscopicity of longifolene SOA from hydroxyl radical chemical 

pathways 

 

Key Points: 

• Secondary organic aerosol from longifolene photooxidation produces extremely low 

volatility organic compounds 

• Exocyclic compounds can also produce extremely low volatility products from 

hydroxyl radical oxidation 

• Secondary organic aerosol cloud condensation nuclei activity can increase over time, 

and kappa-hygroscopicity from single-precursor studies does not account for this 

 

2.1 Abstract 

 Biogenic volatile organic carbon emissions are a significant source of secondary 

organic aerosol (SOA). The properties of SOA formed during the slow oxidation of 

longifolene with hydroxyl radical are modified with aging. The SOA oxidation state stays 

relatively constant (O:C ~ 0.25), average molecular weight increases (250 to 320 g mol
-1

), 

SOA volatility decreases and cloud condensation nuclei (CCN) activity increases upon aging. 

The SOA is CCN active (κCCN = 0.1 ±  0.1) and increases despite increasing molecular weight. 

A kinetic model reproduces the observed SOA evaporation, indicating the presence of 

extremely low-volatility species (ELVOCs) in the SOA mixture. ELVOCs are estimated to 

constitute approximately 22.5% of the total SOA m a s s . Although particle  oligomerization 

may occur, results and experimental data suggest functionalization by gas-phase 

oxidation is a driver of the changes in the hygroscopic p r o p e r t i e s  of longifolene SOA upon 

aging by OH. Thus, sesquiterpenes and exocyclic structures via hydroxyl radical pathways 

can also contribute to the ELVOC global burden.  
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2.2 Introduction 

 Biogenic emissions account for the majority of volatile organic compounds (VOCs) in 

the atmosphere and are an important source of secondary organic aerosol (SOA) [Guenther 

et al., 1995; Goldstein and Galbally, 2007; Hallquist et al., 2009]. These particles formed 

by the atmospheric processing of VOCs can directly scatter solar radiation or act as cloud 

condensation nuclei (CCN), thus playing a potentially important role in the Earth’s radiative 

budget [Carslaw et al., 2013].  

 Terpenes are the most abundant class of biogenic VOCs, with emission rates of 

1000 teragrams per year [Guenther et al., 2012; Goldstein and Galbally, 2007; Goldan et 

al., 1993; Guenther et al., 1995; Neeb et al., 1997]. Here we exploit the slow kinetics of 

longifolene SOA formation in a large environmental reaction chamber. Longifolene is a 

tricyclic and exocyclic sesquiterpene found in pine resin with a higher boiling point (582.5°K 

at 0.941 bar) than other terpenes [Weast and Grasselli, 1989]. It is also one of a few 

sesquiterpenes detected in field campaigns [Bouvier-Brown et al., 2009; Hakola et al., 2012; 

Bai et al., 2016; Chan et al., 2016]. Longifolene has a s ingle sterically hindered double bond 

causing it to be virtually unreactive with ozone (rate constant for reaction with ozone kO3   < 

0.07 · 10
-17   

cm
3   

molecule
-1

s
-1

). Consequently, longifolene has a longer atmospheric 

lifetime compared to other sesquiterpenes such as β-caryophyllene (kO3 of 1160 ± 430 · 10
-

17 
cm

3 
molecule

-1
s
-1

) and α-humulene (kO3 of 1170 ± 450 · 1 0
-17 

cm
3

molecule
-1

s
-1

) [Shu 

and Atkinson, 1994]. The lifetime of reactions of longifolene with O3 can be greater than 

33 days; the lifetime with OH is ~2.9 hours [Shu and Atkinson, 1995; Fuentes et al., 2000; 

Atkinson and Arey, 2003].  The photooxidation of longifolene under low-NOx conditions has 
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a reported mass yield of ~75% at RHs below 10% [Ng et al., 2007]. Longifolene is thus a 

prime precursor to observe terpene decay, the formation of secondary products and changes in 

aerosol properties during aging by OH exposure.  

 The volatility of monoterpene SOA has been subject to a vast number of studies due to 

its importance in predicting the gas-to-particle partitioning of the monoterpene oxidation 

products (e.g., [Jonsson et al., 2007; An et al., 2007/3; Cappa and Wilson, 2011; Salo et al., 

2011; V a d e n  et al., 2011; Emanuelsson et al., 2014; Bilde et al., 2015]. Furthermore, 

recent results have indicated that a significant fraction of monoterpene oxidation products 

have volatilities that are much lower than previously expected [Pierce et al., 2011; Riipinen 

et al., 2012; Ehn et al., 2014; Kokkola et al., 2014]. These Extremely Low Volatility 

Compounds (ELVOCs) have ~10 carbons in their molecular structures and are thought to 

be formed primarily through autoxidation in ozonolysis reactions of endocyclic terpenes 

[Jokinen et al., 2015], photooxidation being of minor importance for ELVOC production. 

While the larger molecular size of sesquiterpenes makes them a potentially important source 

of these high molecular weight compounds, little is known about potential ELVOC 

formation from sesquiterpene oxidation. Richters et al. [2016] explored the potential of the 

ozonolysis of β-caryophyllene to form highly oxidized molecules (HOM) and more research 

is needed regarding sesquiterpenes as ELVOC precursors. 

 The overall ability of a precursor to form SOA, form CCN and impact climate must 

be assessed. The CCN activity of biogenic SOA can vary considerably: if expressed in a 

single hygroscopicity parameter κ, SOA values reported in the literature range from ~0.05 

(virtually non-hygroscopic) to 0.3 (partially-soluble and hygroscopic) [Petters and 

Kreidenweis, 2007]. Isoprene SOA is moderately CCN active with κ ≧ 0.12. [King et al., 
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2010; Engelhart et al., 2011; Pajunoja et al., 2015]. Monoterpene SOA, such as that 

formed from a-pinene, is less hygroscopic than isoprene SOA, but shows a strong dependence 

on the oxidation state [Varutbangkul et al., 2006; Engelhart et al., 2008; Asa-Awuku et al., 

2009; Tang et al., 2012; Pajunoja et al., 2015]. Higher-molecular-weight precursors like 

longifolene are expected to produce larger, less hygroscopic oxidation products than 

isoprene or monoterpenes. Varutbangkul et al., [2006] and Pajunoja et al., [2015] report very 

little aerosol water and uptake from longifolene + OH SOA. Lambe et al., [2011] report 

a κ value from 0.08 to 0.13 for longifolene + OH SOA.  

 Atmospheric aging of organic aerosol has the potential to increase particle 

hygroscopicity and CCN activity [Jimenez et al., 2009; Tritscher et al., 2011; Tang et al., 

2012]. In Jimenez et al. [2009], ambient aerosols and chamber SOA from three different 

precursors showed the same trend of increasing hygroscopicity with increasing O:C. Several 

studies have observed changes with hygroscopicity with O:C and overall oxidation state; 

whereas other studies have observed little to no effect [Meyer et al., 2009; Poulain et al., 

2010; Duplissy et al., 2011; Frosch et al., 2011; Lambe et al., 2011; Tritscher et al., 2011; 

Tang et al., 2012; Alfarra et al., 2013].  

 Few studies have investigated the link between aerosol hygroscopicity, volatility, 

and level of SOA oxidation [Jimenez et al., 2009; Poulain et al., 2010; Tritscher et al., 2011; 

Hong et al., 2014; Cerully et al., 2015].  Even fewer have provided a comprehensive study of   

the relationship between SOA hygroscopicity, volatility, and oxidation state from 

sesquiterpene sources. As an example, Tritscher et al. [2011] studied the evolution of 

hygroscopicity and volatility in a system where a-pinene was first exposed to ozone and later 

to OH-oxidation. They found that upon the initial ozonolysis, volatility decreased and 
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hygroscopicity increased with the exposure time to ozone, even while the O:C ratio stayed 

relatively constant. Upon the addition of OH, the aerosol became more volatile and more 

oxidized while the hygroscopicity s t a ye d  relatively constant . It i s  thus  clear  that  much 

s t i l l  needs  to  be done to  understand  the simultaneous processes that influence SOA 

volatility and hygroscopicity upon its oxidative aging in the atmosphere. 

 In this work, we explore the coupled evolution of volatility and hygroscopicity   of 

longifolene SOA. To our knowledge, this is the first study that looks at the direct 

photooxidation of longifolene with simultaneous volatility and hygroscopicity measurement 

information in a controlled SOA   system.   The   single   precursor   study   provides insight   

into the c h e m i c a l  transformations during the formation of secondary products and 

subsequent effects on the chemico-physical properties of the evolving aerosol. 

 

2.3 Methods and Instrumentation 

 

2.3.1 Chamber Facilities 

 

 All experiments were conducted at the College of Engineering Center for 

Environmental Research and Technology, University of California, Riverside (CE-

CERT/UCR) atmospheric chamber facility. The facility houses dual 90 m
3 

reactors and is 

presently one of the largest indoor chambers dedicated to studies of atmospheric chemistry. 

The large chamber size helps minimize the losses of the reactants and products to the chamber 

walls. Relative humidity (RH) inside the chamber was maintained at or below 0.1% RH (LI-

COR
®   

LI-840A CO2/H2O analyzer). The enclosure is continuously flushed with purified air 

(Aico 737 series air purification system; Cleves, Ohio).  272 Sylvania black lights (115W each) 
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simulate solar irradiation and ultraviolet (UV) light. Additional details of the chamber facility 

and experimental protocols are described by Carter et al., [2005]. UV lights are turned 

on after injection of longifolene (MP Biomedicals) and 1 or 2 ppm of H2O2 (Fluka). 50% 

H2O2 solution is injected over acid/base treated glass wool at 60℃. Table 1 provides a 

summary of the twelve experiments in this study. The reaction time for each experiment 

ranged from 4 to 8 hours. A series of chemical and physical characterization instruments 

measured aerosol properties as o u t l i n e d  below. 

 

2.3.2 Instrumentation 

 

 A custom-bui l t  scanning mobility particle sizer (SMPS) was used to monitor real-

time particle number and was used to calculate volume concentration size distributions (27-

685 nm) [Cocker et al., 2001]. Particle density, ρ, was determined from a coupled Aerosol 

Particle Mass Analyzer (APM) (Kanomax model 3600) and a second SMPS was located 

directly downstream of the APM.  Density data was acquired every 75 seconds and applied to 

aerosol mass calculations. Details of the instruments and theory are described elsewhere 

[Malloy et al., 2009; Tang et al., 2012; Giordano et al., 2014]. Total aerosol mass 

concentrations were wall-loss corrected and are presented in Table 1. The overall aerosol mass 

yield was defined as the ratio of particle mass produced to the amount of reacted gas species, 

𝑌 =
∆𝑀𝑜

∆𝑅𝑂𝐺
 [Odum et al., 1996]. 

 Aerosol chemical composition was measured with an Aerodyne High Resolution 

Time- of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) [DeCarlo et al., 2006; 

Jimenez et al., 2003]. The average aerosol molecular weight was measured with a Particle-
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Into-Liquid Sampler- Time-of-Flight Mass Spectrometer (PiLS-ToF-MS), [Clark et al., 2013].  

In P i L S -ToF-MS, particles are sampled and then transferred to the aqueous phase for 

analysis. The MS. then samples the dissolved ions the aerosol molecular weight and its 

evolution are observed over time (Fig. 1). The average molecular weight from the PiLS-ToF-

MS is presented in Figure 1.  

 A custom-built online Volatility Tandem Differential Mobility Analyzer (VTDMA) 

measured particle volatility. The VTDMA consisted of two differential mobility a n a l y z e r s  

(DMA), one condensational particle counter (CPC) and one Dekati
® 

thermodenuder (TD, 

residence time ~17 s). The first DMA selected a narrow size distribution of particles that 

then entered the TD with a geometric mean diameter Di. A second DMA and CPC 

measured the particles exiting the TD. The final diameter, Df, was determined by fitting 

a log-normal size distribution curve to the data. Volume fraction remaining (VFR) was 

calculated as the volume ratio of particles before and after passing through the TD with 

temperature T, assuming a monodisperse population, i.e. VFR = (Df /Di)
3
. To quantify the 

volatility of the produced SOA, the kinetic evaporation model of Riipinen et al. (2010) was 

applied (see SI for further details). The temperatures before and after the TD, the residence 

times, the mean diameter, and mass concentration of the SOA were model inputs. Molar 

masses, densities, diffusion coefficient of the compound in air and surface tension of the SOA 

components were assumed to stay constant during the aging and evaporation processes. The 

volatility of the aerosol particles was e s t i m a t e d  by fitting the VFR data with three 

decadally-spaced volatility bins in the model (Psat = [10
-12 

10
-9 

10
-6

] Pa). Three was the 

minimum number of bins that the data could be successfully reproduced with while keeping 
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the problem uniquely constrained. Mass accommodation coefficients were assumed to be 

unity for all the studied compounds.  The reported volatilities can thus be considered as lower 

limits, although no conclusive evidence of accommodation coefficients significantly less than 

unity for typical atmospheric organic molecules is currently available [Julin et al., 2014; 

Zhang et al., 2014]. 

 The CCN activity was measured with a Droplet Measurement Technologies (DMT) 

Continuous-Flow Streamwise Thermal Gradient CCN Counter (CCNC) [Lance et al., 

2006; Roberts and Nenes, 2005]. Aerosol from the chamber was classified by a commercial 

SMPS (TSI 3080), followed in parallel by a condensation particle counter (CPC, TSI 3772 or 

3776) and the CCNC. The total aerosol concentration (CN) of the mono-disperse particles was 

counted by the CPC and the CCN concentration was measured by the CCNC. The DMA used 

with the CCN counter was operated at a sheath-to-aerosol flow ratio of 10:1. Instrument 

supersaturation, ss, ranged from 0.2% to 1% and was calibrated using atomized (NH4)2SO4 

aerosol. Scanning Mobility CCN Analysis (SMCA) provides size resolved CCN activity using 

data from the CCN counter and the SMPS [Moore et al., 2010]. By keeping constant 

instrument ss during the scanning cycle of the SMPS, we measured the time series of CN and 

CCN counts, and then used an inversion procedure to determine the CCN/CN ratio as a 

function of dry mobility diameter. The critical diameter, Dp50, corresponds to the CCN/CN 

ratio of 0.5, and is determined for each ss. This procedure is repeated over multiple ss, 

characterizes the size-resolved CCN properties every 135   seconds for a given s s .  The Dp50, 

is used to calculate the corresponding hygroscopicity parameter κ [Petters and Kreidenweis, 

2007]. During the experiment, particle distributions shift to larger sizes due to coagulation, 

condensation and aging; for the lowest CCNC instrument supersaturation, particles sizes 
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may shift above the critical diameter. Hence κ-hygroscopicity data is obtained during earlier 

times of the chamber reaction. 

 

2.4 Results and Discussion 

 

Twelve different experiments were conducted (Table 1). VFR and density data were 

collected in all experiments, while only the later experiments included oxidation state, 

molecular weight and hygroscopicity information via AMS, CCNC and PiLS-ToF-MS data 

sets. Longifolene photooxidation at very low RH produced SOA readily. The average mass 

yield was 59%, consistent with the high mass yields (~75%) reported by Ng et al. [2007]. The 

average particle density was 1.29 ± 0.06 g cm-3 and remained constant during photooxidation. 

The density is consistent to previously reported sesquiterpene SOA density data [Tang et al., 

2012; Nakao et al., 2013]. The O:C did not change significantly over the course of each 

experiment and had an average value of 0.25, which is slightly lower than typical values 

observed for ɑ-pinene ozonolysis but in the range of ambient aerosol components 

[Canagaratna et al., 2015].  

Figure 1 shows the PiLS-ToF-MS contour plot of SOA formed (Fig. 1A) as described 

by Clark et al. [2013] and the evolution of the SOA molecular weight (Fig. 1B) with time 

(experiment 12 in Table 1). Each data point is representative of 5-minute spectra taken by the 

PiLS-ToF-MS. Photooxidation was initiated at time zero and the first particles were observed 

with the SMPS roughly 20 minutes later. During the experiment, the SOA particles grew by 

condensation of vapors as well as coagulation (see SI Figure 1). The molecular weight of 

longifolene is 204 g mol-1 and the first SOA had a 5-minute average molecular weight ~250 g 

https://paperpile.com/c/wei0QW/yRrk+LY9y
https://paperpile.com/c/wei0QW/yRrk+LY9y
https://paperpile.com/c/wei0QW/yRrk+LY9y
https://paperpile.com/c/wei0QW/yRrk+LY9y
https://paperpile.com/c/wei0QW/yRrk+LY9y
https://paperpile.com/c/wei0QW/yRrk+LY9y
https://paperpile.com/c/wei0QW/lqNq
https://paperpile.com/c/wei0QW/lqNq
https://paperpile.com/c/wei0QW/lqNq
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mol-1 (Figure 1). As the vapors and particles aged by reactions with OH, the average molecular 

weight increased to ~ 320 g mol-1. Overall, the average molecular weight of the SOA produced 

was 294 g mol-1. It is noted that the SOA system appears to form dimers and trimers with aging. 

The average molecular weights of each mode are ~200, ~570 and ~810 AMU, respectively. 

Here, we focus on the average molecular weight as it can be used in the predictions of κ-

hygroscopicity and volatility. For all the experiments (Table 1), particles from 50 to 300 nm 

were used in the subsequent volatility modeling and CCN activity analysis.  

Figure 2 shows the evolution of the VFR (Fig. 2A) and the SOA volatility as inferred 

from VTDMA data (Fig. 2B, see also SI). As expected, the VFR decreased with increasing 

thermodenuder temperature. As OH exposure increased ageing occurred and volatility 

decreased The kinetic evaporation model reproduced the measured evaporation of organic 

aerosol by assuming that the particles consisted of three components with the following 

volatilities: 10-6 Pa (representative of semi-volatile organic compounds, SVOCs), 10-9 Pa 

(representative of low-volatility organic compounds, LVOCs) and 10-12 Pa (representative of 

extremely low volatility, ELVOCs, see e.g. [Murphy et al., 2014]. It should be noted that in 

our system, there is little to no evidence of the production of highly oxygenated molecules 

(HOMs). Here, the term ELVOC is strictly used as a classification of products with extremely 

low volatility. The difference between the measured and modeled particle evaporation curves 

(VFR vs. T for a given Dp,initial) was minimized with an optimum combination of mass fractions 

of the three aerosol components [Häkkinen et al., 2014]. The initial diameters (upper axis in 

Fig. 2B) were indicative of the aging time; larger particle sizes representing more aged SOA. 

As the aerosol aged, a larger fraction of extremely low-volatility (psat = 10-12 Pa) species was 

present. The modeling results are not strongly sensitive to the Kelvin effect (Dp < 150 nm), 

https://paperpile.com/c/wei0QW/YW4CW
https://paperpile.com/c/wei0QW/YW4CW
https://paperpile.com/c/wei0QW/YW4CW
https://paperpile.com/c/wei0QW/S2zG4
https://paperpile.com/c/wei0QW/S2zG4
https://paperpile.com/c/wei0QW/S2zG4
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and the change in the fitted aerosol mass fractions was less than 20% if the Kelvin effect was 

not accounted for. The VFR data was comparable to the corresponding thermograms for the 

SOA formed from 𝛂-pinene oxidation [Tritscher et al., 2011, and references therein], also 

consistent with the presence of ELVOCs in the particle phase [Jokinen et al., 2015]. Our results 

also indicate that exocyclic structures, such as longifolene, can produce ELVOCs through the 

OH radical pathway by as much as 22.5% of the overall SOA yield.  

The average observed hygroscopicity parameter κ determined from the CCN data at ss 

of 0.2-1.2% was about 0.10 and consistent between experiments (Table 1). These values were 

obtained within two hours of photooxidation and may not represent the hygroscopicity of the 

species formed later in the experiment. Furthermore, changes in the observed CCN activity 

upon aging were dependent on the supersaturation, as evidenced by Fig. 3 for experiments 6, 

7, 9 and 12 (Table 1). Fresh 100 nm particles exposed to ~0.2% supersaturation did not activate 

during the first two hours of the experiments, but became fully CCN active four hours into the 

experiment (Fig. 3A). At ~0.4% supersaturation, on the other hand, most of the 100 nm 

particles were CCN active over the entire experiment. Based on the data collected by Pajunoja 

et al., longifolene SOA exhibited no hygroscopic growth in the sub-saturated conditions. The 

combination of hygroscopicity and CCN activation data allows for an estimation of the 

bounding values for the effective single-component solubility of the SOA using the standard 

equilibrium calculation between a given RH or ss and an aqueous solution droplet (e.g. 

[Riipinen et al., 2015]). In these calculations, we have assumed an ideal mixture between water 

and the SOA, the average molar mass and density obtained from the experiments, and a surface 

tension of water for the SOA. On one hand, the observation of no hygroscopic growth at RHs 

below supersaturation [Pajunoja et al., 2015] suggests that the effective solubility of the SOA 

https://paperpile.com/c/wei0QW/0ajP2
https://paperpile.com/c/wei0QW/0ajP2
https://paperpile.com/c/wei0QW/0ajP2
https://paperpile.com/c/wei0QW/wd3hn
https://paperpile.com/c/wei0QW/wd3hn
https://paperpile.com/c/wei0QW/wd3hn
https://paperpile.com/c/wei0QW/fvhny
https://paperpile.com/c/wei0QW/fvhny
https://paperpile.com/c/wei0QW/p7fI
https://paperpile.com/c/wei0QW/p7fI
https://paperpile.com/c/wei0QW/p7fI
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is lower than about 1000 g L-1. On the other hand, the complete activation at the supersaturation 

of 0.4% suggests an effective single-component solubility larger than about 10 g L-1. It should 

be borne in mind that due to the complex nature of the SOA mixture these estimates should be 

treated as rough estimates only, and individual components with solubilities below 10 g L-1 are 

very likely present in the mixture. Furthermore, if combined with the information on average 

density and molar mass, the hygroscopicity parameter values reported in Table 1 indicate 

complete dissolution upon activation at 0.4% supersaturation. It can be concluded that the CCN 

activation and hygroscopicity behavior of the longifolene SOA studied here (with O:Cs of 0.2-

0.3) is relatively similar to the behavior of α-pinene SOA with O:Cs below about 0.5, in line 

with the results reported by Pajunoja et al. [2015].   

The change in CCN activity of 100 nm particles at 0.2% is sensitive to changes in 

composition (as confirmed by observations of molecular weight and volatility). Theoretically, 

an increase in solute molecular weight decreases predicted CCN activity. Our results indicate 

that the CCN activity increases despite increasing average molecular weight. Changes in CCN 

activation suggest the domination of functionalization pathways over oligomerization upon 

aging. Comparing the volatility and elemental composition here to Figure 4 in Shiraiwa et al., 

2014 suggests simple gas-phase oxidation as a source of functionalized compounds.  

 

2.5 Conclusions and Implications 

In this work, we have studied the properties and behavior of SOA formed in the 

photooxidation of longifolene. The slow reactivity of longifolene allows for systematic studies 

on the time-evolution of the SOA formed in the photooxidation of sesquiterpenes. To our 

knowledge, this is the first study in which the volatility and water uptake of the SOA formed 

https://paperpile.com/c/wei0QW/syw7
https://paperpile.com/c/wei0QW/syw7
https://paperpile.com/c/wei0QW/syw7
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in the OH-oxidation of longifolene have been simultaneously studied in a large-scale reactor. 

We found a consistent increasing molecular weight trend, with relatively constant O:C, 

decreasing volatility, and increasing hygroscopicity of the SOA with OH-exposure time. The 

average overall mass yield was ~59%, comparable to previous yields for sesquiterpene 

oxidation. The water uptake behavior of the longifolene SOA was similar to monoterpene SOA 

at similar O:C, showing no water uptake at sub-saturated conditions but activating readily as 

CCN above ~0.2 supersaturation. The evaporation of the longifolene SOA in a VTDMA was 

reproduced with a kinetic model assuming a surrogate mixture of three volatilities ranging 

from extremely low volatility to semi-volatile species. The contribution of the extremely low 

and low volatility species increased with OH exposure, reaching fractions corresponding to an 

estimated total ELVOC mass yields of about 8-19% (corresponding to molar yields of 3-12% 

assuming an ELVOC molar mass of 320 g mol-1). Although this study was centered on 

longifolene photolysis, the results indicate that larger exocyclic structures may produce 

ELVOCs via hydroxyl radical pathways. It should also be noted that our definition of ELVOCs 

is centered on psat, and not on the formation of highly oxidized molecules (HOMs). While it 

has been previously thought that auto-oxidation reactions induced in the ozonolysis of 

monoterpenes is the primary source of ELVOCs in the atmosphere [Jokinen et al., 2015], our 

results indicate that ELVOCs can also be formed in notable amounts upon photooxidation of 

sesquiterpenes. The overall mass yields of the ELVOCs in our system are over a factor of two 

higher than those reported by who report a molar yield of about 3% (corresponding to a mass 

yield of ~7%) for monoterpene ozonolysis. Combining this information with the sesquiterpene 

emission estimates (about 30 Tg y-1 compared with the corresponding estimates of about 90 

Tg y-1 for monoterpenes according to the MEGAN model, see e.g. [Acosta Navarro et al., 

https://paperpile.com/c/wei0QW/wd3hn
https://paperpile.com/c/wei0QW/wd3hn
https://paperpile.com/c/wei0QW/wd3hn
https://paperpile.com/c/wei0QW/zvinm
https://paperpile.com/c/wei0QW/zvinm
https://paperpile.com/c/wei0QW/zvinm
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2014] suggests that sesquiterpenes are a globally important source of ELVOCs, comparable in 

magnitude to ELVOCs from monoterpene ozonolysis.   

The CCN activity of the SOA increased with increasing OH exposure. This indicates 

an enhanced polarity (and hence water-solubility) with oxidative aging drives the CCN 

activation behavior.  It is not due to increasing molecular weight or aerosol oligomerization, a 

process which would likely decrease the CCN activity. In the experiments conducted by 

Pajunoja et al [2015] at sub-saturated conditions, the SOA did not grow and take up water. 

The negligible hygroscopic growth at sub-saturated conditions coupled with significantly 

higher hygroscopicity inferred from the CCN behavior is consistent with previous observations 

of longifolene and α-pinene SOA with similar oxidation states as the ones measured in this 

study (O:C typically of the order of 0.2-0.3) [Pajunoja et al., 2015]. This suggests the presence 

of species with relatively similar solubilities may be present in the two SOA mixtures, although 

the average molecular weight is expected to be lower in the α-pinene SOA mixture. 

 Tolocka et al. [2004] proposed the formation of oligomers from α-pinene ozonolysis, 

and asserted that other SOA systems most likely produce oligomers in significant quantities. 

However, the hygroscopicity of these oligomers was unknown and warranted further research. 

Here, we observe both the formation of oligomers and the hygroscopicity of the SOA. 

Oligomers appear to be formed in our system, as indicated by the PiLS-ToF-MS contour plot 

and minimal change in O:C. These oligomers are likely the main driver in increasing molecular 

weight of the system. When combined with the VFR findings, the oligomers are also low 

volatility, and thus can be classified as ELVOCs in the system. These oligomers also appear to 

be CCN active, as they are present in high concentrations within the SOA produced; as more 

oligomers formed, CCN activity increased.  

https://paperpile.com/c/wei0QW/zvinm
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Our findings are consistent with the recent findings of Lopez-Hilfiker et al. [2016] in 

that biogenic SOA produces low volatility aerosol. However, thermal decomposition does not 

appear to take place. This is evidenced by the recreation of VTDMA data at varying 

temperatures. Kolesar et al. [2015] proposed the formation of oligomers with SOA aging, 

which we were able to observe. However, the proposed oligomers Kolesar et al. [2015] break 

down with heat, whereas the SOA of our system does not. Rather, the longifolene oligomers 

are low volatility and do not evaporate.  

The simultaneous investigation of the volatility and hygroscopicity of the longifolene 

SOA reveals that atmospheric aging of sesquiterpene species by the hydroxyl radical is 

important for a) the formation of extremely low volatility (ELVOC) species, even in the 

absence of ozone and b) increasing the CCN activity of the sesquiterpene SOA. 
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2.7 Table  

 

Table 2.1 List of experiments and summary of results 

Expt # [H2O2] 

(ppm) 

VTDMA 

temp. 

(°C) 

[Longifolene] 

(ppb)a 

SOA 

density 

(g/m3) 

SOA 

mass 

(Wall 

Loss 

Corr.) 

(µg/m3) 

SOA 

mass 

yield 

 (%) 

 SOA  

 

O:Cb 

kCCN 

1 1 100 70 1.25±0.06 339 58    

2 1 50 36 1.27±0.06 135 45    

3 1 75 32 1.22±0.14 143 53    

4 1 90 28 1.29±0.10 160 68    

5 1 N/A 33 1.28±0.04 134 48    

6 1 70 10 1.29* 63 74   0.09±0.02 

7 1 70 20 1.33±0.08 137 84   0.08±0.02 

8 2 60 17 1.29* 89 63    

9 2 90 12 1.30±0.05 61 61   0.08±0.01 

10 2 70 17 1.23±0.04 N/A N/A  0.19-

0.27 

 

11 2 70 10 1.23±0.05 50 60  0.21-

0.26 

 

12 1 100 22 1.26±0.03 63 34  0.21-

0.31 

0.13±0.05 

a 
detected by Gas Chromatography 

b 
range of values (initial and final) 

*Average density from past experiments used 
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2.8 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. a) PiLS-ToF-MS contour plot of longifolene SOA. Oligomers are formed as dimers 

and trimers. b) 5-minute average molecular weight for SOA from longifolene photooxidation. 
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Figure 2.2 A) Volatility data for longifolene + OH aging experiments. The VFR evolution is 

measured at 4 thermodenuder temperatures (experiments #1-4, behavior representative of all 

experiments). B) Results of modeled aerosol mass fractions assuming three volatility bins with 

aging time and particle size. 
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Figure 2.3. CCN/CN for 100 nm particles at ~0.2% ss (A) and ~0.4% ss (B). Shaded areas are 

within 95% confidence intervals. 
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3 Gas-phase kinetics modifies CCN activity of biogenic SOA 

 

 

3.1 Abstract 

 

Our current knowledge of cloud condensation nuclei (CCN) activity and the 

hygroscopicity of secondary organic aerosol (SOA) depends on particle size and composition, 

explicitly, the thermodynamic properties of the aerosol solute and subsequent interactions with 

water. Here, we examine the CCN activation of 3 SOA systems (2 biogenic single precursor 

and 1 mixed precursor SOA system) in relation to gas-phase decay. Specifically, the 

relationship between time, gas phase precursor decay and CCN activity of 100 nm SOA are 

studied. The studied SOA systems exhibit a time-dependent growth of CCN activity at an 

instrument supersaturation ~0.2%. As such, we define a critical activation time, t50, above 

which a 100 nm SOA particle will activate. The critical activation time for isoprene, 

longifolene and a mixture of the two precursor SOA are 2.01 hours, 2.53 hours and 3.17 hours, 

respectively. The activation times are then predicted with gas-phase kinetic data inferred from 

measurements of precursor decay. The gas-phase prediction of t50 agrees well with CCN 

measured t50 (within 0.05 hours of the actual critical times) and suggests that the gas-to-particle 

phase partitioning may be more significant for SOA CCN prediction than previously thought. 

 

3.2 Introduction 

 

The ability to become CCN and form a stable droplet depends on a particle’s 

hygroscopicity and water activity. The term hygroscopicity characterizes the aerosol solute 

bulk composition. Hygroscopicity can be and is often quantified by the single parameter, 

κappa, measured at sub and supersaturated relative humidities.1 Traditionally, κappa values are 
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assumed to be constant for aerosol of singular chemical composition. For secondary organic 

aerosol (SOA), comprised of thousands of compounds, few of which have been speciated,2 the 

average κappa has typical values near ~0.1 and can increase with aging1,3-9.  

 In several published cases, the apparent hygroscopicity of SOA can be dynamic and 

transient, although deviations within ± 0.05 of reported kappa values can be considered within 

the uncertainty of analysis10-13. Tang et al.10 found that kappa for amine SOA varied with 

supersaturation, whereas Zhao et al.12 demonstrated a changing kappa with changing O:C 

ratios (biogenic versus anthropogenic SOA precursors). However, Hildebrandt-Ruiz et al.13 

found that O:C and kappa did not appear to show a relationship, although the possibility of 

gas-phase surfactants may explain this. Recent studies have shown a direct dependence 

between κappa and the changing composition of SOA.6,11,12 For example, Zhao et al.11 

demonstrated a size dependence of κappa with ageing. The changes in hygroscopicity were 

strongly correlated with changes in particle oxidation attributed to oxidation primarily 

occurring in the gas phase and whose products partitioned between the particle phase and gas 

phase through condensation and evaporation11.  

 Due to instrumentation limitations, κappa values are often reported in specific times of 

ageing experiments. Particle diameters can shift to larger sizes beyond the window of 

instrument supersaturation and critical diameter.4,9,11,14 For example, Asa-Awuku et al.4 

explored the CCN activity of β-caryophyllene SOA and noted a shift in activation diameter 

over the course of the experiment. The CCN/CN ratio for 100 nm particles at 0.61% 

supersaturation increased sigmoidally over time as well. Vizenor et al.14 showed that κ-

hygroscopicity values could only be obtained in the initial stages of SOA formation and ageing 

for longifolene SOA. Furthermore, the evolution of longifolene SOA likely occurred from gas-
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phase autoxidation and CCN activity changed with time.14 In the studies above, hygroscopicity 

changes are generally associated with the particle phase of aerosol, rather than the properties 

of the gas-phase precursors. Thermodynamic droplet theory is modified by solute properties 

(e.g. molecular weight, density, molar volume, etc.) and as such aerosol solute properties are 

often explored in conjunction with CCN measurements.  

 The recent results of Zhao et al.11 and Vizenor et al.14 are indicative of a stronger more 

influential role of gas-phase chemistry for CCN. Here, we explore the role of gas-phase 

chemistry and CCN with a systematic study that relates the decay of gas-phase biogenic SOA 

precursors chemistry to CCN activity. Specifically, we present data for SOA formed from 

isoprene, longifolene and an atmospherically representative mixture of a 

monoterpene/sesquiterpene precursor with hydroxyl radical. Longifolene is a less studied 

compound yet its slow decay allows for discrete measurement. Longifolene is not reactive with 

ozone;15 thus excess hydroxyl radical photooxidation is employed to ensure that all precursors 

react. Several SOA and CCN studies tend to focus on single precursor SOA yields and 

oxidation states; singular precursor studies are useful for developing reaction mechanisms and 

the identification of compounds. The atmosphere is a complex system with a plethora of VOC 

precursors and oxidants present at once. Multiple precursor studies contribute an added level 

of complexity that are characteristic of real-world emissions and reactions. Interactions 

between gas-phase VOC precursors, oxidants, and their subsequent reaction products are not 

well understood and may alter the chemical and physical properties of resulting SOA CCN. 

The following work investigates the evolution of SOA properties from single and multiple 

precursors with an emphasis on gas-phase kinetics and CCN activity.  
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3.3 Methods and Instrumentation 

 

 Experiments were conducted at the University of California, Riverside, College of 

Engineering, Center for Environmental Research and Technology (UCR/CE-CERT), 

atmospheric chamber facility. Dual 90 m3 Teflon reactors are housed in an insulated 

enclosure.16 Temperature was kept constant at room temperature (21°C), and relative humidity 

was maintained below 0.1% relative humidity (RH, LI-COR LI-840A CO2/H2O analyzer). 

The enclosure is continuously flushed with purified air (Aadco 737 series air purification 

system; Cleves, Ohio), and 272 115W Sylvania black lights were used to simulate irradiation 

and UV light in the chamber. 2ppm of H2O2 was injected in each experiment and provided a 

source of OH radicals. VOCs were then injected with target concentrations of 100 ppb for 

isoprene and 7ppb for longifolene, to simulate the much larger concentration ratios of isoprene 

to sesquiterpenes commonly found in the environment.17-19 UV lights were turned on after all 

injections were stabilized. Photooxidation lasted up to 8 hours and both gas and particle-phase 

properties were measured.  

 Gas-phase VOC precursor decay was quantified with an Agilent Gas Chromatograph-

Flame Ionization Detector (GC-FID). Both longifolene and isoprene were detected by GC-

FID. Gas-phase data were collected every ~15 minutes. The terpene retention times during gas 

chromatography are distinct. Thus, isoprene and longifolene are an optimal choice for 

experimental study; the possibility of redundancy in VOC concentration measurements with 

GC-FID is eliminated in multiple precursor experiments.  

 A home built scanning mobility particle sizer (SMPS) measured particle number 

concentration (27-685 nm size distributions).20 Aerosol mass concentration was calculated by 

multiplying measured SOA density, ⍴ (Aerosol Particle Mass Analyzer, APM, Kanomax 
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model 3600) and SMPS particle volume. Yield was then calculated with the one-product 

model,21 defined as the ratio of particle mass produced (from SMPS, and APM data) to the 

amount of reactive gas species (consumed precursor from GC-FID data). Aerosol elemental 

composition and oxidation state were also measured with an Aerodyne High Resolution Time-

of-Flight Aerosol Mass Spectrometer (HR-ToF-MS).22-24 Improved-ambient corrections were 

applied for O:C and H:C calculations.24  

 CCN activity was measured with a Droplet Measurement Technologies (DMT) 

Continuous-Flow Streamwise Thermal Gradient CCN Counter (CCNC).25-27 Aerosol was 

classified with a commercial SMPS (TSI, 3080) and operated in parallel to a condensation 

particle counter (CPC, TSI 3772 or 3776) and the CCNC. 100 nm mobility diameter particles 

were selected and the ratio of activated CCN to total particles (condensation nuclei, CN) were 

observed at ~0.2% supersaturation (SS). For constant and known solute composition, the 

CCN/CN ratio at given particle diameters and supersaturations will not change (i.e., CCN/CN 

ratio of (NH4)2SO4 at 100nm and 0.2% SS = 1); the kappa value is also constant as the solute 

composition does not change. The reported SS for each experiment was derived from 

instrument calibration with (NH4)2SO4.  Each calibration determined critical diameters to infer 

actual instrument SS (Fig. S1). Data was also charge corrected to account for doubly-charged 

particles. Appendix B shows the charge corrected data for the whole distribution (100 nm 

particles are also indicated). 

 

3.4 Results and Discussion 

 

In all experiments, SOA is substantially formed for subsequent CCN measurement. 

While sesquiterpenes are known to produce high yields of aerosols (> 50%), isoprene generally 
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does not produce yields greater than 8%.14,28 Here, the average yield of longifolene and 

isoprene SOA is 60% and 13%, respectively. Despite the low yield of isoprene SOA and small 

precursor concentrations of longifolene SOA, enough SOA is produced for physical and 

chemical particle measurements (e.g., 19 μg/m3 and 50 μg/m3 for isoprene SOA and 

longifolene SOA, respectively). The average SOA yield of the isoprene + longifolene precursor 

mixture is 25%. The SOA yield is consistent with previous sesquiterpene and isoprene SOA 

formation yields.9 Furthermore, both studies show that small amounts of sesquiterpenes in the 

presence of isoprene increase reactivity, leading to non-additive higher SOA yields. 

SOA nucleation and formation begins 20 minutes after the initiation of photooxidation. 

At that time, 100 nm are present in sufficient concentrations (> 50 #/cc).  The average CCN/CN 

ratio of 100 nm particles of longifolene SOA, isoprene SOA and isoprene + longifolene SOA 

are plotted in figure 1 at 0.24% SS. The CCN/CN ratio is commonly plotted versus particle 

mobility diameter or SS, and the point of inflection on the sigmoid is the critical dry diameter 

or critical supersaturation, above which particles will rapidly activate as CCN.1,29 A similar 

sigmoid can be applied to plot of CCN/CN versus time for a given particle diameter and SS as 

follows: 

𝐶𝐶𝑁

𝐶𝑁
= 𝑆𝑚𝑖𝑛 +

𝑆𝑚𝑎𝑥 − 𝑆𝑚𝑖𝑛

1 + [
𝑡50𝑐𝑐𝑛

𝑡
]

𝑟  (1) 

Where Smin is the minimum value of the bottom plateau’s sigmoid, Smax is the maximum plateau 

value, t50ccn is the critical time at which 50% of the particles activate as CCN, t is the time at 

which measurements are taken and r is the rate at which the sigmoid increases. Theoretically, 

Smin and Smax are equal to 0 and 1, respectively, as there are no CCN active particles at the 

beginning of the experiment (CCN/CN = 0). Later, if the particle is sufficiently hygroscopic, 
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all of the particles activate as CCN. The most important sigmoidal variables for SOA are t50ccn 

and r, as these variables can be unique to specific SOA precursors. The t50ccn, for isoprene, 

longifolene and the mixture SOA are 1.95, 2.53 and 3.17 hours, respectively (Table 1). The 

critical times for activation appear to be distinct for the three separate systems. Furthermore, 

the critical time for 100 nm particles to form CCN active materials in the multiple-precursor 

SOA system is longer than that of the single-precursor SOA. r, the rate at which the sigmoid 

increases is very similar for individual precursors (~2) but significantly larger for the mixture 

SOA. SOA from the precursor mixture rapidly become active after t50ccn.  

Changes in particle CCN activity are likely due to changes (either in bulk or the surface) 

of the aerosol. Yet the additional physical and chemical aerosol data available for this study 

provide little information about the rapid change in CCN activity after t50CCN.  For example, 

the density of SOA from isoprene, longifolene and the terpene mixture SOA remains constant 

(1.3± 0.1) during experiments. The bulk O:C and H:C ratios from AMS data provide some 

insight into the changing chemical properties of 100 nm particles but do not exhibit large 

changes (Fig. 2). In figure 2, longifolene has lower O:C and H:C (~0.24 and 1.6, respectively) 

and isoprene has higher values (0.7 and 1.95). The oxidation state of the mixture does 

discernibly change with time (Fig. 2). At the start of isoprene + longifolene SOA formation, 

the mixture appears higher on the Van Krevelen plot, similar to the isoprene SOA oxidation 

state. However, as the reaction progresses, the O:C and H:C ratios decrease by ~ 0.2, and 

become more like longifolene. The AMS data of the SOA mixture is consistent with yield 

calculations and suggests that small amounts of longifolene may contribute to the composition 

and functionality of the SOA as the reaction progresses. Yet it is noted that the HR-AMS 

aerosol chemical information presented is limited in regards to the CCN activation of 100 nm 
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particles; it is not single-particle chemistry data and the AMS aerodynamic lens provides bulk 

chemistry information skewed for particles > ~ 60 nm in electrical mobility diameter. 

Consistent with previous studies, O:C only provides an approximate guide to particle 

hygroscopicity.30 

The gas-phase chemical decay however is consistent with time scale of aerosol 

formation and ageing. In all experiments, more than 95% of the initial gas-phase precursor was 

consumed by the end of the experiment. The single-precursor decay for longifolene and 

isoprene were assumed to fit a simple first-order exponential decay. The assumptions are 

validated by plotting the natural logarithm of the ratio of precursor concentration divided by 

initial precursor concentration versus photooxidation time and forcing the line through zero 

(Fig. 3a). The slope of the linear fit corresponds to an observed reaction constant, k (Table 1). 

k values are not absolute and are specific to the conditions of the chamber system. Additionally, 

k values are not corrected for particle formation known to influence values.15,28,29 Longifolene 

(as expected) had a slower decay rate than that of isoprene. The measured data agrees well 

with the first-order assumption (Fig. 3a, R2 = 0.97 and 0.98, isoprene and longifolene, 

respectively). 

In multiple precursor experiments, the time for individual precursor decay was 

significantly longer (almost double) in the presence of excess H2O2 (2ppm). The measured 

concentrations of isoprene and longifolene in the multiple precursor experiments did not 

exhibit first-order decay; the resulting fit of the first order model resulted in lower correlations 

for isoprene and longifolene (R2= 0.59 and R2= 0.67, respectively). This change in observed 

pseudo-reaction order suggests non-additive precursor behavior and the possibility of gas-

phase cross reactions between oxidation products.  As such, a kinetic model assuming overall 
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pseudo-nth order kinetics was applied to the multiple-component system and individual 

precursors in the mixed precursor experiment. These decays were also plotted using two first-

order decay fits and the analysis can be seen in Appendix B.  

To estimate the order of reaction for multiple precursors, nth-order kinetic analysis was 

performed by plotting the ratio of gas-phase concentrations,  
𝐶1−𝑛

𝐶0
1−𝑛 , versus photooxidation time 

(Fig. 3b). The value of pseudo-order, n, was obtained from a best-fit linear regression (see SI 

for additional details). The nth-order kinetic analysis estimates the observed overall order of 

reaction for the isoprene + longifolene SOA is 0.75 (Fig. 3b) and is less than 1 and consistent 

with a slower decay of precursors. A similar analysis is applied to the individual precursors 

and shows that the overall kinetics are non-elementary; longifolene decays to the 0.5 order and 

isoprene decays to the 0.75 order.  Notably, the best fit of the overall reaction order is similar 

to that of isoprene, further suggesting that isoprene plays a significant role, driving the overall 

reactivity of the system. The apparent reaction constant, kOH, as estimated from the respective 

nth-order analysis, is reported for single and multiple-precursor SOA systems (Table 1). For 

longifolene, the kOH values were 0.87 hr-1 and 0.0245 ppm0.5hr-1 for single and multiple 

precursor reactions, respectively. Isoprene kOH values were 1.03 hr-1 and 0.2331 ppm0.25hr-1. 

The overall kOH for the multiple precursor reactions was 0.220 ppm0.25hr-1 and is similar to that 

of isoprene in the system. Again, the similarity in the apparent reaction constant of the complex 

precursor mixture with the kOH of isoprene in the mixture strongly indicates that isoprene plays 

an important role in the gas-phase chemistry and subsequent aerosol formation in the mixed 

isoprene + longifolene oxidation experiment.  
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 The gas-phase decay as described above can be related to changes in CCN activity of 

100nm particles. In pseudo first-order systems (i.e., isoprene and longifolene SOA), the 

reactant concentration during decay can be normalized as follows: 

− (𝑙𝑛
𝐶

𝐶0
) = 𝑘𝑡 (2) 

Where C is the precursor concentration at time, t, and C0 is the initial concentration.  It should 

be noted that the first-order normalized decay is non-dimensional and equivalent to kt (the 

reaction rate constant multiplied by time).  The CCN/CN ratio for 100 nm particles at 0.24% 

SS was then plotted versus the normalized gas-phase decay (Fig. 4) estimated from kinetic 

parameters (Fig. 3).   In figure 1 the CCN activity of isoprene SOA and longifolene SOA are 

distinct. When normalized for gas-phase kinetics, the sigmoidal fits of isoprene SOA and 

longifolene SOA are almost identical (Fig. 4); strongly indicating that the gas-phase kinetics 

drives the apparent change in hygroscopicity of the 100nm particle.  

For an nth order system, kt is calculated as follows: 

𝑘𝑡 =
𝐶1−𝑛  − 𝐶0

1−𝑛

𝑛 − 1
 (3) 

In this case, kt is not dimensionless and has dimensions of [ppm]0.25. To directly compare the 

gas-phase CCN data, all the data sets were plotted on a dimensionless x-axis, 
𝑘𝑡

𝐶𝐴
1−𝑛 (Fig. 4.); 

for first-order systems, the denominator equals 1. The CCN activity of multiple-precursor SOA 

system (which activated at longer times in Fig. 1.) now is close to the single precursor sigmoids 

in figure 4. 

One important observation from gas-phase CCN analysis is the rate at which the 100 

nm particles become fully CCN active. All the sigmoids have similar rates (~6), indicating a 
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similarity in how quickly the particles activate over time. These slopes are relatively small; the 

activation process is not rapid upon reaching the critical time point. However, with only 3 

systems observed, it is difficult to say if this is a typical finding for this analysis. It is possible 

that more hygroscopic particles will have a steeper slope, which would indicate that the 

activation process is much more rapid than those presented here.  

An estimated t50 is inferred; that is, sigmoidal fits (Eq. 1) were applied to figure 4. The 

critical time (now inferred from gas-phase parameters), defined as t50gas was calculated and 

compared to the t50ccn (Fig. 5, Table 1). The calculated t50gas values for isoprene, longifolene 

and the mixture were 1.95, 2.52 and 3.11 hours, respectively. The t50gas values agree well with 

t50ccn (Fig. 5, within 0.05 hours), showing that temporal changes in CCN activity are reproduced 

using gas-phase decay information.  

 

3.5 Conclusions and Implications 

 

 The data presented here confirms the significance of gas-to-aerosol phase partitioning 

for CCN and emphasizes the need to account for gas-phase chemistry in addition to particle 

phase chemistry for secondary aerosol systems. It is commonly assumed that the particle-phase 

is the main, (sometimes sole) driver in SOA CCN activity. CCN theory depends on solute 

properties however the complete solute composition of SOA is unknown, difficult to speciate 

and thus the required thermodynamic properties for prediction are incomplete.  

Additionally, changes in observed aerosol composition and oxidation state (e.g. but not 

limited to aerosol density, O:C and H:C) are observed to correlate with changes in CCN activity 

but the magnitude in changes are often small and do not capture non-linear CCN behavior. Yet 

by using the gas-phase decay of the SOA precursors (whose initial emissions can be estimated 
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and measured), we were able to normalize the effects of oxidation and recreate the critical 

CCN times found with photooxidation time. The observed relationship indicates that gas-phase 

vapors play an important role in CCN activity. Acquiring information about the known gas-

phase precursor source and subsequent decay can be used for the prediction of timescales of 

CCN activity.  

Respectfully, the uniqueness of these findings should be applied with caution as the 

results and analysis are most sensitive to the particle size selected.  That is, for much smaller 

or larger particles at different SS, a sigmoidal response may not be observed with ageing. 

Nonetheless, 100 nm particles are of critical atmospheric size and relevance; often represented 

in new particle formation modeling efforts and are a minimum hygroscopicity particle size for 

cloud microphysical models.33-35 Indeed, if a critical time is required for activation, 100 nm 

SOA particles may not be instantaneous CCN.   

 Moreover, this work shows that multiple precursors influence the gas-phase kinetics 

for SOA formation. The change in gas-phase chemistry and kinetics subsequently modifies 

CCN activity. The pseudo-reaction order of the isoprene + longifolene SOA experiments is a 

non-integer value in the presence of excess OH. This suggests that with multiple precursors, 

cross-linking reactions in the gas-phase could occur thus altering the overall perceived order 

of reaction. This change in kinetics affects the properties of SOA relating to hygroscopicity 

and the added complexity of reactions in the gas-phase can delay the formation of hygroscopic 

compounds in the aerosol phase. Isoprene appears to drive the gas-phase reactivity in the 

presence of small amounts of sesquiterpene, as the overall order of reaction and reaction rate 

constant, k, are similar to that of singular isoprene decay in the mixed system. This is also 

evidenced by the H:C and O:C ratios from HR-ToF-AMS data, in which the multiple precursor 
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SOA is initially similar to isoprene, and decreases in value over time, behaving more like 

longifolene.  It is likely that with isoprene dominating in the gas-phase reactivity of the system, 

longifolene simply enhances the reactivity further by increasing the SOA yield. The results 

thus imply that isoprene may significantly contribute to SOA and CCN budgets more than 

originally assumed.  Furthermore, the ability of 100 nm SOA to be CCN active will not solely 

depend on size and will be photooxidation time and gas-phase reaction dependent. 
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3.8 Table  

 

Table 3.1 Time Dependent CCN SOA Properties of 100nm Particles 

 k base max rate (kt)50 t50,gas t50,ccn 

longifolene 0.87 hr-1 -0.018 1.12 6.25 2.20 2.52 2.53 

isoprene 1.03 hr-1 0.000 1.14 5.28 2.01 1.95 1.95 

mixture 0.22 ppm(0.25)hr-1 0.039 1.12 7.31 1.68 3.17 3.11 
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3.9 Figures 

 
Figure 3.1. CCN/CN activation ratio of 100nm SOA Particles versus time.  Multiple 

measurements of Isoprene SOA (red triangles), Longifolene SOA (blue circles) and Isoprene 

+ Longifolene mixture SOA (purple diamonds) are shown.   Lines are the average best fit 

sigmoid as presented in Equation (1). 
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Figure 3.2. Van Krevelen Diagram of biogenic SOA systems.  HR-AMS measurements of 

Isoprene SOA (red triangles), Longifolene SOA (blue circles) and isoprene + longifolene 

mixture SOA (diamonds) are shown.  The transition of data of the isoprene + longifolene 

mixture SOA with time are shown for two distinct experiments. Isoprene, and Longifolene 

SOA systems do not significantly change with time.  
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Figure 3.3. Normalized Gas-Phase Kinetic Decay (a) Single Precursor decay of isoprene (red 

triangles) and longifolene SOA (blue circles) experiments. Assuming pseudo-first order 

kinetics, a best fit linear regression through the origin is applied to isoprene and longifolene 

(red, and blue lines, respectively) (b) Overall precursor decay of isoprene + longifolene SOA 

mixtures (purple diamonds) and individual decay of isoprene (red triangles) and longifolene 

(blue circles) within the mixture.  The multiple-precursor system does not follow first order 

kinetics and is thus plotted assuming nth-order kinetics.  

 

 

 

 

 

a 
b 
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Figure 3.4.  CCN/CN activation ratio of 100nm SOA Particles versus dimensionless decay. 

Isoprene SOA (red triangles), Longifolene SOA (blue circles) and Isoprene + Longifolene 

mixture SOA (purple diamonds) are shown.  For first order systems, the apparent change in 

CCN activity with normalized gas-phase decay is similar.   
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Figure 3.5. Comparison of gas-phase predicted critical time, t50,gas and CCN critical time, t50,ccn

. 
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4 Flavorings Modify the Enhanced Condensational Growth of Electronic Cigarette 

Liquids 

 

4.1 Abstract 

 

Electronic cigarette usage has become increasingly prevalent as the number of 

traditional cigarette smokers has decreased. Because of this, there is a need to understand the 

properties of the aerosol produced by the electronic cigarette vaporizers. Here, we analyzed 

four different electronic cigarette liquids from one commercial manufacturer to determine if 

flavor or nicotine content affect enhanced condensational growth, dry and wet size 

distributions and water uptake ability (hygroscopicity) of the atomized aerosols. Overall, the 

dry particle size distribution is not significantly affected by the liquid chemical composition 

and the aerosols produced had peak diameters of approximately 20 nm. However, unknown 

flavoring additives alter the hygroscopicity of the aerosols. The tobacco flavored liquid had 

the highest hygroscopicity (κ = 0.22), followed by menthol (κ = 0.18) and then peach tea (κ = 

012). The nicotine content did not change the size distribution or hygroscopicity of the 

particles. In addition, the unknown composition of the e-cig liquid is measured with HR-TOF-

MS and results show notable differences in the molecular weight of flavorings. The average 

molecular weight of the most hygroscopic tobacco flavoring is 182 g/mol, while peach tea and 

menthol flavors had average values of 168 and 160 g/mol, respectively.  The results suggest 

that enhanced condensational growth and subsequent particle deposition of e-cigarette liquids 
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can vary substantially; additional research is needed to understand the subsequent health 

effects due to differences in particle hygroscopicity, ECG, and deposition. 

 

4.2 Implications 

 

This study implies that further research is required in to the health effects of electronic 

cigarette aerosols as they pertain to droplet growth in the respiratory airways. Additives may 

play a larger role than nicotine content during droplet growth and formation; the impact for 

lung deposition should be considered for regulation and health warnings. While the dry particle 

size distribution from different flavors may not differ, other physical factors (such as 

hygroscopicity) may modify wet particles sizes and subsequent deposition and requires 

consideration and observation to gauge the effects of e-cigarettes on health. 

 

4.3 Introduction 

 

  While the use of traditional cigarettes has declined over time, electronic cigarettes (E-

cigs) have increased in popularity (Caponnetto et al. 2011; Fromme and Schober 2015). E-cigs 

are marketed as safer alternatives to cigarettes because they do not contain additives such as 

tar and formaldehyde. Yet, E-cigs still contain high levels of toxins such as propylene glycol 

(Peace et al. 2016; Kosmider et al. 2016) and other proprietary compounds.  

  E-cig liquids are commonly inhaled via an electronic atomizer. Atomizers create a 

spray of aerosols (Moyne 2005). E-cig liquids generally contain vegetable glycerin (VG), 

propylene glycol (PG), water, nicotine and various flavorings, with propylene glycol being the 

main component (Peace et al. 2016; Lisko et al. 2015; Kosmider et al. 2016; Tierney et al. 

2016; Alpert, Agaku, and Connolly 2016; Allen et al. 2016). However, because E-cigs are not 

https://paperpile.com/c/aehFUH/Hk7c+CY6l+nGL5+BSPU+jBo3+m3bk
https://paperpile.com/c/aehFUH/Hk7c+CY6l+nGL5+BSPU+jBo3+m3bk
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regulated, there are no standards for these ingredients. In August 2016, the FDA began 

regulating the sales, marketing, and manufacturing of E-cigs by requiring companies to prove 

their claims via clinical trials (e.g. that their products can help smokers of traditional cigarettes 

quit smoking). However, the E-cig ingredients and flavors will not be regulated until FDA 

evaluations are complete (circa 2018). 

One of the primary health concerns for E-cigs is the possibility of bronchiolitis 

obliterans, colloquially known as “popcorn lung”. This occurs when the bronchioles in the 

lungs are obstructed, leading to severe shortness of breath and coughing. Inhaled diacetyl, a 

common ingredient in foods, is generally the major contributor of this disease. It was also 

detected in large amounts within E-cig liquids (Allen et al. 2016). Williams et al (2013) also 

found that some E-cigs contained micron-sized particles with tin, silver, iron, nickel, 

aluminum, and silicate. Tin, chromium, and nickel were also found in the nanoparticle range. 

While not components of the actual E-cig liquid, the metals may be found in the cartridges of 

the electronic atomizers. Both chemical composition and size are important factors for wet and 

dry particle inhalation. 

            A general health concern regarding inhaled aerosols (including those from E-cigs) is 

centered on the size of aerosols and their ability to deposit into the lungs.  Ultrafine aerosol 

(~0.1 μm), if hygroscopic and exposed to sufficient water saturation, can undergo droplet 

growth and experience enhanced condensational growth (ECG) and grow to larger sizes (> 1 

μm). Particles and droplets below 10 μm in diameter can pass into the lower airways, causing 

respiratory distress and their deposition rates may be dependent on their ECG (Longest and Xi 

2008; Zhang, Sumner, and Chen 2013; Blair et al. 2015; Ji et al. 2016; Kosmider et al. 2016) 

Blair et al. (2015) explored the size distribution and volatile organic compound (VOC) 

https://paperpile.com/c/aehFUH/m3bk
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concentrations of E-cigs and traditional cigarettes in a Teflon chamber and observed a bimodal 

distribution with a primary peak at 30 nm. These particles were significantly smaller than the 

size distribution of traditional cigarette smoke (which have a peak diameter around 220 nm). 

Yet, dry E-cig particles may possibly act as seeds for water in the lungs to condense on and 

thus their hygroscopicity must also be explored.    

 Aerosol hygroscopicity refers to the ability of a particle to uptake water to form a 

droplet and characterizes the aerosol propensity for ECG. Past studies have found that inhaled 

cigarette smoke particles can undergo ECG in the lungs due to being exposed to relative 

humidity, RH (Li and Hopke 1993; Longest and Xi 2008; Tang et al. 2012; Johnson et al. 

2015/8), Robinson and Yu (2008), Longest and Xi (2008), Johnson et al 2015). While many 

studies were performed under subsaturated conditions (RH < 100%), the importance of 

supersaturated environments should also be considered. Tang et al (2012) and Robinson and 

Yu (2008) both explored these conditions. RHs greater than 100% can occur with the inhalation 

of cool, humid air as well as the direct inhalation of cigarette smoke (Ferron et al 1984; Wexler 

1996). To our knowledge, these supersaturated conditions have yet to be considered when 

evaluating the health effects of electronic cigarettes and aerosolized liquids. 

          Hygroscopicity measurements are commonly quantified with the use of a singular 

parameter, κ, which details the ability of an aerosol to uptake water to form a droplet (Petters 

and Kreidenweis 2007). The larger the κ, the more hygroscopic the particle. To calculate κ, the 

supersaturation and particle dry diameter at which activation occurs must first be known. It can 

then be calculated by the following equation: 

κ =  
4𝐴3

27𝐷𝑑
3𝑙𝑛2𝑆𝑐

; 𝐴 =
4𝜎𝑠/𝑎𝑀𝑤

𝑅𝑇𝜌𝑤
 (1) 
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where Dd is the particle dry diameter, Sc is the supersaturation, σs/a is the surface tension of 

water at the surface/air interface, Mw is the molecular weight of water and ρw is the density of 

water. Typically, κ values below 0.05 are considered non-hygrosocpic, 0.06 - 0.5 are semi-

hygroscopic, and κ values above 0.5 are considered very hygroscopic. Most organic aerosols 

have κ values in the semi-hygroscopic range and have values between 0.1 and 0.2. Inorganic 

salts are very hygroscopic. For example, ammonium sulfate and sodium chloride have values 

of 0.6 and 1.2, respectively.  

 To our knowledge, the ability to form droplets from E-cig liquid has never been 

explored. In the following experiments, commercial electronic cigarette liquids were atomized, 

and their size distributions and ECG activation were observed. The liquids chosen were 

exemplary; they are proprietary mixtures and do not represent the entire spectrum of available 

E-cig flavors and brands. The mass spectra of the liquids were also measured. In the following 

work, we observe chemical and physical differences in the atomized flavor compounds that 

may affect the resulting E-cig ECG.  

 

4.4 Experimental Methods 

 

 Three different flavors (Tobacco, Menthol and Peach Tea, 15 mg nicotine content) and 

a replicate flavor with a reduced nicotine content (Menthol, 10 mg) from one commercial 

manufacturer were studied. The four exemplary liquids are selected to determine if nicotine 

content and flavor affect the size distribution and κ-hygroscopicity of E-cig aerosol. 

A home-built atomizer was used to vaporize E-cig liquids. The liquids were diluted in 

purified water (Millipore, 18 ΩM) at a ratio of 5 mL liquid to 300 mL water. The atomizer was 

used in place of an E-cig vaporizer to provide a steady stream of aerosol. It operates similarly 
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to the atomizer of an E-cig, in that the atomizer block draws up the liquid and transforms it 

into an aerosol (see Supplementary Information, Figure S1). The aerosol is then passed through 

a heating coil to remove water. Next, the aerosol passes through a silica gel column to remove 

any excess water. The resulting dry aerosol particles are then analyzed as outlined below. 

The aerosol size distribution was measured with a TSI Scanning Mobility Particle Sizer 

(SMPS), which consists of a particle size classifier (TSI 3080) and Condensation Particle 

Counter (CPC, TSI 3776). The classifier uses a Differential Mobility Analyzer (DMA) to scan 

over an electric field such that particles with the selected electrical mobility for each electrical 

field are then counted (Fig. S1). The CPC then counts the sized particles. 

 Running in parallel to the CPC is the Droplet Measurement Technologies cloud 

condensation nuclei counter (CCNC) (Roberts and Nenes, 2005; Lance et al, 2006). The CCNC 

creates a supersaturated environment via a thermal gradient along a wetted alumina bisque 

liner. If an aerosol particle can uptake water to form a droplet, it is then counted. The ratio of 

activated particles (CCN) is then compared to the total particles (condensation nuclei, CN) for 

each size, resulting in a sigmoid (Moore et al., 2010). The diameter at which the CCN/CN ratio 

equals 0.5 at a given supersaturation is referred to as the critical dry diameter, Dp50. This 

diameter and the supersaturation are then used to calculate κ-hygroscopicity, also known as 

ECG for this study.  

 Qualitative analysis of the E-cig liquids was performed using an Agilent High 

Resolution - Time of Flight - Mass Spectrometer (HR-ToF-MS, Agilent). The diluted E-cig 

liquids were injected via positive electrospray ionization. The HR-ToF-MS uses a soft 

ionization method to identify whole molecules from 100 to 1000 Daltons.  
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4.5 Results and Discussion 

 

 Figure 1 compares the size distributions of each of the E-cig flavors. All the flavors 

have a mean diameter peak around 20 nm, which is significantly lower than that observed from 

Blair et al (2013). This difference is most likely attributable to the sampling methods: Blair et 

al (2013) sampled with a Teflon chamber to simulate smoking puffs. Chamber aerosol may be 

subject to coagulation and secondary condensation process when held in a reactor volume; 

whereas this study examines the primary aerosol immediately formed and directly inhaled into 

the lungs. For all E-cig liquids, ultrafine particles, the most sensitive to water-uptake for 

different aerosol chemistries, are produced.  

 Figure 2 provides a summary of the average κ-hygroscopicities (ECG-potential) for the 

E-cig liquids (summarized in Table 1 as well). The tobacco flavor has a higher hygroscopicity 

than menthol, which is higher than the peach tea flavor. The changes in hygroscopicity may be 

attributed to flavor compounds that alter the composition of the aerosols. Nicotine content does 

not affect the κ-hygroscopicity, as evidenced by the comparison between the menthol 15 and 

10 mg samples. This is consistent with theory, as hygroscopicity is an intrinsic chemical 

property. Furthermore, these results indicate that different flavor compounds have different 

likelihoods of undergoing ECG in the lungs. These κ values (> 0.1) all indicate that aerosols 

from electronic cigarettes can readily activate and undergo ECG in respiratory airways to form 

droplets.  

Table 1 outlines the overall calculations for the average molecular weights of the 

liquids (calculated using HR-ToF-MS spectra). Detailed mass spectra can be found in 

supplementary information (SI Figure 2). Normalized HR-ToF-MS spectrum for the flavored 

liquids to further explore the influence of chemical flavorings for ECG-potential. The chemical 
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speciation of the liquids is proprietary and HR-TOF-MS provides additional information about 

unknown chemicals. Of the major components listed above, propylene glycol (PG) and 

vegetable glycerin (VG) have molecular weights below the 100 g/mol detection limit of the 

HR-TOF-MS. Thus, the HR-TOF-MS spectra are modified by the chemical contributions of 

nicotine and proprietary additives. The spectra are normalized to the dominant nicotine peak 

(m/z = 163).  While the menthol and peach tea flavors have similar spectra, the tobacco flavor 

contains higher molecular weight compounds. Tobacco has an average molecular weight of 

182 AMU, while peach tea and menthol both have average values of 168 and 160 AMU, 

respectively. Theoretically, higher molecular weight aerosol can lead to lower solute 

hygroscopicity. However, our measurements indicate the opposite. Tobacco has the highest 

ECG (Fig 2, Table 1), indicating the presence of higher molecular weight components modify 

the overall hygroscopicity.  

  The sensitivity of ECG to molecular weight can be modeled with droplet theory. 

Specifically, the dry activation diameter (Dd) at which the atomized particles activate may form 

droplets in the lungs is predicted with a modified version of Kӧhler theory, seen below (Kӧhler 

1936; Kreidenweis et al, 2005): 

𝐷𝑑 = (
256𝑗3

27𝑘
)

1
3⁄

(𝑆𝑐)
−2

3⁄  (2) 

𝑗 = (
𝜎𝑤𝑀𝑊𝑤

𝑅𝑇𝜌𝑤
)  (3) 

𝑘 = (
𝜈𝜌𝑠𝑀𝑊𝑤

𝑀𝑊𝑠𝜌𝑤
)  (4) 

Where Sc is the critical supersaturation, σw is the surface tension of pure water at the 

air/surface interface, MWw is the molecular weight of water, R is the universal gas constant, ρw 

is the density of water, ν is the dissociation constant of solute dissolved in solution (assumed 
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1), ρs is the density of solute (estimated to be 1.15 g/mL for 50% propylene glycol/ 50% 

vegetable glycerin) and MWs is the molecular weight of solute (E-cig liquid). Table 1 provides 

a summary of these results. The ECG of the peach tea flavored liquid can be aptly modeled 

with the assumptions above; with HR-TOF-MS average data and simple estimates of the 

thermodynamic properties of major organic constituents, ĸ-values are within 4% of those 

measured. However, tobacco and menthol predictions do not agree with measurements; the ĸ-

hygroscopicity can be under-predicted (up to ~ 50%).   

There are several possible explanations for the discrepancy in measurement and 

prediction agreement and closure. Solute properties other than molecular weight are inferred.  

For example, the density of aerosol produced from the liquids may be different than that of a 

50/50 mixture of PG and VG. A higher density particle would result in a higher predicted kappa 

value; however, a 0.1 increase in density increases κ-hygroscopicity by 0.01. The addition of 

nicotine and flavorings will not likely significantly increase particle density. It is also assumed 

that contents are mainly organic, and a disassociation constant of 1 is used. The solutions may 

contain inorganic salts, smaller than the 100 AMU lower detection limit of the HR-ToF-MS 

that can dissociate into multiple ions and lower critical dry diameter predictions. The HR-ToF-

MS measurement likely over estimates average MW for E-Cig liquids as reported ingredients 

have molecular weights below 100 AMU (García-Gómez et al. 2016; Peace et al. 2016; Lisko 

et al. 2015; Tierney et al. 2016; Alpert, Agaku, and Connolly 2016; Ji et al. 2016 and references 

therein). The actual average molecular weights may be lower than those measured but are more 

likely equal to or greater than PG and VG (78 and 92 AMU, respectively). A reduction in 50 

AMU of the molecular weight will increase ĸ values by only 0.05. The sensitivity of solute 
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molecular weight does not fully account for the discrepancy in measured and predicted tobacco 

and menthol hygroscopicity. 

While the above parameters can alter solute hygroscopicity, the presence of surfactants 

is known to alter the surface tension of the droplet and facilitate droplet growth (Prisle et al., 

2010; (Petters and Petters, 2016; Sareen et al, 2012; Giordano et al., 2014). The droplet surface 

tension, σ, is commonly assumed to be that of pure water. Table S1 determines the optimum 

values for droplet surface tension. σw is optimum for the peach tea flavor as the κ-ECG 

prediction is within 4% of the measurement value. For the tobacco and menthol, the value of 

σ decreases from 0.072 N/m to 0.057 N/m and 0.065 N/m, respectively (Table S1, Figure S2). 

A 20% reduction in σ is consistent with σ reduction at relevant droplet concentrations from 

partially soluble organics, biomass burning, and ambient aerosol (Prisle et al., 2010; Giordano 

et al. 2014). Additionally, the presence of soluble large molecular weight compounds in the E-

cig liquid is consistent of long chained compounds with hydrophilic and hydrophobic 

properties. Furthermore, surfactants are commonly added as emulsifying agents that can reduce 

the droplet size of atomized liquids. A 20% reduction in droplet surface tension to obtain better 

agreement in closure is more realistic compared to differences in solute density, disassociation, 

or molecular weight. However, to our knowledge the presence of surfactant materials in e-

cigarette liquids has yet to be reported. 

 

4.6 Conclusions 

As electronic cigarettes increase in popularity, the need to understand their potential 

health effects grows. Our study serves as a starting point for understanding the ability of E-cig 

aerosols to uptake water, form droplets, and modify deposition in the lungs. While flavor may 
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not greatly affect the size distribution of the dry aerosol produced from electronic cigarettes, 

the hygroscopicity and subsequent enhanced condensational growth may differ. The unknown 

composition of the cigarettes is the most likely cause of this, as different compounds are used 

to obtain different flavors of liquids. This is evidenced by high molecular weight compounds 

being present in the higher ECG tobacco. The compounds that are present most likely alter the 

surface tension of the resulting droplet. The reduction of nicotine content does not alter the 

droplet formation or the likely deposition patterns in the lungs as a result of ECG.  Our work 

shows that ECG may not simply be predicted from bulk chemical properties; additional work 

should explore the potential use of surface-active flavorings and additives in e-cig liquids. 

Further studies should to explore the hygroscopicity of second hand vapor, as well as aged 

vapor to understand how these aerosols will react in real-world situations.  
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4.8 Table 

 

Table 4.1 Summary of results 

 SS% Temp (°C) MWavg (AMU) κpred κccn % discrepancy 

tobacco 1.1 27 182 0.11 0.22 -47 

menthol 1.1 28 168 0.13 0.12 3 

peach tea 1.1 29 160 0.13 0.18 -25 

tobacco 0.95 27 182 0.11 0.22 -47 

menthol 0.95 28 168 0.13 0.12 3 

peach tea 0.95 29 160 0.13 0.18 -25 

 

4.9 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Normalized size distributions of E-cig flavors.  
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Figure 4.2. ECG potential of E-cig liquids. A.) The activated fraction versus dry mobility 

particle diameter. A Sigmoidal fit determines the critical diameter at with 50% of the particles 

will activate at a supersaturation of 1.1%. B.) The comparison of κ-ECG values for each liquid. 

Higher κ values indicate greater probability to undergo ECG in the lungs.  
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5 Hygroscopicity of Amine SOA 

 

5.1 Abstract 

 

 The cloud condensation nuceli (CCN) activity of secondary organic aerosol (SOA) 

from amines was characterized in two different scenarios: temperature change and alcohol 

amines. κ-hygroscopicity strongly varied with temperature (κ > 0.8 at cold temperatures and κ 

< 0.5 at hot) both in the chamber and the CCN counter. PiLS-ToF-MS was used to determine 

the average molecular weight of the SOA formed from the oxidation of alcohol amines and 

then used to predict the hygroscopicity. Because of the nature of amine SOA (e.g. volatile and 

dissociative salts), good closure could not be obtained.  

 

5.2 Introduction 

 

 Recent papers have explored the SOA forming potential and chemical mechanisms of 

secondary organic aerosol (SOA) of amines (Tang et al., 2013; Tang et al., 2014; Price et al., 

2014; Price et al., 2016). Sources of amine emissions include agriculture, catalytic reduction 

technologies and biomass burning (Price et al 2014.; Cadle and Mulawa, 1980; Mosier et al., 

1973; Westerholm et al., 1993). 

 Amines have been found to form inorganic salts in the atmosphere (Tang et al., 2013; 

Ge et al., 2011a; Ge et al., 2011b). These salts are highly hygroscopic, but also volatile (Tang 

et al., 2014). It is important to understand how amine aerosols will behave under different 

environmental conditions such as humidity, temperature, and diurnal cycles.  

 Price et al (2016) explored the effect of temperature on amine SOA and found high 

yields at cold temperatures. Yet when temperature increased, the amount of aerosol decreased, 

indicating evaporation of more volatile aerosol components.  



78  

 Here, the CCN activity of amines was studied in two different scenarios. First, the effect 

of temperature on CCN activation was studied. The second set of experiments were on alcohol 

amines with 30% relative humidity (RH). Hygroscopicity was calculated per κ-Kӧhler theory 

(Petters and Kreidenweis, 2007):  

κ =  
4𝐴3

27𝐷𝑑
3𝑙𝑛2𝑆𝑐

; 𝐴 =
4𝜎𝑠/𝑎𝑀𝑤

𝑅𝑇𝜌𝑤
 (1) 

where Dd is the particle dry diameter, Sc is the supersaturation, σs/a is the surface tension of 

water at the surface/air interface, Mw is the molecular weight of water and ρw is the density of 

water. κ values below 0.05 are classified as non-hygroscopic, 0.06 – 0.5 are semi-hygroscopic, 

and above 0.5 are very hygroscopic. Tang et al (2014) found that amine aerosols are CCN 

active, and systems where salts form are very hygroscopic and volatile. Here, we attempt to 

expand upon these findings.  

 

5.3 Experimental 

 

Experiments were performed at the University of California, Riverside College of 

Engineering – Center for Environmental Health and Technology Atmospheric Processes 

Laboratory. Experiments were run in either the Mezzanine chamber (Mez), a 30 m3 Teflon 

chamber, or the EPA chamber, which houses dual 90m3 Teflon batch reactors (Carter, 2006; 

Nakao et al, 2011).  

Temperature change experiments were performed in the EPA chamber, which is 

insulated and temperature controlled from 5-40°C. Temperature was cycled by starting at 

approximately 5°C, then increased to 40° C, and back down to 5° C (Price et al 2016). The 

experiments were ran under dry conditions (RH < 0.1%, LI-CORA CO2/H2O analyzer). The 

NO3 experiment was done in the dark, and time 0 is indicative of N2O5 (NO3 source) injection. 
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H2O2 was used as the source of OH radicals. Upon irradiation from 272 115W Sylvania black 

lights, H2O2 splits into OH radicals, and the experiment then begins as time 0. 

A droplet measurement technologies (DMT) Continuous-Flow Streamwise Thermal 

Gradient Cloud Condensation Nuclei Counter (CCNC) coupled with a TSI scanning mobility 

particle sizer (SMPS, 3080) to monitor CCN activity of aerosol (Moore et al., 2010; Rose et 

al., 2008; Roberts and Nenes, 2005; Vizenor et al, under review). Aerosol is first classified by 

the 3080 and then split evenly between the CCNC and a condensation particle counter (CPC, 

TSI 3772). The CPC counts the total number of particles (condensation nuclei, CN), and the 

CCNC counts the particles that activate as CCN. 

A Particle into Liquid Sampler – Time of Flight – Mass Spectrometer (PiLS-ToF-MS) 

was used to calculate the average molecular weight of the samples (Clark et al., 2013). 

Aerosols are passed into the PiLS, which dissolves it in heated steam. The dissolved sample is 

then impacted on a quartz plate and delivered into the ToF-MS via positive electrospray 

ionization. This method is a soft ionization, which results in whole molecules being detected 

by the MS. Because of this, PiLS-ToF-MS is useful for many different applications such as 

mechanism identification and the resulting mass spectrum ranges in values from 100-1000 

Daltons. 

 

5.4 Results and Implications 

 

5.4.1 Temperature Effects on Hygroscopicity 

 

Figures 1 and 2 display the hygroscopicity results of two temperature change 

experiments. Figure 1 is a cold – hot – cold run of trimethyl amine (TEA) and nitrate radical. 

There is a distinct difference in apparent κ-hygroscopicity based off CCNC center column 
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temperature, much like those noted in Tang et al (2014). The most likely case is evaporation 

of semi-volatiles in the CCNC column itself at the higher supersaturations and is evidenced by 

the increase in κ at lower instrument temperatures. With an increase in chamber temperature, 

there appears to be a decrease in hygroscopicity due to aerosol evaporation. While the decrease 

κ is evident for the high SS runs, it is much more prominent for the low SS settings. For the 

low SS settings, κ decreases from around a value of 0.82 to 0.5.  

The κ values of the TEA system are also indicative of volatile, hygroscopic salts 

forming in the system. The presence of nitrate can lead to the formation of inorganic salts 

(Tang et al 2012). These salts drive κ up, but upon evaporation (either in the CCNC or chamber 

system), the effect of the salts is minimized, and less volatile and hygroscopic organics 

dominate in the CCN activity. 

Figure 2 shows the effects of temperature cycling on diethyl amine (DEA) with 

hydroxyl radical oxidant. Here, the hygroscopicity steadily decreases at the initial cold 

temperature. However, when the temperature begins to increase, κ rapidly decreases from ~0.2 

to 0.1 until the temperature stabilizes. Once the temperature begins to decrease, κ slowly begins 

to increase until the experiment ends. However, this increase is not nearly as rapid as that of 

the κ decrease. This also shows that the temperature effects may not be fully reversible; 

evaporated aerosol components may not partition back to the aerosol phase as rapidly as 

expected.  

Overall, the temperature effects have significant implications for the diurnal and 

temporal effects on CCN activity of amine SOA. For both systems sampled, the κ-

hygroscopicity is higher at lower temperatures, and lower at high temperatures, indicating 

significant evaporation of semi-volatile inorganic aerosol components. Nitrate radical 
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dominates in nighttime chemistry, and observing that temperature can affect the CCN 

activation is important for climate modeling of nighttime processes. Similarly, hydroxyl radical 

greatly influences daytime atmospheric chemistry. At cold temperatures, κ is higher, but 

decreases significantly with heat.  

 

5.4.2 Predicting Hygroscopicity from PiLS-ToF-MS 

 

 Figures 3 and 4 show the results of using average molecular weights from the PiLS-

ToF-MS to predict CCN activity of alcohol amines reacted with nitrate radical (Figure 3) or 

ozone (Figure 4). 

In the nitrate system, a significant portion of the aerosol formed was inorganic salts. 

Because of this, the CCN sigmoids that resulted from SMCA analysis displayed a double 

hump. The best fit sigmoid was fit to each hump, resulting in two different experimental dry 

diameters and κ values to compare to those predicted. Overall, the simple prediction scheme 

does not accurately predict κ for the lower hygroscopicity materials. However, at higher 

instrument SS, the double hump did not appear, and a single sigmoid resulted. At these values, 

the predicted κ values are within 10% of the actual, resulting in good closure. This single hump 

and κ-parameter may be the result of the aerosol becoming internally mixed in the CCNC due 

to excess water available.  

In contrast to the nitrate system, the ozone system showed little to no correlation 

between predicted and actual κ values. Based solely on average molecular weight, the predicted 

κ-hygroscopicity greatly underestimates the actual κ. This could be due to the formation of 

salts in the system. Unlike the nitrate system, no double hump was observed for any 
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supersaturation. Overall, the actual κ-hygroscopicity does not change over the course of the 

experiment. 

While there are many factors that may explain why the predicted hygroscopicity 

parameters were not accurate overall, the main reason most likely comes down to the value 

used for average molecular weight. While the PiLS-Tof-MS can be used to predict average 

molecular weight of particles, it can only do so for molecular weights greater than 100 atomic 

mass units (AMU). Salts will dissociate in water to ions with molecular weights less than 100 

AMU, thus they will not be detected by the PiLS-ToF-MS. Because of this, the average 

molecular weights used are skewed high. It is difficult, if not impossible to predict the extent 

that accounting for smaller compounds will lower the molecular weight of the system. 

However, lower molecular weights theoretically result in higher κ-hygroscopicities. With 

lower values, the predicted κ values may agree better.  

These results indicate that amine SOA hygroscopicity is complex, and cannot simply 

be predicted with only knowing the average molecular weight. The PiLS-ToF-MS gives an 

upper-limit approximation of the average molecular weight of the SOA, but due to its lower 

limit of 100 AMU, any products with molecular weights lower than 100 AMU (including 

dissociated ions) will not be detected. However, other factors may also drive the system. In the 

prediction used, the value of surface tension was assumed to be that of pure water, 0.072 N/m. 

While this is generally a good approximation when an SOA system is dominated by organic 

products, the presence of surfactants may decrease the surface tension (Giordano et al, 2012; 

Petters and Petters, 2016). Another possible cause of the discrepancy is the assumed Van’t 

Hoff factor (dissociation constant) used for predictions. Here, we assumed a value of 1 because 
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organics do not generally dissociate. However, the presence of salts can potentially change the 

Van’t Hoff factor; a higher value would result in a higher hygroscopicity. 

 

5.5 Conclusions 

 

 Overall, the hygroscopicity of amine SOA is complex and difficult to predict. 

Temperature can have a significant effect on hygroscopicity. Cold temperatures appear to have 

higher κ-hygroscopicities. This is most likely due to the presence of volatile inorganic salts 

that form in the aerosol phase. At colder temperatures (both in the chamber and the CCNC), 

these salts remain in the aerosol phase. However, at warmer temperatures, the salts evaporate, 

resulting in a lower apparent hygroscopicity. The average molecular weight calculated from 

the PiLS-ToF-MS most likely does not accurately describe that of an amine SOA system. The 

large amount of inorganic salts formed will not be seen by the PiLS-ToF-MS due to the 

instrument’s high minimum m/z. Most salts will dissociate into ions below 100 AMU. Because 

of this, the average molecular weights discussed are upper limits, and the actual values are 

most likely much lower.  

 The observations here have indications for amine SOA effects on CCN activation. 

Similar to the findings of Tang et al (2014), high hygroscopicity particles can influence low 

cloud formation (fog) during cold, nighttime reactions. Even at higher temperatures, amine 

SOA can still act as droplet seeds. In areas where amine emissions are high such as agricultural 

areas, it is important to understand these effects.  
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5.7 Figures 

 

Figure 5.1.  Trimethyl amine (TMA) + NO3 κ-hygroscopicity versus reaction time. Time 0 

represents the start of N2O5 injection. 
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Figure 5.2.  κ-hygroscopicity of diethyl amine (DEA) + OH versus time. Time 0 indicates 

lights on. 
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Figure 5.3. κ-hygroscopicity of alcohol amine + NO3 over time. Triangles pointed upwards 

represent the lower hump of the double hump sigmoid (thus higher hygroscopicity). 

Downwards triangles represent higher hump. Hexagon markers are predicted hygroscopicity 

based off of average molecular weights. 
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Figure 5.4. Calculated κ-hygroscopicity of alcohol amine + OH (time 0 inductive of black 

lights turned on).  
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6 Hygroscopicity of Uncombusted Gasoline SOA 

 

6.1 Abstract 

 

 Uncombusted gasoline has the potential to form SOA when exposed to atmospheric 

oxidants. However, the cloud condensation nuclei (CCN) activity of this SOA has yet to be 

explored. Here, the CCN activity was parameterized by plotting the CCN/CN ratio of 95 nm 

particles at a supersaturation of 0.3% against photooxidation time. Two commercial brands of 

gasoline were compared with a reference fuel composed of 50% iso-octane and 50% toluene. 

Overall, the CCN/CN ratio does not appear to change over time for the reference fuel and 

Commercial Blend 1. However, Commercial Blend 2 displayed a strong dependence between 

CCN/CN ratio and photooxidation time, indicating a non-constant hygroscopicity. Overall, the 

hygroscopicity of uncombusted gasoline is not consistent across multiple blends, and the brand 

and/or blend must be considered when modeling the CCN activity.  

 

6.2 Introduction 

 

Emissions from light duty vehicles are known to contain volatile organic carbons 

(VOCs) that oxidize in the atmosphere and form SOA. Research has also been performed on 

the potential of whole gasoline to form SOA, and it is speculated that the major contributor to 

SOA is the aromatics content of fuel (Odum et al., 1997; Stackelberg et al., 2013). However, 

little is known about the hygroscopicity (ability to uptake water) of SOA from vehicles and 

gasoline, and the subsequent effects that hygroscopicity has on regional visibility and climate, 

also known as the aerosol indirect effect.  
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The aerosol indirect effect occurs when particles act as seeds onto which water 

condenses, forming clouds (Levy II et al., 2013). The resulting clouds reflect solar radiation 

away from the Earth’s surface, leading to an overall cooling effect on climate (IPCC, 2013). 

However, while the indirect effect is known to help cool the planet, the extent to which it cools 

is still highly uncertain. Anthropogenic emissions play a large role in the amount of radiation 

in which clouds reflect radiation. The resulting SOA is smaller in size than biogenic emissions, 

which in turn leads to brighter clouds with longer atmospheric lifetimes. Understanding how 

atmospheric aging effects the hygroscopicity of the photooxidation of whole gasoline may 

provide more information on how anthropogenic emissions effect climate. 

 

6.3 Experimental  

 

 Experiments were run at the UCR College of Engineering - Center for Environmental 

Research and Technology. Gasoline blends and NOx were injected into dual 90m3 Teflon 

chambers. Experiments were run at room temperature and 272 115W Sylvania black lights 

were used for solar irradiation.  

 Cloud Condensation Nuclei (CCN) activity was monitored with a Droplet 

Measurement Technologies Streamwise Thermal Gradient Cloud Condensation Nuclei 

Counter (CCNC) ran in parallel to a TSI Scanning Mobility Particle Sizer (SMPS) (Moore et 

al., 2010; Rose et al., 2008; Roberts and Nenes, 2005; Vizenor et al, under review). The SMPS 

was used to size-select 95nm particles. The CCNC was ran at approximately 0.3% 

supersaturation after finding that the CCN/CN ratio did not remain constant with scanning 

supersaturation. 
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 Two commercial blends of gasoline were used, along with a reference fuel which is 

composed of 50% iso-octane and 50% toluene, by volume. This reference fuel is commonly 

used in fuel testings as a representative of most fuels.  

 

6.4 Results 

 

When the CCN/CN ratio was initially plotted against supersaturation percentage, the 

ratio did not stay constant over the course of the experiment (see Figure 1.) This is especially 

evident at supersaturation values ~0.3%. To directly compare the fuel blends and reference 

fuel to each other, the supersaturation and particle diameter should be equal, as demonstrated 

by Vizenor and Asa-Awuku (under review).  

Figure 2 shows the CCN/CN ratio for 95nm particles at ~0.3% SS. The reference fuel 

(2a) shows minimal difference in the ratio over time, indicating a generally constant 

hygroscopicity. Commercial blend 1 (Figure 2b) also displayed minimal change. However, 

Figure 2c (commercial blend 2) shows a drastic change in CCN/CN ratio over time. This is a 

strong indication that not all fuel blends are created equal; additives can alter the 

hygroscopicity of SOA from uncombusted gasoline.  

 

6.5 Conclusions 

 

 Much like the composition, the CCN activity of uncombusted gasoline is complex and 

cannot be easily classified. Neither fuel exactly matches the CCN activity of the reference fuel, 

indicating it cannot be used as a proper reference for CCN. The two commercial fuel blends 

did not have any resemblance with one another, thus CCN activity of gasoline varies between 
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blends. This is an important concept to be researched further pertaining to air quality and health 

effects of aerosols.   

 Since different blends of gasoline have different CCN activation potential, this has 

implications for climate and health modeling as different regions of the globe use gasoline 

mixtures that suit their weather and climate. Also, the health effects of gasoline SOA may rely 

on the blend of gasoline; different blends may have different numbers of particles that activate 

as droplets in the lungs. However, further research is required to fully grasp the extent of these 

effects.  
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6.7 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. CCN/CN ratio vs supersaturation (ss) percentage for Commercial blend 2. 

CCN/CN changes drastically over time at ss < 0.4% 
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Figure 6.2. CCN/CN graphed against photooxidation time for 95nm particles at approximately 

0.3% supersaturation A. Reference fuel (50% iso-octane, 50% toluene) + 50ppb NO. B. 

Commercial blend 1 + 80ppb NO. C. Commercial blend 2 + 60ppb NO 
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7. Conclusions 

 

 While many studies have been performed on the hygroscopicity of aerosols, there is 

still much more work to be done. Both biogenic and anthropogenic sources can act as cloud 

seeds and influence global climate. Aerosols can also activate as droplets in the lungs, leading 

to health complications. The dissertation presented here explored the ability of both 

anthropogenic and biogenic sources to act as CCN. Here, longifolene isoprene and amines 

were studied as biogenic sources and gasoline and electronic cigarettes were studied as 

anthropogenic sources. While most of the studies focused on secondary aerosol (longifolene, 

isoprene, amines and gasoline), primary aerosol was also studied for electronic cigarettes. 

 

7.1 Volatility and Hygroscopicity of Longifolene SOA from Hydroxyl Radical Pathways 

 

First the hygroscopicity and volatility of SOA from longifolene photooxidation was 

studied. Longifolene is a tricyclic sesquiterpene that originates from pine resin. Because of its 

slow reaction time with most atmospheric oxidants, it was chosen as a representative 

compound for sesquiterpenes as the slow decay would allow for the kinetics of the reaction to 

be observed. To begin, the CCN activity could not be parameterized by the traditional κ-

hygroscopicity as defined by Petters and Kreidenweis (2007). Because the size distributions 

shifted over time, the actual critical diameter could not be identified for any supersaturation 

after a given amount of reaction time. To better observe how the hygroscopicity changed over 

time, 100 nm particles were size selected, and the ratio of CCN/CN at ~0.2% supersaturation 

was plotted. A sigmoid resulted, indicating that the chemical properties of the aerosol must be 

changing for the ratio to change (if the hygroscopicity were truly constant, CCN/CN would not 

change over the reaction).  
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To investigate what may be causing the hygroscopicity to increase over time, volatility 

measurements were taken with a Volatility Tandem Differential Mobility Analyzer (VTDMA) 

at varying temperatures ranging from 50°C to 100°C. For each experiment, the volume fraction 

remaining (VFR) increased over time, indicating a decreasing volatility. This data was then 

modeled using a kinetic-evaporation model using three volatility bins with psat values of 10-6 

Pa (representative of semi-volatile organic compounds, SVOCs), 10-9 Pa (representative of 

low-volatility organic compounds, LVOCs) and 10-12 Pa (representative of extremely low 

volatility, ELVOCs, see e.g. [Murphy et al., 2014]. These bins gave the best recreation of VFR 

data, and are important values to know as ELVOCs from sesquiterpene photooxidation has yet 

to be proven.  

In addition to increasing hygroscopicity and volatility, the average molecular weight of 

the SOA produced also increased. In theory, hygroscopicity should have thus decreased with 

increasing molecular weight. However, it appears that there are other factors influencing the 

CCN activity in this system. This increasing hygroscopicity may be the result of increasing 

polarity of the molecules present in the SOA.  

 

7.2 Gas-phase kinetics modifies CCN activity of biogenic SOA 

 

 In the next chapter, changing hygroscopicity was further researched for longifolene and 

isoprene SOA. Here, single precursor experiments were directly compared with multiple 

precursor experiments. The CCN/CN ratio for 100 nm particles was first plotted against 

photooxidation time. Much like those seen in chapter 1 (e.g. Vizenor et al., under review), a 

sigmoidal curve was observed for every experiment. Next, the sigmoids were fit with a 

modified Hill Equation, which identified a critical time in which 50% of the particles would 
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activate as CCN (similar to the typical critical diameter identified by Petters and Kreidenweiss, 

2007). The Hill Equation fit also defines the rate at which the sigmoid increases; a larger rate 

indicates faster activation. 

 Next the gas phase decay of the SOA precursors was examined. For single precursor 

longifolene and isoprene, the decays accurately fit to first order reactions. As expected, 

longifolene had a slower decay than isoprene. However, in the multiple precursor experiments, 

a first order decay fit could not be obtained for either precursor as well as the overall reaction. 

Multiple iterations were performed to find the best fits, and non-integer reaction orders were 

obtained (0.5 for longifolene, 0.75 for isoprene and 0.75 overall). These decays could be 

indicative of cross-linking reactions and increased system complexity.  

 Once the gas-phase decay fits were obtained, they were then plotted against CCN/CN 

ratio of 100 nm particles in a manner like those done to obtain critical time. The critical point 

here was then used to back-calculate the critical time of the system for direct comparison to 

the earlier calculations.  The gas-phase calculated time, t50gas correlated within 0.05 hours of 

the original t50ccn for all of systems. This indicates that gas-phase vapors influence the CCN 

activity of SOA.  

 

7.3 Flavorings Modify the Enhanced Condensational Growth of Electronic Cigarette Liquids 

 

 In chapter 3, the enhanced condensational growth (ECG) potential of electronic 

cigarettes (E-cigs) was explored. Four commercial flavors of E-cig liquid were diluted and 

atomized into the SMPS-CCNC system to determine if flavor and/or nicotine content had any 

effects on ECG. The ToF-MS was also used to compare the respective mass spectra and 

average molecular weights of the liquids. 
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 The ECG potential correlated strongly with E-cig flavor, with the tobacco flavoring 

having the largest κ-ECG of 0.22. However, nicotine content did not have any effect, as 

evidenced by the 2 menthol samples (15 mg nicotine and 10 mg nicotine) having identical κ-

ECG (κ = 0.18). The peach tea flavor had the smallest κ-ECG at 0.12. Despite varying ECG 

potential, all of the aerosol produced by these E-cig liquids are capable of forming droplets in 

the lungs, and this safety hazard should be explored more.  

 The E-cig liquids were also passed through the ToF-MS to obtain their respective mass 

spectra. While the menthol and peach tea flavors did not differ much from each other, the 

tobacco flavor liquid displayed large peaks at higher molecular weights. Tobacco also had a 

higher average molecular weight (182 AMU) compared to menthol and peach tea (160 and 

168, respectively). However, these average molecular weights may be skewed high due to ToF-

MS limitation of AMU range (100-1000 Daltons). Compounds with m/z less than 100 AMU 

will not be detected, thus not counted for average molecular weight.  

 The average molecular weights were next used to predict κ-ECG (Kӧhler 1936; 

Kreidenweis et al., 2008). However, good closure could not be obtained with the assumed 

value of 0.072 N/m for the surface tension of water. The potential presence of surfactants and 

can lower the droplet surface tension. This is the most likely cause of the discrepancy.  

 

7.4 Hygroscopicity of Amines SOA 

 

 The hygroscopicity of SOA from amines was explored in chapter 4. First, the effect of 

temperature on CCN activity was examined. Temperature plays a strong role in CCN activation 

of amine SOA. Colder temperatures result in higher κ values than hot temperatures. This is 

true for both the chamber and CCNC temperatures. At higher temperatures, volatile inorganic 
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salts evaporate, resulting in the organic fraction of SOA dominating hygroscopicity. Thus, 

lower κ values are observed.  

 The CCN activity of alcohol amines was also observed. Here, PiLS-ToF-MS data was 

taken to calculate the average molecular weight of the SOA and then attempt to predict the 

hygroscopicity of the SOA. For the nitrate radical system, the presence of a high amount of 

inorganic salts resulted in a double-humped sigmoid, and good closure could not be obtained. 

However, at higher supersaturations (ss > 0.6%), a single hump was observed, and the 

hygroscopicity was predicted within 10%. The ozone system did not have good closure and 

predicted κ values were much lower than those measured. This may be attributable to the 

presence of hygroscopic salts in the aerosol. 

 

7.5 Hygroscopicity of Uncombusted Gasoline SOA 

 

 The CCN activity of gasoline was explored relative to commercial fuel blends. Two 

commercial brands were compared with a reference fuel by size-selecting 95 nm particles and 

exposing them to ~0.3% supersaturation. The reference fuel and commercial blend 1 displayed 

little to no change in the CCN/CN ratio with photooxidation time. However, commercial blend 

2 produced a sigmoid from the CCN/CN ratios, like those seen in the longifolene and isoprene 

systems, indicating a changing hygroscopicity over time. These results have strong 

implications for climate and health modeling of aerosols from uncombusted gasoline.  

Different brands of gasoline have their own proprietary blends of gasoline, and these blends 

have individual CCN activities that will influence cloud formation and droplet growth in the 

lungs.  
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7.6 General Conclusions and Suggestions for Future Work 

 

 Overall, CCN activity of aerosols is complex and difficult to parameterize. The single 

parameter of κ is a nice starting point for understanding hygroscopicity, but does not fully 

encompass a changing composition for which a critical diameter cannot be identified. The 

many parameters used in predicting CCN activity further complicate modeling, as any or all 

of them may be the cause of discrepancies in closure.  

 The potential of hydroxyl radical reactions to lead to ELVOC formation should be 

further investigated. Here, we demonstrated the potential for longifolene photooxidation to 

produce ELVOCs. It is possible other sesquiterpenes or monoterpenes may do the same.  

The role of gas-phase chemistry is also not considered in both Kӧhler and κ-Kӧhler 

theories. While a daunting task, this is a potentially important parameter that should be further 

researched.  

 Another facet of this work that warrants more research is that of average molecular 

weights of SOA. The PiLS-ToF-MS is a viable system for this calculation. However, 

calibration and/or different detectors would be needed to detect m/z values less than 100 

Daltons.  

 The health effects of electronic cigarettes should be researched for secondary exposure, 

as well as direct inhalation. The study here did not use the E-cig atomizer, so this should also 

be studied due to the potential for metals from the E-cig heating coils to add to the aerosol. A 

flow tube would be an ideal reaction scheme for further research due to the potential to mix 

aerosol and age it on a relatively long time scale.  
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 The high prominence of amines and gasoline also warrant further research regarding 

the climate and health effects of droplets from the SOA. The CCN activity of diesel fuel SOA 

should also be examined.  

 

7.7 Final Remarks 

 

 This work provided more insight into the complex nature of aerosol hygroscopicity. 

While more research is surely needed, the research here provides many new facets for further 

exploration. Aerosols affect both climate and health, so understanding how they do so is 

important for future regulations as well as research.  
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Figure A1. Size distribution of particles with aging time of longifolene + OH SOA. 

Particles form after a 20-minute lag-time. 100 nm (dashed white line) is highlighted to 

show the amount of time 100 nm particles used for the CCN measurements are present in 

the reactor 
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Text A1. 

Volatility Kinetic Model Background information 

 The kinetic evaporation model (Riipinen et al., 2010) needs information on the 

initial particle size distribution (mean particle diameter and mass concentration prior to 

entering the flow tube), the measures of the flow tube and the particle properties as input. 

Below a description of the input data is given.  

 The following information was obtained from the particle size    distribution 

measurements using VTDMA and SMPS: initial particle diameter (Dp, i), volume/mass 

fraction   remaining (VFR/MFR) (density   assumed   constant), initial   total   particle 

volume/mass concentration (Vtot,i/Ctot,i) calculated from known MFR (= VFR) and known 

total particle mass (= ρVtot,end) concentration after heating. VFR was determined from the 

relation of particle diameters before and after heating (VFR = (Dp,end/ Dp,i)
3
) and then 

corrected from calibration data.  

 To apply the model to the measured evaporation of particles the following data 

processing steps were performed. First the data obtained at certain T (experiments 1-4   in 

Table 1) was divided into groups based on the reaction, i.e. photooxidation, time (every 

half an hour from 0 to 4.5 h and from 4.5-5.5 h) and averaged. Then the averaged data o f  

the same oxidation time bin but different T were combined to get the appropriate data 

format for the model analysis (VFR (mean) as a function of T for 10 different oxidation 

time bins). Note that for the model analysis one data point was added (VFR = 1 when T = 

Troom (here 30 ˚C)).  
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 Only one value for the initial particle diameter and mass concentration of these 

particles is given as an input to the model. For certain oxidation time bin, mean Dp,i   and 

mean Ctot,i  from a single experiment were averaged over all the experiments (four 

experiments in total). Here, it was assumed that the initial size and mass concentration 

introduced to the TD is the same in different experiments. This is a good assumption; 

around factor of two to three change in the initial mass concentration and less than 20%, 

most often less than 15%, deviation from the mean diameter between experiments for a 

certain photooxidation time bin. In addition, it should be noted that the model results   are 

not very sensitive to the changes in the initial volume/mass concentration or initial particle 

size. Doubling the Ctot,i did not affect the obtained mass fractions of aerosol species, 

Xi, with saturation vapor pressures of [10-6 10-9 10-12] Pa (< 1% change). The effect of Dp,i 

on the fitting results by running the model with minimum and maximum Dp,i (instead of 

mean value) was not significant - only minimal changes in the obtained Xi were observed 

(< 5% change for Xi of 10-6 Pa species, overall < 5% change for Xi o f  10-9 Pa species with 

30% change using the data from the first oxidation bin of 0-0.5 h, <  10% change for Xi 

of 10-12 Pa species). The density was assumed to be constant not only throughout an 

individual experiment but also between different experiments. To apply the model to the 

measured evaporation of particles the following data processing steps were performed. 

First the data obtained at certain T (experiments 1-4   in Table 1) was divided into groups 

based on the initial particle diameter (50, 75, 100, 125, 150, 175, 200, 225 nm) and 

averaged. Then the averaged data of the same initial   particle size but different T were 

combined in order to get the appropriate data format for the model analysis (VFR 
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(mean) as a function of T for 8 different initial particle sizes). Note that for the model 

analysis one data point was added (VFR = 1 when T = Troom (here 30˚C)). 

 Only one value for the initial mass concentration of certain 81 sized particles is 

given as an input to the model. For certain Dp,i, mean mass concentrations of particles with 

Dp,I  (four different experiments) were averaged over all the experiments. Here, the main 

assumption is that the initial mass concentration introduced to the TD is the same in 

different experiments. This is a good assumption; only factor of two to three change in the 

initial concentration between experiments (for 50 nm particles factor of 5), and since the 

model results are not very sensitive to the initial volume/mass concentration. Also, note 

that the density is assumed to be constant not only throughout an individual experiment but 

also between different experiments. The thermodenuder (Dekati TD) used in the 

experiments had a 1 m long heating unit and the residence time in the heating unit was 17.6 

s with a flow rate of 0.25 LPM. The temperatures used for the heating were 50, 75, 90 and 

100°C. Room temperature was 30°C. The length of the cooling section was 0.63 m and 

residence time in the cooling section was 18.6 s with flow rate of 0.25 LPM. Not accounting 

for the cooling section does not affect the model results. 

The following average properties were assumed for the SOA: molar mass 294 

g/mol (pure longifolene 204.36 g/mol), diffusion coefficient 5·10-6 m2/s, surface tension 

0.05 N/m, density 1.29 g/cm3. Three volatility bins were assumed, Psat at 298 K [10-6, 10- 

9, 10-12] Pa. Enthalpy of vaporization is linked to psat. The following formula by Epstein et 

al. (2010) was introduced to the kinetic evaporation model: 
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∆𝐻𝑣𝑎𝑝 = −11 log(𝐶∗) + 131 where 𝐶∗ =
𝑝𝑠𝑎𝑡𝑀

𝑅𝑇𝑟𝑒𝑓
, in which M is molar mass of the 

compound in question, Tref (here 25°C) is the reference temperature for the C*and Psat, and 

R is the gas constant. 
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Figure A2. Modeled fits to VTDMA data using 3 volatility bins (Psat at 298 K [10-6 10-9 

10-12] Pa). 
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Figure A3. Van Krevelen diagram of longifolene photooxidation experiments 
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Table A1.  CCNC Calibration Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References: 

Epstein, S. A., I. Riipinen, and N. M. Donahue (2010), A Semiempirical Correlation 

between Enthalpy of Vaporization and Saturation Concentration for Organic Aerosol, 

Environ. Sci. Technol., 44(2), 743-748  

  

Experiment # SS % Setting Dp50 SS % Calibrated 

6, 7 0.2 0.070 0.25 

0.4 0.047 0.46 

0.6 0.037 0.67 

0.8 0.030 0.89 

1 0.027 1.08 

9 0.2 0.072 0.25 

0.4 0.049 0.44 

0.6 0.040 0.60 

0.8 0.035 0.73 

1 0.030 0.91 

1.2 0.027 1.07 

12 0.2 0.073 0.23 

0.4 0.049 0.43 

0.6 0.039 0.61 

0.8 0.033 0.78 

http://paperpile.com/b/wei0QW/SqfN8
http://paperpile.com/b/wei0QW/SqfN8
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Contents of this file: Derivation of reaction kinetics, CCN calibration data, CCN charge 

correction example and alternate gas-phase analysis. 

 

Introduction: The derivation of equations used in the text are provide on Page 1.  The 

(NH4)2SO4 calibration for CCN instrumentation is available on page 2. 

 

Derivation of kinetics for nth order analysis:  

Each 90 m3 environmental reaction chamber can be modeled as an ideal batch 

reactor. Where, at time, t =0, there is no flow in and out of a well-mixed system.  The 

initial concentration of the measured reactant (A), Cao and the concentration of reactant A 

at any time is, Ca.  The overall reaction rate can be expressed as the product of the overall 

reaction rate constant, k and Ca
n; where n, is the pseudo-order of the overall reaction.  Ca 

may refer to a singular precursor reactant or the summation of reactants in the system. 

The equation for the concentration of the reactant, Ca, at any given time are derived 

below. 
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A. For n = 1 order reactions: 

The design equation for a batch system is as follows: 

𝑑𝐶𝑎

𝑑𝑡
= 𝑘𝐶𝑎

𝑛, 𝑤ℎ𝑒𝑟𝑒 𝑛 = 1 

∫ 𝑘 𝑑𝑡 = ∫
𝑑𝐶𝑎

𝐶𝑎
 

𝑘𝑡 = ln 𝐶𝑎 |
𝐶𝑎

𝐶𝑎0
 

𝑘𝑡 = ln 𝐶𝐴 − 𝐶𝑎𝑜   

 

B. For n ≠ 1, the integrated design equation is: 

∫ 𝑘 𝑑𝑡 = ∫
𝑑𝐶𝑎

𝐶𝑎
𝑛  

𝑘𝑡 =
(

𝐶𝐴

𝐶𝐴0
)

𝑛−1

− 1

𝑛 − 1
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CCN Counter Calibration Data 

 

Table B1. CCNC Calibration Data 

Calibration applied 

to SOA 

Experiment 

SS % Setting Dp50 

[μm] 

Calibrated SS %  

Isoprene + OH 0.2 0.073 0.24 

Isoprene + OH 0.2 0.073 0.24 

Longifolene + OH 0.2 0.073 0.24 

Longifolene + OH 0.2 0.074 0.23 

Isoprene + 

Longifolene + OH 

0.2 0.073 0.24 

Isoprene + 

Longifolene + OH 

0.2 0.073 0.24 
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Figure B1. Charge corrected sigmoids for a longifolene experiment. 100 nm charge 

corrected particles are marked with a red X.  
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Figure B2. Mixture gas-phase kinetics assuming 2 first-order decays. A.) Fits forced 

through 0. B.) Fits not forced through 0.  
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Figure B3. Alternate sigmoids using gas-phase fits of Figure B2.  

 

 

 

 
Table B2. Summary of alternate fit results. 1st order k’ and predicted t50gas values are 

identified.  

 

 

Discussion of Alternative Kinetics 

 

Here, we attempted to recreate the gas-phase CCN sigmoids using alternative 

kinetics for the mixture system by assuming 2 first-order reactions were occurring in the 

systems: once before the critical time and one after. These fits (Figure B2) were then used 
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to find the critical gas-phase CCN times and are summarized in Table B2. These alternative 

analyses do not accurately predict the critical times for the mixture system. The only fit 

that comes close is that of the k2’ prediction from the gas-phase analysis that is forced 

through 0. This analysis shows that we must use pseudo-nth order kinetics to accurately 

predict the critical times of the mixture systems. 
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Figure C1. Schematic of SMPS-CCNC set up with atomizer 
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Figure C2. Normalized mass spectral data for E-cig liquids. Spectra are taken at m/z 

from 100-1000 Daltons. Spectra are normalized to nicotine peak (intensity for nicotine = 

1).  Inset is zoomed in spectra of high molecular weights. Average molecular weight 

values are also provided. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table C1. Optimum surface tension parameters 

 

 σoptimum κ predicted % discrepancy 

tobacco 0.058 0.22 1.3 

peach tea 0.072 0.13 3.0 

menthol 0.065 0.18 2.0 

 




