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Aerosols can indirectly effect the radiative balance of the environment by acting as 

Cloud Condensation Nuclei (CCN) and modifying the microphysical properties of clouds 

by forming droplets which can either scatter solar radiation back into space, or allow it to 

pass through and reach the surface of the earth. The potential to activate as CCN and form 

cloud droplets in the atmosphere is primarily a function of chemical composition and size, 

and can vary with the aerosol source (i.e. combustion, sea salt, etc.). However, information 

in regards to the CCN activity of different primary and secondary aerosol sources is limited 

and not always well defined due to the complexity of the particles. As a result, the aerosol-

cloud-climate relationship is not well understood and is the largest source of uncertainty in 

radiative forcing estimates.  

Unique methods to estimate the CCN potential of aerosols derived from different 

emission sources will be presented. First, a method of analysis to observe and predict the 

aerosol morphology in CCN activation data for various aerosol compositions 
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representative of emissions sources was developed to investigate the effect of mixing states 

on aerosol hygrosocopicity. Next, a method of characterizing rapidly changing particle 

hygroscopicity generated by vehicles operating over transient drive cycles was developed 

and utilized to gain information related to the hygroscopicity of emissions derived from 

the use different biofuels in modern gasoline vehicles. This study was extended to 

investigate the effect of using biodiesel and renewable diesel fuels in modern diesel 

vehicles equipped with advanced emissions control technologies on aerosol hygroscopicity 

and CCN activity. Although modeling atmospheric interactions is highly dependent on 

source emissions data such as that provided in this work, aerosol emissions from vehicles 

may be subject to rapid physical and chemical changes during atmospheric aging which 

can modify the hygroscopic properties. Thus, to assess the effect of atmospheric 

interactions on chemical and physical CCN transformations a new mobile atmospheric 

chamber was developed to age and characterize fresh vehicle emissions derived from 

modern gasoline vehicles. By investigating both fresh and aged emissions, this work 

presented provides a comprehensive understanding of the aerosol hygroscopicity from the 

emissions source to its aged state in the atmosphere.
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Chapter 1 – Introduction 

1.1. Motivation: Impact of emissions sources on the aerosol indirect effect 
 

Primary aerosols are emitted directly into to the atmosphere from a variety of biogenic 

or anthropogenic emissions sources. Whereas secondary aerosols occur during atmospheric 

aging processes such as the oxidation and gas-to-particle partitioning of low volatile 

organic compounds. These atmospheric aerosols can act as Cloud Condensation Nuclei 

(CCN) and modify the microphysical properties of clouds by forming droplets that scatter 

solar radiation back into space, or allow it to pass through and reach the surface of the 

earth. The potential of these aerosols to activate as CCN is primarily a function of chemical 

composition, size and morphology and vary with the emissions source (Dusek et al. 2006). 

However, there is limited information on the CCN activity of various primary and 

secondary sources due to the complexity of the particles. As a result, the aerosol-cloud-

climate relationship is not well understood and is the largest source of uncertainty in 

radiative forcing estimates (IPCC, 2013). Thus, research on the CCN activity of various 

emissions sources is required to fill the information gap and better understand the impact 

of different emissions sources on aerosol chemistry and cloud interactions.  

 Sources that will be explored in this work include combustion aerosol or black 

carbon (BC) which can originate from incomplete combustion of fuel from engines, 

inorganic salts typically found in the atmosphere, other primary aerosols, and secondary 

aerosols (SA) which form from nucleation, condensation and the oxidation of volatile 

organic compounds (Hallquist et al, 2009). BC concentrations in the atmosphere have 

steadily increased over the last century, therefore, it is vital to quantify the mixing behavior 



 2 

of BC and other constituents present in the atmosphere (Lamarque et al., 2010). BC is 

generally considered to be hydrophobic and not CCN active. However, even small amounts 

of soluble material (i.e. an inorganic salt such as sodium chloride) or slightly soluble 

material (water soluble organic carbon) can have a significant effect on the water uptake 

properties of insoluble compounds when internally mixed (Dusek et al., 2006; Bilde et al., 

2004). For example, water soluble organic carbon (WSOC) has the ability to promote CCN 

activity by contributing solute and serving as a surfactant with the potential to depress 

surface tension (Shulman et al. 1996) thereby lowering the required critical supersaturation 

to activate and increasing CCN. However, it has also been observed to hinder CCN activity 

by lowering the rate at which water condenses onto the droplet (Asa-Awuku et al. 2007). 

And, if mixed with a highly soluble inorganic salt that readily deliquesces, the aerosol 

hygrosocopicity can be greatly enhanced and the effect of the WSOC may not be observed 

(e.g., but not limited to, Padro et al., 2012; Svenningsson et al., 2005; Cruz and Pandis, 

1998). Accounting for mixing state and extent of mixing can greatly improve CCN 

concentration predictions (e.g., but not limited to, Padró et al.; 2013, Wex et al., 2010). 

However, ambient aerosols generally exist as complex heterogeneous mixtures of different 

species where the hygroscopic or water uptake properties of aerosols may be significantly 

different from their individual components. Thus, determining the CCN activity of 

internally mixed multiple component aerosols and mixing behavior still remains highly 

complex and not clearly understood, and thus is an active area of research. 

Recent work indicates the addition of oxygenated biofuels and renewable fuels 

could modify the hygroscopic properties of diesel emissions (Happonen et al., 2013) and 
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gasoline emissions (Short et al., 2015); the latter of which exhibited potentially high CCN 

activity. As emissions regulations become more stringent, the demand for engine 

modifications and after treatment technology that can reduce gas phase and/or particulate 

phase pollution continues to grow. However, the chemical and physical properties of 

vehicles emissions are highly dependent on the type of control technology, fuel, and driving 

conditions. Thus the contribution of emissions derived from new vehicle technologies and 

fuel formulations from transient vehicle studies to the CCN budget is currently not well 

known. Fresh emissions may not directly play a large role in regional indirect effects, 

however modeling atmospheric interactions is highly dependent on source emissions data, 

as it is necessary to be able to account for atmospheric interactions such as transport, 

coagulation, transformations, etc. Information in regards to the amount and how CCN 

active these primary emissions are important as it provides a measure of their direct 

contribution into the atmosphere and can aid in predicting its behavior in the presence of 

other species.  

Fresh vehicle emissions have been characterized with hydrophobic properties, 

which will inhibit the uptake of water and limit the ability to activate as cloud droplets. 

However, at regional scales where the aerosols have undergone atmospheric aging, the 

hygroscopicity can be modified under atmospheric conditions, such as oxidation and the 

condensation of soluble materials (Wittbom et al., 2014) and can exhibit higher CCN 

activity (Asa-Awuku et al.,2011). This suggests that the aging of vehicle emission aerosols 

could exhibit different physical and chemical properties than the fresh aerosols emitted 

from the vehicle tailpipe. 
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Vehicle emissions are a large source of secondary organic aerosol (SOA) precursors in 

urban regions, where gasoline derived SOA dominates over diesel derived SOA (Bahreini 

et al., 2012). This is consistent with chamber studies investigating large SOA to POA ratios 

for gasoline vehicle emissions (e.g., but not limited to, Nordin et al., 2014; Gordon et al., 

2014, Platt et al., 2013). However, many of these studies focused more on the older 

technology vehicles, such as Port Fuel Injection (PFI) vehicles, with less attention on 

current generation vehicles such as gasoline direct injection (GDI) vehicles. With the push 

to reduce fuel consumption, GDI technology is estimated to become the preferred standard 

for gasoline light-duty vehicles in both the United States (CARB, 2010). However, because 

of the direct injection of fuel into the combustion chamber, fuel impingement on the piston 

walls during combustion could lead to higher soot formation and total hydrocarbons 

emissions, which is a drawback of GDI technology (Karavalakis et al., 2014). This effect 

may be more prominent during cold starts when the three way catalyst (TWC) is cold and 

the oxidation efficiency is low.  

Because the chemical and physical properties of gasoline emissions can vary with the 

different vehicle types, fuel sources, and driving conditions, research in regards to 

atmospherically processed vehicle emissions derived from GDI vehicles needs to be 

investigated. These aged aerosols can impact regional visibility and modify clouds, thus it 

is important to understand the fresh vehicle emissions, but also the evolution of these fresh 

vehicle emissions as their hygroscopic properties are modified downwind from the tailpipe.  
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1.2. Outline of Dissertation 

Chapter 2 investigates the influence of mixing state on activation curves to improve 

the experimental CCN activation analysis techniques of complex mixtures. A method of 

CCN data analysis for multicomponent mixtures of varying mixing states and its 

relationship to activation curves consisting of one or more activation points was developed 

using simplified two component systems of varying solubility generated under internal and 

external mixing conditions. 𝜅-Köhler theory predictions were completed for different 

organic and inorganic mixtures and compared to experimentally derived kappa values and 

respective mixing states. 

The work in chapter 3 investigates a fast-resolved closure method to capture the Cloud 

Condensation Nuclei (CCN) properties of aerosol by operating an Engine Exhaust Particle 

Sizer (EEPS, 10Hz) in parallel with a Continuous Flow Streamwise Thermal Gradient CCN 

Counter (CCNC). Current methods to measure relevant particle distributions have scan 

times that may be too long to capture the physical and chemical changes of the aerosol 

emitted. This is because scanning electrical mobility measurements require scan times 

longer than the time in which an instantaneous vehicle acceleration occurs to obtain a full 

size distribution, which may not be ideal for transient testing. To bypass this limitation, 

traditional CCN measurements were integrated with fast time resolved aerosol sizing 

instrumentation to characterize CCN properties. With improved scanning speed, size 

distributions can be measured at a much higher frequency and used for closure studies to 

characterize the fast changing hygroscopic properties of emissions. 
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Chapter 4 investigates the impact of various biodiesel and renewable diesel fuels 

on the supersaturated hygroscopic properties of emissions downstream of light duty 

vehicles equipped with direct injection diesel engines and advanced emission control 

technologies while operating on alternative fuels. They were tested over two transient drive 

cycles; Federal Test Procedure (FTP) and Highway Fuel Economy Test Cycle. The fuels 

in this study include a Federal ultra-low sulfur diesel (FED ULSD), a California Air 

Recourses Board (CARB) ULSD, fatty acid methyl esters (FAMEs), commonly known as 

biodiesel, produced from soybean oil (SME), waste cooking oil (WCO), and animal fat oil 

(AFME), respectively, and a hydrogenated vegetable oil (HVO). The second objective of 

this study was to evaluate the impact of advanced emissions control DPF regeneration on 

aerosol hygroscopicity. Emission control technologies have been demonstrated to 

effectively reduce diesel emissions, rates. However, under certain operating conditions, 

such as DPF regenerations, there are significantly more particle emissions and particle 

hygroscopicity may be greatly modified. Several studies have investigated the changes in 

physical and chemical properties of aerosols derived during DPF regeneration, but there 

has been little attention on the particle hygroscopicity. 

Chapter 5 investigates the SOA forming potential of emissions generated from a fleet 

of modern technology GDI vehicles operating under realistic driving conditions. The 

exhaust for each vehicle was collected in Center for Environmental Research and 

Technology (CE-CERT) new Mobile Atmospheric Chamber (MACh) while driven over 

the Unified Cycle (UC) using a chassis dynamometer and subsequently, photochemically 

aged. Real-time particle and gaseous phase measurements were collected to characterize 
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the chemical and physical properties of the aged emissions. Details of the characterization 

of a new mobile atmospheric chamber (MACh) and the effect of photochemically aging 

emissions for two modern light duty passenger GDI vehicles while operating on a chassis 

dynamometer.are presented. Chapter 6 extends on the GDI SOA characterization by 

investigating the SOA forming potential of two additional GDI vehicles. And lastly, 

Chapter 7 concludes the findings of this dissertation work.  
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Chapter 2 - External and Internal CCN Mixtures:  Defining Experimental Data and 

Analysis 

 

 

2.1 Introduction 

Atmospheric cloud condensation nuclei (CCN) are comprised of complex 

heterogeneous mixtures of organic and inorganic compounds. The chemical and physical 

diversity present in these complex mixtures can greatly complicate the quantification of 

aerosol cloud interactions, thereby making it difficult to predict CCN activity. However, 

knowledge of the mixing state and the chemical composition can greatly improve CCN 

predictions and has been the focus of several studies (e.g. but no limited to, Liu et al, 2012; 

Padro et al., 2012; Svenningsson et al., 2005; Henning et al., 2005; Abbatt, et al., 2005; 

Bilde and Svenningsson, 2003).  

It is well accepted that the water content and the point of activation is dependent on 

more factors than just the critical supersaturation and dry diameter for CCN active aerosols 

(Petters and Kreidenweis, 2007). The mixing state and level of mixing can substantially 

influence CCN activity. The droplet growth and activation of slightly soluble organics can 

be substantaially modified with internally mixed with an inorganic salts that readily 

deliquesces (e.g., but not limited to, Padro et al., 2012; Svenningsson et al., 2005; Cruz and 

Pandis, 1998). Although inorganic salts are well characterized, the quantification of CCN 

activity is complicated when they’re internally mixed with a complex organic. Thus, simple 

mixing rules may no longer be appropriate. It has been observed that mixed aerosols can 

activate at lower supersaturations than their bulk constituents and organic compounds that 

may not traditionally be considered as water soluble may aid in the formation of a cloud 
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droplet by acting as a surfactant, depressing surface tension, or simply by contributing mass 

(Padro et al., 2007; Svenningsson et al., 2006; Facchini et al, 2000; Cruz and Pandis, 1998). 

In addition, the deliquescent limitation is removed when there’s a sufficiently large enough 

fraction of salt which allows the slightly soluble core to dissolve before activation, thus 

lowering the required supersaturation (Sullivan et al. 2009).  

To help minimize the complexity in characterizing aerosol water uptake properties, 

CCN data analysis has been simplified by assuming that a) the aerosols share a similar or 

uniform hygrosocopicity, b) the CCN data sets consist of large fractions of doubly charged 

aerosols and c) all CCN active aerosols have unlimited solubility. As a result, a single 

sigmoidal fit is applied over the entire aerosol sample containing aerosolized 

organic/inorganic aqueous solutions, assuming that the first sigmoid fully consisted of 

multiply-charged particles. However, this method of analysis may not be fully 

representative of the different hygroscopicities present in the aerosol sample. 

Previous studies addressed aerosols with singular or internally mixed binary chemical 

species (Petters and Kredenweiss, 2007; Shulman et al. 1996, Bilde and Svenningsson 

2004, Sullvian et al. 2009, Broekhuizen et al., 2004). However, ambient measurements 

indicate complex aerosol populations consisting of both external and internal mixtures 

(e.g., but not limited to, Lance et al., 2012; Padró et al., 2012; Ervens et al., 2007). By 

accounting for the mixing states and extent of mixing, CCN concentration predictions can 

be greatly improve (Padró et al.; 2013, Wex et al., 2010).  

In this work, we seek to improve the experimental CCN activation analysis techniques 

of complex mixtures by investigating the influence of mixing state on activation curves. 
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To understand the impact of mixing state on CCN activation, simplified two component 

mixtures with varying hygroscopicities were created under both internal and external 

mixing conditions. In addition, the hygroscopic properties of black carbon mixed with 

atmospherically relevant constituents of varying hygroscopicity were investigated.  

 

2.2 𝛋-Köhler Theory   

Using the generalized 𝜅-Köhler equation presented by Petters and Kredenweiss (2007 

and 2008), droplet growth in the supersaturated regimes for a selected dry diameter can be 

modelled for an aerosol assuming infinite solubility. 

                      𝑙𝑛𝑆𝑐 = (
4𝐴3𝜌𝑤𝑀𝑠

27𝑣𝜌𝑠𝑀𝑤𝐷𝑑
3)

1/2

,    𝑤ℎ𝑒𝑟𝑒 𝐴 =
4𝜎𝑠 𝑎⁄ 𝑀𝑤

𝑅𝑇𝜌𝑤
             (1) 

κ =
4𝐴3

27𝐷𝑑
3𝑙𝑛2𝑆𝑐

    (2) 

𝜎𝑠 𝑎⁄  is the surface tension, 𝑀𝑤 is the molecular weight of water, 𝑅 the universal gas 

constant, 𝑇 is the temperature at activation, and 𝜌𝑤 is the density of water. Surface tension 

and density of water were calculated according to temperature dependent parameterizations 

presented by Seinfeld and Pandis (1998) and Pruppacher and Klett (1997) (Rose et al., 

2008). The surface tension of the solution is assumed to be that of pure water.  
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2.3 Experimental  

2.3.1 Aerosol Sources 

The CCN activity of two component aerosol mixtures under internal and external 

mixing conditions were investigated in this study. A Collison-type atomizer generated 

singular-component solutions of ammonium sulfate, ((NH4)2SO4, Acros 99.5%), sodium 

chloride, (NaCl, Acros 99+%) and succinic acid (C4H6O4, Acros 99%) and subsequent 

internal mixture combinations as described in Sect. 4.2.1. All solutions were prepared using 

Millipore© DI water (18 mΩ, < 100ppb).  Atomized wet droplets are dried with a heated 

column and a silica gel diffusion dryer. Succinic acid, classified as a slightly soluble 

dicarboxylic acid (Saxena and Hildeman, 1996), (NH4)2SO4, and NaCl are all relevant 

model atmospheric compounds with varying degrees of solubility and hygroscopcity. An 

AVL Particle Generator, (APG) was used to generate black carbonaceous soot. It consists 

of a propane burner followed by a volatile particle remover. The burner was operated at 

400C with a propane and air flow rate of 15 ml/min and 1.0 l/min, respectively. The 

structure of agglomerates of spherical soot particles generated by the APG is similar to soot 

derived from diesel engines. Mixing combustion aerosols with atmospherically relevant 

constituents will allow us to observe the water uptake properties at different 

supersaturations. 
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2.3.2 Internal Aerosol Mixtures: Succinic Acid and Sodium Chloride 

Internal mixtures of aerosol can be formed by mixing compounds in solution (e.g., but 

not limited, Gibson et al., 2007; Hameri et al., 2002). Internal solutions of a highly soluble 

compound, NaCl, and a slightly soluble compound, succinic acid, are selected. Five 

aqueous solutions of succinic acid and NaCl with molar ratios of 100:0, 87:13, 69:31, 

43:57, 0:100 were aerosolized using a single atomizer, dried, and sample directly into a 

Scanning Mobility Particle Sizer (SMPS) and CCN Counter (CCNC). Details of the 

instruments are described in Section 4.4.  

 

2.3.3 External Aerosol Mixtures: Mixing Apparatus: Flow Tube 

To characterize and modify mixing states, a laminar flow tube mixing apparatus was 

constructed to control and modify the extent of mixing of multiple components (Fig. 1 & 

2).   The first aerosol stream is introduced into the flow tube by a ¼” stainless steel (SS) 

tube. The second aerosol stream is also introduced by a ¼” SS tube, but is expanded to an 

outer concentric ¾” SS tube using a SS Swagelok tee connection. The two aerosol flows 

are initially mixed together at the exit of ¼” tube and mixes within the ¾” SS tube for an 

additional 12” before it enters the quartz tube where it continues to mix. By repositioning 

the inlet system or modifying the flow rate in the tube, the residence time can be modified 

to achieve the desired mixing state fraction. Pressure and temperature of the flow tube is 

maintained at ambient conditions.  
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The extent of mixing in the laminar flow tube mixer has been modeled by 

Computational Fluid Dynamics simulation (CFD - Comsol) to test and improve the aerosol 

mixing capabilities of the laminar flow tube mixer (Fig. 2-1). CFD modeling optimized 

dimensions to increase the flow velocities and thus the local Reynolds numbers to 

maximize the mixing behaviors of the two concentric flow streams introduced by the 

adjustable inlet system.  Particle losses do occur within the laminar flow tube system but 

do not affect the intrinsic aerosol properties presented here.  

 

 

Figure 2-1. Fluid dynamics simulation results of the flow stream transporting behaviors 

in the laminar flow tube mixer 
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2.3.4 Modified Mixing States: External to Internal 

Individual single component aqueous solutions of ammonium sulfate (AS), (NH4)2SO4, 

and succinic acid (SA) were aerosolized, dried with a heater and a silica gel diffusion 

column, and individually introduced to the flow tube through two injection ports to obtain 

activation data under externally mixed conditions (Fig. 2). Combustion aerosol was 

introduced to the flow tube using the APG.  

To induce internal mixing, aerosol water was introduced to the aerosol stream for the 

atomized aerosol sources. The wetted aerosols can come in contact through diffusion and 

coalesce to form an internally mixed aerosol. This was accomplished by removing the 

heating source for the driers and only partially drying the atomized aerosols with the silica 

gel columns. Flow tube experiments with AS/SA and combustion aerosol/SA were each 

completed under both external and internal mixing conditions. 

 

2.3.5 CCN Activity and Chemical Composition Measurement 

CCN activation is measured with particle sizing and counting instrumentation in 

parallel with CCN counting instrumentation. This technique is standard and has been used 

in numerous publications (e.g., but not limited to, Padro et al., 2012; Moore et al., 2010). 

The development of a single continuous-flow thermal gradient diffusion column CCN 

Counter, CCNC (Droplet Measurement Technologies, Inc.) has provided rapid (~1 Hz) and 

robust CCN data (Lance et al. 2006, Roberts and Nenes 2010). Aerosols with a Sc lower 
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than the supersaturation in the column activate and form droplets. These droplets are 

detected and counted using an optical particle counter at the exit of the column.  

A TSI 3080 Electrostatic Classifier selects and measures aerosol size distributions.   

Polydisperse aerosol streams are passed through a bi-polar krypton-85 charger and then 

through a differential mobility analyzer, DMA where the aerosols are sized according to 

electrical mobility with a sheath to aerosol flow ratio of 10:1. The monodispersed flow is 

then split to a CPC and a CCN counter to obtain the CCN/CN. The CN concentrations were 

obtain using a condensation particle counter, CPC (TSI 3772, TSI 3776).  

The CCNC is operated at 0.5 lpm with a sheath to aerosol flow ratio of 10:1 and is 

calibrated with (NH4)2SO4 to determine the column supersaturation (Rose et al. 2008). 

Operating the CCN in parallel with the CPC allows for the simultaneous measurements of 

the total CN and CCN of the monodispersed aerosols. By operating the DMA in scanning 

voltage mode and maintaining a constant column supersaturation, the CCN/CN, or 

activation ratio, as a function of dry diameter can be obtained for a given supersaturation. 

These size resolved CCN distributions obtained through scanning mobility CCN analysis 

(SMCA) are used to obtain an activation curve (Moore et al. 2010).  

 

Figure 2-2. External and Internal Mixtures with gradual mixing in flow tube 
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An Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS)  

measured the nonrefractory bulk composition (DeCarlo et al., 2006). The HR-ToF-AMS 

was operated in V-mode to track the concentration and vacuum aerodynamic diameter as 

the aerosol fractions were modified.  

 

2.4 Analysis of CCN Activation Data 

CCN data analysis of single component aerosols, such as AS, are well understood. The 

activation of a single known component, such as AS yields a simple sigmoidal activation 

curve (Fig. 3a). However ambient aerosols generally exist as complex heterogeneous 

mixtures of organic and inorganic species. CCN data sets from ambient and chamber 

studies, which consist of these aerosol mixtures, may not show  a single clean activation 

curve but instead can exhibit multiple activation curves not associated with doubly charged 

particles (Fig. 3b).  

SMCA was used to determine the CCN/CN as a function of dry activation diameters 

for the multicomponent aerosols, and thus, distinguish multiple activation curves. 

Externally mixed aerosol fractions in activation curves have been previously observed in 

ambient studies by Lance et al. (2013), Moore et al. (2012), and Bougiatioti et al., (2011). 

For those studies, E was defined as the soluble fraction, and 1-E the insoluble mixed 

fraction. For this study the first curve is defined as the soluble externally mixed fraction 

(EMF) with an asymptote, or plateau of η.  

The supersaturation and critical dry diameter are related through 𝜿 (eqn 2) to describe 

the CCN activity and to determine the effect of mixing states of multiple components on 
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the supersaturated hygroscopic properties of aerosols. A sigmoidal fit through the EMF is 

completed to determine the particle dry diameter of the more hygroscopic species. A 

second sigmoidal fit is completed for the second activation curve. An example is shown in 

fig. 2-3 for an external mixture of AS and SA. A sigmoid is fit for the more hygroscopic 

species, AS, and then a second for the less hygroscopic species, SA. The activation 

diameters are consistent with those expected for the two heterogenous compounds and 

agree with Kohler predicted activation values for AS and SA. Doubly charge aerosols are 

indicated in fig. 2-3 a and b and are a minimal contrubtion to the activation curves. 

 

Figure 2-3. Example of charge corrected a) a single component activation curve b) a 

multiple activation curve from an externally mixed system. 

To track the change in organic/inorganic fractions, the mixed aerosols were analyzed 

with a high-resolution time of flight mass spectrometer (HR-Tof-AMS) to provide the mass 

fraction. The mass size distribution was integrated and normalized for each compound per 

scan according to the total mass that was measured. The mass size distribution was then 

converted to number size distribution. The diameters were converted from aerodynamic 

diameter to electrical mobility diameter using a density of 1.56 g cm-3 and 1.77 g cm-3 for 
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succinic acid and ammonium sulfate, respectively. The aerosols are assumed to be 

spherical. Then for each superstation and fraction, the EMF was calculated between the 

two respective activation diameters and correlated to the EMF that was determined from 

SMCA to determine the plateau height (𝜂). 

 

2.5 Results and Discussion 

2.5.1  Internal Mixtures 

Aerosolized internal mixed solutions exhibit single CCN activation curves for all 

five solutions of succinic acid and NaCl solutions (Fig 2-4). As the internal mixture salt 

fraction increased at a given supersaturation, the single curve was maintained and shifted 

towards a lower activation diameter, which is indicative of and consistent with more 

hygroscopic aerosol. Using the simple mixing rule, a multicomponent hygrosocopicity 

parameter can be theoretically derived based on the expected kappa values for each 

individual component hygrosocopicity (𝜿𝒊), and the volume fraction of each component 

(𝜀𝑖) (Petters and Kredenweis, 2007). 

𝜿 = ∑ 𝜺𝒊𝜿𝒊
𝒊

        (𝟑) 

Eqn 3 was applied for each mixture to determine 𝜿 and compared to the experimental 

values (Figure 5). These internal mixtures do not strongly follow the simple mixing rule 

for every mixture. Shulman et al. (1996) showed that for slightly soluble compounds 

internally mixed with salts resulted in surface tension depression and thus a lower required  
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Figure 2-4. Activation curves for two component internal mixtures of NaCl and succinic 

acid (SA) at SS 0.72%. Doubly charged aerosols are present but are all below 0.1. 

 

 

 

Figure 2-5. Internally mixed aerosols. Multicomponent hygrosocopicity parameter 

predictions vs experimentally derived kappa values 
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critical supersaturation. Accounting for surface tension depressions could improve 

hygroscopcity improvements for internal mixtures. 

 

2.5.2 Externally Mixed Hygroscopic fraction, η 

Data sets yielding multiple activation curves were successfully created by mixing 

compounds of varying hygroscopicity in the flow tube. A slightly soluble organic aerosol, 

SA, and a soluble inorganic salt aerosol, AS, were selected. To determine the concentration 

dependence of the EMF plateau and to modify the activation curves, the inorganic fraction 

was modified by gradually increasing the concentration of ammonium sulfate in the flow 

tube followed by the introduction of water. The CCNC was operated at a single Sc of 0.8%. 

The apparent kappa values from fitting the two individual activation curves for the 

external part of the mixing experiment and subsequent internal mixing are shown in figure 

6a. Clear and separate curves are observed until internal mixing conditions; at this point 

the separate curves converge into a single one (figure 6b). The data agreed well with Köhler 

Theory and single parameter () thermodynamic predictions of droplet activation. The 

activation curves were characteristic of AS, and SA; the activation diameters agreed with 

theory. It is expected that as the particles become more mixed over time, and move from 

an externally mixed state to an internally mixed state that their hygroscopicity would be 

modified. Under dry conditions, the aerosols maintained an external mixture and multiple 

activation curves were observed to be constant.  
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Figure 2-6. a) apparent kappa values for the external part of the mixing experiment until 

3:45 pm where internal mixing conditions were introduced. The two dotted lines indicate 

the theoretically derived kappa values for succinic acid, =0.231, and ammonium sulfate, 

=0.61. B) activation curves, under external and then mixing conditions 
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Figure 2-7. CCN/CN vs. Dry diameter data as a function of time. 

 

Under humid conditions, external mixing was initially observed; however, the aerosol 

water promoted internal mixing and the activation curves were observed to converge into 

a single curve and that their hygroscopicity would be modified.  Results suggest aerosol 

water as a significant factor in mixing. This behavior has been observed in other studies 

where water was shown to lower the viscosity of particles, thus increasing their diffusivity 

(Ye et al, 2016).  

The increase in AS is consistent with the increase in the plateau heights derived from 

SMCA. However, the AS fraction according to the AMS data are slightly lower for the 

higher concentration. A second flow tube experiment was conducted to test the lower 

concentrations to see if they would yield lower plateau heights. The detection efficiency 

for the lower sizes in the AMS (<50nm) can effect the AS fraction detected by the AMS.  
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Figure 2-8. Plateau heights derived from AMS data vs. SMCA 

 

 

Figure 2-9. Plateau heights derived from AMS data vs. SMCA.  
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Thus, the CCNC supersaturation was modified from 0.2 to 1.2% as well to test the effect 

of activation diameter on closure. Results show good agreement. 

 

2.5.3 Combustion aerosol  

 To investigate the impact of mixing fresh combustion emissions with organic 

aerosols on CCN spectra, the CCN activation spectra of combustion was first defined using 

combustion aerosol derived from the APG and is presented in Figure (2-10). BC activated 

at a diameter of 132.5nm with a high supersaturation of 2.2%; and the apparent 

hygrosocopicity of combustion aerosol was measured at 𝜅=0.001, which is consistent with 

kappa values reported for fresh combustion aerosol in chapters 3 and 4.  

Next, to investigate the influence of modifying externally mixed hygroscopic 

aerosol fractions with non-hygroscopic BC, the combustion aerosol was externally mixed 

with various concentrations of AS and NaCl in two separate experiments. These 

experiments were completed at a supersaturation of 1.1%. At this supersaturation, the 

combustion aerosol is not expected to activate, so the activated fractions should be reflected 

with the plateau heights.  
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Figure 2-10. Combustion aerosol activation curve (SS 2.2%, Dp,50 132.5, 𝜿=0.001)  

 

For each mixture, the combustion aerosol was first introduced to the flow tube, and 

then followed by the inorganic; the concentration of inorganic in the flow tube was then 

slowly increased. The initial combustion size distribution at the start of the experiment and 

the modified CCN activation fractions of the aerosol mixtures are presented in Figure 2-

11a and b. For both the AS and NaCl, the activation points were consistent with the 

expected activation diameters of the respective inorganic salts. However, at the larger sizes 

where the combustion concentration increases, the activation curves were depressed 

beyond the critical activation point of the inorganic salts. This is because the combustion 

aerosol is not CCN active at this Sc or size and the depressions is reflective of the non 

hygroscopic combustion aerosol fraction in the aerosol sample. As the concentration of 

inorganic salts increase, the increased activated fraction is reflected in the CCN spectra 

where the plateau heights are observed to increase with increasing soluble concentrations. 
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Figure 2-11. Combustion aerosols externally mixed with inorganics a) NaCl externally 

mixed with concentrations modified from 51% to 85% over the course of 60 min b) AS 

externally mixed with concentrations from 41% to 86% over  a course of 75 min. Red 

crosses represent the initial size distribution of the combustion aerosol.  
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To investigate the effect of internally mixing slightly soluble organic with non-

activated insoluble aerosols (e.g. increased in SOA mass fractions from the condensation 

of SOA on combustion aerosols during atmospheric aging), succinic acid (SA) was mixed 

with combustion aerosol. The SA was introduced to the flow tube at various concentrations, 

followed by the combustion aerosol from the APG, under dry externally mixed conditions, 

bimodal peaks were obtained (figure 2-12).  

Figure 2-12. Time series SA and combustion aerosol mixture in flow tube 

 

Assuming the first of the two peaks is the SA, and the second is a mixture of the combustion 

aerosol and SA, the initial point of activation agrees with that of succinic acid where SA 

aerosols all activate beyond the activation point. At the point where the concentration of 

combustion aerosol begins to increase, the CCN/CN is initially lowered to reflect the lower 

concentration of the activated SA relative to the non-activated BC concetration. However, 

the CCN/CN begins increasing again. This indicates that there may be some internal 

mixing occurring through coagulation or that internal mixing may be occurring in the 

activation column of the CCNC as aerosol wetting was not initiated until scan 70.  
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Figure 2-13. Succinic Acid and Combustion Aerosol mixtures for Scans 24, 45, 54, 73, 

and 98. Aerosol water is introduced at ~ scan 70 to promote internal mixing. 
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However, when water was introduced, internal mixing was observed to strongly influence 

the mixing state, where the multiple activation curves converge into a single one. This is 

consistent with previous work (e.g., but not limited to Cruz and Pandis, 1998) that has 

observed a strong influence in the activation of insoluble compounds when internally 

mixed with a more soluble compound. But with continued mixing, it becomes apparent 

that there is still some degree of external mixing towards the end (scan 93) where there is 

a slight depression in the plateau of the CCN spectra. In addition, there a shift towards a 

larger activation diameter as well. 

 

2.6 Conclusion 

Results indicate that the activation curve of aerosol sample provides insight as to the 

type of mixing (e.g. internal vs. external) and the various levels of hygrosopicities that are 

chemically representative.  Modifications in the concentrations of externally mixed non-

hygroscopic aerosols are reflective of the CCN activated concentrations. This is consistent 

with CCN spectra observed in ambient studies, which have attributed increases in plateau 

height to the level of internal mixing of soluble materials on externally-mixed unactivated 

aerosols. As the non-hygroscopic combustion aerosol becomes coated or internally mixed 

with the organic material, the CCN activity of the combustion aerosol is modified. Data 

also confirms that aerosol water is a significant factor in promoting phase mixing and can 

be used to control mixing states. Under dry conditions, the aerosols maintained an external 

mixture under dry conditions, activation curves remained separate and constant. However, 

humid conditions promoted internal mixing and the activation curves were observed to 
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converge. Preliminary results suggest that the aerosol morphology can be observed in CCN 

activation data and can be revisited in complex aerosol data sets to understand the extent 

of mixing.   
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Chapter 3 - Integrating Cloud Condensation Nuclei Predictions with Fast Time 

Resolved Aerosol Instrumentation to Determine the Hygroscopic Properties of 

Emissions over Transient Drive Cycles 

 

3.1 Introduction  

 

Aerosols that activate to form cloud droplets when exposed to a supersaturated 

environment greater than its characteristic critical supersaturation, 𝑆𝑆, are Cloud 

Condensation Nuclei (CCN). This 𝑆𝑆 is highly dependent on curvature (Kelvin effect) and 

solute (Raoult effect) properties of the aerosol (Köhler, 1936, Dusek et al., 2006). By acting 

as CCN, aerosols can modify the microphysical properties of clouds by forming droplets 

that either scatter solar radiation back into space or allow energy to pass through and reach 

the surface of the earth, thereby indirectly influencing the radiative balance of the 

environment (Twomey, 1974). Unfortunately, these aerosol-cloud interactions and their 

relationship with climate are not well defined and is currently a large contributor to the 

uncertainty in radiative forcing estimates (IPCC, 2013).  

Primary combustion aerosols (biomass burning, fossil fuels, and biofuels) can 

contribute to the CCN budget by directly increasing the particle number concentrations in 

the atmosphere. If they contain a fraction of soluble material at a large enough size, they 

may potentially be CCN active. In addition, they can serve as seeds for more soluble 

material to condense onto and become CCN active (Andreae and Rosenfeld, 2008 and 

references therein). Carbonaceous combustion aerosols are estimated to account for 

approximately 52-64% of the global CCN budget, with a global mean aerosol indirect 

effect of -0.34 W m-2. Aerosols derived from fossil fuels and biofuels are predicted to have 

the strongest cooling effect; they make up only one third of the mass from all aerosols 
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derived from combustion fuels but account for -0.23 W m-2 or two thirds of the overall 

forcing (Spracklen et al., 2011). These carbonaceous aerosols may play an important role 

in the CCN budget. 

Vehicle emissions are a significant source of primary carbonaceous combustion 

aerosols in urban atmospheres (Rose et al., 2006). Fresh vehicle emissions have been 

classified with low CCN activity (Tritscher et al., 2011), which may be attributed to i) 

insoluble materials present in the aerosols, ii) an externally mixed state where the 

condensation of soluble material is less probable, or iii) small sizes where a large fraction 

of these aerosols are emitted in the nucleation mode directly off the tailpipe (Andreae and 

Rosenfeld, 2008 and references therein; Karjalainen et al., 2014). Insoluble materials in 

fresh vehicle emissions, predominately soot, have been characterized with low hygroscopic 

growth (Dua et al., 1999; Weingartner et al., 1997). Furthermore, freshly emitted soot is 

typically in an externally mixed state, so the condensation of soluble materials has not 

occurred and the soot maintains low hygroscopicity (Hasegawa and Ohta, 2002; Rose et 

al., 2011).  However, recent work indicates the addition of oxygenated biofuels could 

modify the hygroscopic properties of diesel emissions (Happonen et al., 2013) and gasoline 

emissions (Short et al., 2015); the latter of which exhibited potentially high CCN activity. 

In addition, lower elemental carbon (EC)/organic carbon (OC) fractions have been shown 

to correlate with higher water soluble organic carbon (WSOC) fractions for vehicles 

operating with biodiesel than when operating with diesel (Cheung et al., 2009). The lower 

soot formation was attributed to the higher oxygen content of the biofuels, which increased 

oxidation and inhibited carbon chain formation. The higher oxygen content present in the 
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higher biofuel concentration blends may lead to an increase in the WSOC to OC ratios, 

thereby modifying the hygroscopicty of the emissions.  

One of the most widely used biofuels in the United States is ethanol, which is 

commonly blended at 10% ethanol and 90% gasoline (E10). However, with the Renewable 

Fuel Standard (RFS2) requiring 36 billion gallons of renewable fuel to be blended into 

transportation fuel by 2022 (USEPA, 2007) there is now interest in blending higher 

concentrations of ethanol into gasoline. Another biofuel, iso-butanol, is also gaining 

popularity due to its favorable properties when compared to gasoline. Compared to ethanol, 

iso-butanol is less corrosive, has a higher energy content, lower volatility, and higher 

tolerance to water contamination (Morela et al., 2012). The aerosol composition, size, and 

mixing state, which can impact the hygroscopicity of the aerosols, is dependent of the 

vehicle technology, fuel source, and driving conditions. With biofuel use expected to grow, 

it is important to understand the effect of biofuels and increasing oxygenated fuel content 

on the hygroscopic properties of vehicle emissions.  However research related to the 

hygroscopicity of emissions derived from the use of different ethanol and iso-butanol 

blends is limited, especially when utilized in vehicles with modern engine technologies 

(Short et al., 2015). 

 For emissions sources, composition is highly dependent on the combustion 

conditions, which means CCN activation can vary substantially with time (Yao et al., 

2006). Number concentrations can change on a second-by-second basis (e.g., but not 

limited to, particle number concentration time traces available in Karavalakis et al., 2014). 

Consequently, Scanning Mobility CCN Analysis (SMCA) (Moore et al., 2014) requires 
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scan times to measure relevant particle distributions that may be too long to capture the 

changes on a second-by-second basis. Scanning electrical mobility measurements have 

scan times longer than the time in which an instantaneous vehicle acceleration occurs to 

obtain a full size distribution, and are not ideal for transient testing. To bypass this 

limitation, CCN predictions using traditional CCN measurements can be integrated with 

fast (~ 1 Hz) time resolved aerosol sizing instrumentation on a second-by-second basis. 

With improved scanning speeds, size distributions can be measured at much higher 

frequencies and used for closure studies (Asa-Awuku et al., 2011). To estimate the CCN 

potential of aerosols derived from a transient emission source, a method to capture the 

changing hygroscopicity of emissions from vehicles operating on transient drive cycles is 

implemented using an Engine Exhaust Particle Sizer, EEPS.  

An EEPS is commonly used for measuring emissions from both transient and 

steady state driving cycles and roadside measurements (Ayala et al., 2005; Wang et al., 

2006; Yao et al., 2006; Karavalakis et al., 2015). Although the EEPS has a lower size 

resolution than the SMPS, it provides a full particle size distribution every second. The 

application of the EEPS for diesel exhaust has been demonstrated and found to agree with 

other sizing and particle number concentration measurement instruments (e.g., but not 

limited to, Johnson et al., 2004; Kittelson et al., 2006; Zervas and Dorlhène 2007). Johnson 

et al. (2004) measured size distributions using both a Scanning Mobility Particle Sizer 

(SMPS) and the EEPS for a diesel generator operating on steady state conditions. The size 

distributions obtained from the two instruments agreed well, with a ±20% deviation from 

the mean when comparing total counts with a TSI 3022 Condensation Particle Counter 
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(CPC). This was attributed to the higher sampling efficiency off the EEPS; as the higher 

sampling speed of the EEPs minimized diffusional losses (EEPS 10 L/min vs SMPS 1.5 

L/min) thereby measuring higher particle concentrations below 12 nm. Zervas and 

Dorlhène (2007) found that particle numbers measured by the EEPS were close to particle 

numbers measured by a CPC and an Electrical Low Pressure Impactor (ELPI) for a diesel 

vehicle operating at steady state speeds and the New European Driving Cycle (NEDC). In 

addition, the engine was equipped with multiple Diesel Particulate Filters (DPF) to test the 

effect of concentration. Upstream of the DPFs, the instruments measured particle numbers 

within an order of magnitude of each other. Downstream the DPFs, the EEPS reached its 

lower detection limit and there was less agreement. However, its particle numbers were 

still within 1-2 orders of magnitude of those measured by the CPC and ELPI.  

This is the first study to integrate fast time resolved aerosol sizing instrumentation, 

commonly used for vehicle emissions with traditional CCN measurements. It provides a 

comprehensive evaluation of the method by applying it to three separate aerosol sources; 

two stable sources and one transient source. The first stable source is ammonium sulfate 

aerosolized by atomization. However, atomization can result in charge effects (Liu and 

Deshler, 2003). Therefore, secondary organic aerosol (SOA) formed from α-pinene 

ozonolysis is selected as the second stable source. After the method is verified on the two 

well characterized sources, it is then applied to relevant emissions sources to determine the 

potential for fresh vehicular emissions to activate as CCN from a chassis dynamometer. 

The vehicular emissions are generated from a spark ignition direct injection (SIDI) vehicle 

operating on various alcohol blends. The results of this study demonstrates the utility of 
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the method on multiple aerosol sources and provides information in regards to how ethanol 

and iso-butanol blends impact the CCN activity of particulate matter (PM) emissions from 

a modern light-duty gasoline vehicle. 

 

3.2 Theory and Closure Analysis 

 

3.2.1 𝛋-Köhler Theory 

 

Köhler theory combines thermodynamic and physical properties to predict the 

activation diameter at which aerosol will undergo spontaneous growth and activate to form 

a cloud droplet in the atmosphere (Köhler, 1936). Critical activation diameters (Dd) 

determine the supersaturations required for cloud droplet activation for aerosols of known 

chemical composition (Seinfeld and Pandis, 1998). Köhler theory can be defined as 

                           𝑙𝑛𝑆𝑐 = (
4𝐴3𝜌𝑤𝑀𝑠

27𝑣𝜌𝑠𝑀𝑤𝐷𝑑
3)

1/2

,    𝑤ℎ𝑒𝑟𝑒 𝐴 =
4𝜎𝑠 𝑎⁄ 𝑀𝑤

𝑅𝑇𝜌𝑤
             (1) 

Where 𝜎𝑠 𝑎⁄  is the surface tension, 𝑀𝑤 is the molecular weight of water, 𝑅 the universal 

gas constant, 𝑇 is the sample temperature, 𝜌𝑤 is the density of water, 𝐷𝑑 is the dry 

activation diameter, and 𝑆𝑐 is the critical saturation, 𝜌𝑠 is the density of solute, and 𝑣 is the 

dissociation factor of solute. It is important to note that the critical saturation, Sc, is greater 

than 1, thus critical supersaturation is defined by 𝑆𝑆 = 𝑆𝑐 − 1.  

Köhler theory requires solute information that is not always readily available, 

especially for complex ambient aerosols of unknown composition. To model the CCN 

activity of these aerosols, a single hygroscopicity parameter, 𝜅, that represents the 

compositional information can be integrated with Köhler theory to relate the aerosol dry 
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diameter and supersaturation (Petters and Kreidenweis, 2007). κ-Köhler theory is defined 

by 

                     κ =
4𝐴3

27𝐷𝑑
3𝑙𝑛2𝑆𝑐

               (2) 

The surface tension of the solution is assumed to be that of pure water. Aerosol with a κ 

between 0.5 and 1.4 are highly hygroscopic and exhibit significant CCN activity. Aerosol 

with hygroscopicity between 0.01 and 0.5 are slightly to very hygroscopic.  Kappa values 

close to zero are considered nonhygroscopic but wettable.  

Köhler theory was originally used to describe the CCN activity of simple inorganic 

salts. However, atmospheric aerosols are typically highly complex mixtures that may 

contain organic and inorganic components. Modifications have been made to Köhler theory 

to account for these complex aerosols, and are used to help constrain aerosol cloud 

interaction models by predicting CCN concentrations. However, solute information is not 

always readily available, and in these cases, simplifications and chemical assumptions are 

applied to predict CCN concentrations. Closure is one way of describing the CCN activity 

of aerosols of unknown chemical properties. By comparing measured CCN number 

concentrations to CCN concentrations that were predicted based on assumed compositional 

information, the accuracy of predictions can be evaluated. Closure is achieved if predicted 

concentrations agree with measured concentrations. Previous studies have implemented 

closure study methods to obtain CCN activity information with varying levels of success 

in regions influenced by urban sources (e.g., but not limited to, VanReken et al., 2003; Asa-

Awuku et al., 2011; Padró et al., 2012). 
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3.2.2 Closure Analysis  

 

Traditionally, CCN concentrations are predicted by applying known or assumed 

chemical composition information and number size distribution data to Köhler theory (Eqn. 

1) to determine Dd for various supersaturations (“classical” Köhler theory). Using 

measured size distributions and the assumption that all aerosols with a diameter above Dd 

activate, the size bins can be integrated from Dd up to the largest diameter in the size 

distribution to determine the predicted CCN concentration. If this predicted concentration 

agrees with measured CCN concentrations, closure is achieved. However, this classical 

method of closure, C-Closure, can be inefficient for aerosol samples of unknown 

compositions that are highly variable with time.  

The apparent hygroscopicity can be determined on a second-by second basis 

without the need for compositional information by deriving critical activation diameters by 

forcing closure. Using the measured size distributions, Dd is determined by integrating the 

aerosol concentration from the largest size bin in the distribution down to a Dd until the 

number concentration, which is the calculated CCN concentration, agrees with the 

measured CCN concentration at a given SS (reverse fit closure, R-closure). This method to 

determine hygroscopicity has been previously used in closure studies from field and 

aircraft measurements (e.g., but not limited to Kammermann et al., 2010; Jurányi et al., 

2011). With SS and Dd, κ is calculated (Eqn. 2) to describe the apparent hygroscopicity of 

the aerosol sample. Although, exhaust emissions can be fractal and may effect the electrical 

mobility diameter measurements (Nakao et al., 2011), the particles are assumed to be 
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spherical. Thus, the apparent hygroscopicity of ephemeral and transient aerosol samples in 

this study can be derived through R-Closure using number size distribution data acquired 

through the use of particle sizing instrumentation with higher time resolutions. 

 

3.3 Instrumentation 

 

To compare a measured CCN concentration to an aerosol concentration, a CCN 

counter was operated in parallel with a TSI EEPS 3090. The EEPS spectrometer was used 

to obtain real time second-by-second (10 Hz) particle size distributions with 32 channels 

between 5.6 to 560 nm. The currents are measured 10 times per second and averaged to 

give a full size distribution every second. Particles are sampled at a flow rate of 10 L/min 

to minimize diffusional losses. Particles are charged with a unipolar corona charger and 

sized based on electrical mobility. With the high charging efficiency of the unipolar corona 

chargers, both sizing and concentrations are determined through the use of multiple 

electrometers (22 total, measuring the electrical current to determine the concentration).  

CCN activity is measured with a Droplet Measurement Technologies, Inc. single 

growth column CCN Counter (CCNC). The CCNC utilizes a continuous-flow thermal 

gradient diffusion column to create a supersaturated environment where water vapor may 

condense onto CCN active aerosols to form droplets (Lance et al., 2006, Roberts and 

Nenes, 2005). Aerosols that are exposed to a supersaturation greater than its critical 

supersaturation activate and form droplets in the column. The droplets are sized and 

counted with an optical particle counter at the exit of the instrument. The CCNC is operated 

at a sheath to aerosol flow rate of 10:1 at a total flow rate of 0.5 L/min. To determine the 
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supersaturations in the column, the CCNC is calibrated regularly using aerosolized dry 

ammonium sulfate, (NH4)2SO4, size distributions from a TSI SMPS and SMCA to 

determine Dd (Rose et al., 2008; Moore et al., 2010). The SMPS utilizes a long differential 

mobility analyzer (DMA 3081) and has a 135 second scan time. The particles are passed 

through a bi-polar krypton-85 charger, sized based on electrical mobility, and 

concentrations are counted using a butanol based CPC. SMCA setup requires the CCNC 

to operate in parallel with a CPC after the DMA. This allows the simultaneous 

measurements of the total aerosol and CCN concentrations at a given supersaturation of 

the monodispersed aerosols. Operating the DMA in scanning voltage mode provides CCN 

active aerosol fraction information over a full size distribution. The 𝑆𝑆 in the column is 

held constant over the course of the 135 second scan. Theoretical 𝑆𝑆 values are derived 

from the measured Dd values. 

 

3.4 Experimental set up 

 

3.4.1 Stable source aerosols: Ammonium sulfate and ɑ-pinene SOA 

 

Before proceeding to a transient source, the method was applied to two stable 

sources, atomized ammonium sulfate (AS), (NH4)2SO4, and ɑ-pinene secondary organic 

aerosol (SOA) to test the validity of the method using both C-Closure and R-Closure. The 

hygroscopic properties of ammonium sulfate, AS aerosols (Rose et al., 2008) and ɑ-pinene 

ozonolysis (Engelhart et al., 2008) products have been well characterized, and thus, were 

selected for the verification. The CCNC is operated in parallel with an EEPS to obtain 
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simultaneous size distributions from both instruments. The experimental setup is shown in 

Figure 3-1. The CCN closure using C-Closure and R-closure for both the (NH4)2SO4 

aerosols and the ɑ-pinene SOA are presented in Figure 3-2. 

AS aerosols were atomized from an aqueous salt solution of AS (Acros, 99.5%) and 

Millipore© DI water (18 mΩ, < 100ppb), dried, and then passed over 210Po to neutralize the 

electrostatic charge of the aerosols. To bypass possible charging errors associated with 

atomization, the method was further verified by oxidizing 𝛼-pinene with ozone in a dark 

12.5 m3 2mil FEP environmental chamber available at Center for Environmental Research 

and Technology (CE-CERT) Atmospheric Processes Laboratory (APL). A more detailed 

description of the chamber is available in Nakao et al. (2011). Prior to each experiment, 

the reactor was cleaned with pure air (Aadco 737 series air purification system). Ozone 

was generated by passing clean air over a Pen-Ray ultraviolet lamp (Part No. B131799, 

Ultra-Violet Products Inc.) and monitored with a Teledyne 400E ozone monitor. After the 

ozone concentrations stabilized, the α-pinene (Sigma Aldrich, 98%) was injected by 

passing clean air over the compound in a glass injection manifold. All experiments were 

completed using approximately 25 ppb of α-pinene. Any slight changes in initial 

concentrations <40ppb have been shown to not effect the CCN activity of the SOA 

(Engelhart et al., 2008). The effective density used for ɑ-pinene SOA predictions was 1.3 

g/cm3 (Alfarra et al., 2006), and the molecular weight was 180 g/mol (Engelhart et al., 

2008). Complete solubility was assumed with no dissociation (ν=1). 
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3.4.2 Test Fuels 

 

A total of six ethanol and iso-butanol biofuels were selected for the fuel blends. The 

ethanol blends include E10 (10% ethanol and 90% gasoline), E15, E20. E10 was selected 

as the baseline fuel. The iso-butanol blends include B16, B24, and B32 and were selected 

as the oxygen equivalent of E10, E15, and E20, respectively. All fuels were match-blended 

according to Reid vapor pressure, and oxygen content to maintain the fuel properties of the 

gasoline. A more detailed description regarding fuel and blending properties are available 

in Karavalakis et al., (2014).  

 

3.4.3 Emissions Testing and Test Cycles 

 

Measurements were conducted in the University of California, Riverside (UCR) 

CE-CERT Vehicle Emissions Research Laboratory (VERL). VERL is equipped with a 

Burke E. Porter 48-inch single roller chassis dynamometer, and a constant volume sampler 

(CVS) for certification quality measurements. The instruments sampled directly off of the 

CVS tunnel. The experimental setup is shown in Figure 3-1. 

A 2012 Mercedes Benz E350 (MBE350) with a spray-guided SIDI (SG-SIDI) 

engine was tested over the Federal Test Procedure (FTP) and California Unified Cycle 

(UC). The FTP is representative of city driving conditions for light duty vehicles and 

consists of three phases: cold start/cold three-way catalyst (TWC) converter (Phase 1), 

transient/stabilize (Phase 2), and hot start/warm TWC converter (Phase 3). Phase 2 is the 

stabilized phase. The car is turned off during the hot soak (between phases 2 and 3). The 

driving pattern in Phase 3 is identical to Phase 1 with the exception that the TWC is now 
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warm. The UC is similar to the FTP, but has higher average speeds with a higher maximum 

speed, less idling periods, and a greater maximum rate of acceleration. Additional 

information in regards to the test procedures and driving cycles are available in Karavalakis 

et al., (2013) and Appendix A. 

 

Figure 3-1. Experimental Setup 

 

3.5 Results 

 

3.5.1 Ammonium sulfate and ɑ-pinene SOA: Closure assessment 

 

C-closure and R-closure for AS aerosols is shown in Figure 3-2 (a-c). Figure 3-2a 

shows a slight over prediction when using C-closure for the higher supersaturations of 

0.93% and 1.16 %; this can be attributed to vapor depletion effects. The higher aerosol 

number leads to water vapor depletion in the CCN counter column, thus CCN active 

aerosols that would normally activate do not have enough water available to grow to a 

detectable size (Lathem et al., 2011). However, when applying R-closure, the calculated 
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concentrations are lower (Figure 2b), which minimizes the effects seen by water depletion 

for this reverse fit method. C-closure and R-closure for α-pinene SOA is shown in Figure 

3-2 (d-e). Similar to (NH4)2SO4 aerosols, over prediction is observed for the α-pinene SOA 

C-Closure.  

The critical diameter (in Figures 3-2c and 3-2f) is predicted and derived from the 

forced closure data set in Figures 3-2b and 3-2e. The critical diameters are compared to 

literature values (Köhler Theory) used in Figures 3-2a and 3-2d. The Dd derived from both 

closure methods for AS and α-pinene secondary organic aerosols fell within 10% and 15%, 

respectively. This slight deviation for the α-pinene SOA may be due to the presence of 

organics which have been shown to make CCN closure more difficult to achieve (e.g., but 

not limited to Cantrell et al., 2001; Medina et al., 2007; Martin et al., 2011). There is strong 

agreement between Dd derived from C-closure and R-closure for both the AS and α-pinene 

SOA which shows that size distributions measured by an EEPS can be used to predict CCN 

concentrations using R-closure. 
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Figure 3-2. Calibrations Ammonium Sulfate A) C-Closure B) R-Closure C) Predicted Dd 

from R-Closure vs. Predicted Dd from C-Closure; and α-pinene SOA D) C-Closure E) R-

Closure F) Predicted Dd from R-Closure vs. Predicted 
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3.5.2 Selecting an appropriate SS 

The 2012 Kia Optima with a SIDI engine, operating on E20 was the first vehicle 

available for the study. Thus, preliminary data collected from this vehicle and fuel 

determined an appropriate SS to best achieve closure. R-closure was applied to three 

separate FTP cycles, where the CCNC was operated at a constant SS for the duration of 

each cycle (0.19%, 0.58%, and 0.85%). The range of SS were selected to represent the 

different supersaturations characterized for the different cloud types in the atmosphere 

(Seinfeld and Pandis, 1998).  

For the two lowest supersaturations, FTP1 (SS 0.18%) and FTP2 (SS 0.58%), the 

measured CCN concentrations do not change significantly; the CCN concentrations are 

<<100 #/cm-3 with a large fraction of the values below 50 #/cm-3 throughout the cycle 

(Figure 3a, b, c). In addition, there is greater variability in predicted CCN concentrations 

for these lower supersaturations.  This lack of closure and variability may be due to a) the 

lower SS, where the small temperature gradient is difficult to maintain, fluctuations in the 

instrument SS can result, and the signal to noise ratio may increase, thereby resulting in 

poorer CCN measurements (Roberts and Nenes, 2005); and b) the large vertical spread, 

which results from the calculated CCN from R-Closure from the EEPS data set. With low 

SS, and thus, low CCN concentrations, only the most hygroscopic of the sample aerosol 

(the upper end of the size distribution) are captured.  The EEPS approximates a lognormal 

fit (Johnson et al., 2004; Xue et al., 2015); the CCN concentrations are derived from few 

size bins, resulting in fewer approximated counts. Previous work has shown the EEPS 

reporting lower particle concentrations than those reported by the SMPS in the high 
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accumulation mode range due to more fractal like particles (Zimmerman et al., 2014; Xue 

et al., 2015).  

Significant differences were not observed between the phases as the Dd were 

consistently high (Figure 3d). The lower SS only captures the most hygroscopic aerosols 

and is not a good reflection of the changing CCN activity. For the high SS, FTP3 (SS 

0.85%), instrument counting statistics improved with the higher CCN concentrations and 

the strongest closure was achieved. With higher CCN concentrations, a stronger signal was 

obtained, which allowed for stronger closure. Phase 2 (Figure 3-3b) and Phase 3 (Figure 

3-3c) produce more hygroscopic particles than those emitted in Phase 1 (Figure 3-3a). Data 

is shown from the highest measured SS for the duration of the emissions testing because 

the high SS had the strongest closure and allowed differences in Dd to be observed (Figure 

3-3d).  

 

3.5.3 Iso-butanol and ethanol gasoline blends for a gasoline direct injection vehicle 

 

The effect of ethanol and iso-butanol gasoline blends on the CCN activity of fresh 

emissions was investigated. CCN concentrations and size distribution measurements were 

collected for the MBE350 using the six different ethanol and iso-butanol blends described 

in Section 4.2. The CCNC was operated at SS between 0.83% and 1.16% over the course 

of the transient aerosol tests. R-Closure (Figure 4) was applied to estimate Dd. 
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Figure 3-3. CCN R-Closure A) Phase 1 B) Phase 2 C) Phase 3. Solid lines 1:1 line, 

dashed is ±10%. D) Averaged Dd for each phase of driving cycle 
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Figure 3-4. Effects of phases 1, 2, and 3 on closure 
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  Overall, the apparent hygroscopicity is consistently low for both biofuels. Iso-

butanol blends were observed to produce aerosols that were slightly more hygroscopic than 

that produced by the ethanol blends. Single hygroscopicity parameter, 𝜅, values ranged 

from 0.0021 to 0.062 for iso-butanol blends and 0.0019 to 0.022 for ethanol blends (Figure 

3-5). The error bars are the average standard deviation derived from the repetition of 

experiments. The errors associated with the final kappa values, when available, are small 

and indicate repeatability between measurements. Although this is not a significant 

difference between the different ethanol and iso-butanol blends, it is consistent with results 

from Short et al. (2015), who observed lower water insoluble mass fractions for the iso-

butanol blends. The effect of alcohol concentrations was also observed; the lower alcohol 

blends exhibited higher 𝜅 values. Karavalakis et al., (2015) reported lower number 

concentrations of accumulation mode particles for E20 and B32 and in some cases, smaller 

geometric mean diameters were observed as well when they tested a SG-SIDI vehicle over 

the FTP and UC cycles. The low hygroscopicity may also be attributed to non-hygroscopic 

composition such as soot found in the smaller size range. Karavalakis et al. (2015) reported 

high soot emissions for B24 relative to other iso-butanol blends which is consistent with 

the low 𝜅 value for this fuel. In addition, E15 had low soot emissions relative to the other 

ethanol blends which is consistent with the high 𝜅 values for this fuel. This is consistent 

with fresh emissions not being very hygroscopic, which may require very large diameters 

or water soluble compounds for the CCN to activate.  

  Effects among the cycles were observed for the driving patterns; 𝜅 ranged from 

0.0021 to 0.017 for the FTP and 0.0019 to 0.062 for the UC cycle. More hygroscopic 
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particles were observed for the UC cycle, which exhibits higher speeds. The higher 

hygroscopicity agrees with Short et al. (2015), who observed greater 𝜅 values for high 

steady state speeds than that of lower steady state speeds for a SIDI vehicle operating on 

ethanol and iso-butanol blends. In addition, the cold-start influence was particularly strong, 

where for most fuels the cold-start phase emitted the least hygroscopic particles with kappa 

ranging from 0.0021 to 0.014. Soot emissions are highest during phase 1 operating on the 

same biofuel blends as a result of the TWC being below its light-off temperature and thus, 

resulting in lower catalytic efficiency (Karavalakis et al., 2015). Phase 2 and 3 produced 

more hygroscopic materials and kappa values ranged from 0.0019 to 0.027 and 0.0048 to 

0.062, respectively. Closure improves with the more hygroscopic aerosols in Phase 3 

(Figure 3-4 and 3-5). Improvements in closure can also be attributed to the calculated 

concentrations staying above the lower detection limit of the EEPs. 

 

Figure 3-5. Effects of iso-butanol and ethanol fuel blends. Kappa values presented for 

each phase for supersaturations between 0.83% and 1.16%. 

 

 

 



 57 

3.6 Summary 

 

  This is the first closure study to combine fast resolution CCN activation information 

from both a continuous CCN counter and an EEPS to study CCN activity for fresh vehicle 

emissions operating on ethanol and iso-butanol blends. The instrumentation and analytical 

methods presented are able to characterize the rapidly changing particle composition 

generated by vehicle accelerations. Six ethanol and iso-butanol blends were tested on a 

single light-duty SIDI vehicle driving on UC and FTP cycles. The fuels were selected at 

random for vehicle testing and initial CCN evaluation began with E20 fuel. The greatest 

hygroscopicity differences in fresh emissions were observed at higher supersaturations. 

The results suggest that the method is aptly used at higher supersaturations.  At higher SS, 

small changes in aerosol composition affect droplet activation changes and derived critical 

diameters are more readily discerned.  Although the EEPS may lack time resolution in size 

information, the rapid changes in hygrosocopicity of the transient aerosol system with this 

system can be observed.  With the use of fast-time resolved CCN analysis, such as the 

method presented here, sources with rapidly changing aerosol composition (e.g. 

combustion studies, aircraft based atmospheric measurements) can be observed. 

The shifts in kappa reflect the sensitivity of aerosol composition to the transient 

nature of the cycles and different fuels. The least hygroscopic particles occurred during 

Phase 1 when the catalyst was below its light-off temperature and the engine was cold. 

These results are consistent with the production of soot, from inefficient combustion.  The 

most hygroscopic particles occurred during phases 2 and 3 after the catalyst was warm. 

Thus particles emitted during warm-start driving conditions will most likely uptake water. 
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The composition of emissions, particularly aerosol, can significantly change during 

transient drive cycles.  Driving patterns inevitably change, and thus the extent to which 

each vehicle spends in each phase will modify particle hygroscopicity.   

Overall, these fresh emissions exhibit relatively low kappa values (κ < 0.1). Fresh 

vehicle emissions initially have hydrophobic properties, which will inhibit the uptake of 

water and limit the ability to activate as cloud droplets. As a result, localized aerosols near 

urban sources can exhibit high variability in CCN activity. However, at regional scales 

where the aerosols have undergone atmospheric aging, the hygroscopicity can be modified 

under atmospheric conditions, such as oxidation and the condensation of soluble materials 

(Wittbom et al., 2014) and can exhibit higher CCN activity (Asa-Awuku et al.,2011). Small 

amounts of soluble material can have large effects on the water uptake properties of 

insoluble compounds (Bilde et al., 2004). This information collectively suggests that the 

aging of vehicle emission aerosols could exhibit different physical and chemical properties 

than the fresh aerosols emitted in this study. 

To be able to account for atmospheric interactions such as transport, coagulation, 

and transformations, modeling atmospheric interactions is highly dependent on source 

emissions data. Fresh emissions may not directly play a large role in regional indirect 

effects. However, aerosol emissions from vehicles may be subject to rapid physical and 

chemical changes. With vehicle technologies changing and new fuel formulations 

penetrating the market, the impact of aerosol hygroscopicity for regional visibility and 

cloud droplet formation must be assessed.  Information in regards to the amount and how 

CCN active these primary emissions are important as it provides a measure of their direct 
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contribution into the atmosphere and can aid in predicting its atmospheric aging behavior 

in the presence of other aerosol or gas phase species. Additional work is required to 

understand the evolution of fresh emissions downwind from the initial source; the 

processed aerosols are more likely to impact regional visibility and modify clouds. The 

modification of hygroscopic properties due to atmospheric aging must be explored next 

and compared to the results presented here. 
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Chapter 4 - Will Aerosol Hygroscopicity Change with Biodiesel and Renewable Diesel 

Fuels and Emission Control Technologies? 

 

4.1 Introduction 

Diesel particulate matter (PM) is associated with adverse health effects and is 

classified as a toxic air contaminant (CARB, 1998). In an effort to reduce diesel emissions, 

modern light-duty diesel vehicles are now equipped with robust emission control systems 

such as diesel oxidation catalysts (DOCs), diesel particulate filters (DPFs), and selective 

catalytic reduction (SCR) systems. These technologies have been demonstrated to 

effectively reduce diesel emission rates, however, under certain operating conditions, they 

may affect particle formation pathways, thereby modifying PM composition (Biswas et al., 

2009) and enhancing the formation of ultrafine semi-volatile particles that pass through the 

filter. Although these ultrafine particles make up a small fraction of PM mass, they 

represent a higher fraction of the overall particle number count. Thus, at an equivalent mass 

concentration, the higher number concentrations ultrafine particles may be more 

detrimental to health than larger particles with the same chemically toxic composition (Zhu 

et al., 2002; Valavanidis et al., 2008).  

DPFs effectively reduce PM emission rates but require periodic filter regenerations 

through PM oxidation to clear or “burn off” the soot that has accumulated on the filter. The 

temperature of diesel exhaust gases does not always meet the required temperature to 

efficiently oxidize the PM collected in the DPF. However, as a result, a variety of strategies 

were developed to help catalyze the regeneration reaction, such as using catalyst 

technology to generate nitrogen dioxide (NO2) from the oxidation of nitric oxide (NO) to 

assist in the combustion of soot (Cooper et al., 2007), and using fuel-borne catalysts (FBC) 
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(Blanchard et al., 2002). During DPF regeneration the engine operates under different 

conditions from those during typical vehicle operation and DPF temperatures reach above 

550ºC.  

Several studies have investigated the chemical and physical properties of aerosols 

formed during the regeneration of DPFs for light-duty diesel passenger vehicles (e.g., Bikas 

and Zervas, 2007; Giechaskiel et al., 2007; Dwyer et al., 2010; Karavalakis et al., 2014). 

Filter regeneration can produce sharp increases in particle emissions, typically greater by 

multiple orders of magnitude when compared to non-regeneration operation (e.g., Bikas 

and Zervas, 2007; Dwyer et al., 2010). Higher emissions have also been measured 

immediately after a regeneration until a sufficient amount of soot builds up on the filter 

surface again (Mohr et al., 2006). Mohr et al. (2006) measured particle number 

concentrations from several vehicles with and without an evaporation tube. For one vehicle 

in the study, no significant difference in number concentration for measurements made 

using the evaporation tube during a regeneration was observed. This indicates that the 

regeneration derived emissions may be dominated by condensed hydrocarbons, and less by 

solid soot. Giechaskiel et al. (2007) measured the total solid particle number using a 

particle measurement programme (PMP) compliant system and determined the emitted 

exhaust can also consist of stored volatile material combined with lubricant oil and unburnt 

fuel. In addition, the regeneration of DPFs can increase the soluble organic fractions (Bikas 

and Zervas, 2007). During regeneration, a nucleation mode is typically present; that can be 

dominated by hydrocarbons and sulfate (Bikas and Zervas, 2007; Maricq et al., 2007 and 

references therein). DOCs can serve as a sulfur trap by storing sulfur under normal 
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operating conditions (250°C), which can then desorb at elevated temperatures [Kröcher et 

al., 2009] during regenerations that can reach above 550ºC. In addition to diesel emission 

control systems, fuel-based strategies (e.g., biomass-derived fuels) have been used to 

mitigate greenhouse gas emissions and address climate change concerns. However, the 

addition of oxygenated biofuels has been shown to modify the water soluble organic carbon 

fractions of diesel emissions (Cheung et al., 2009; Happonen et al., 2013).  

Although several studies have investigated the changes in the physical and chemical 

nature of these aerosols derived during the regeneration of DPFs for light-duty diesel 

passenger vehicles, the potential impact of these alternative fuels and diesel emission 

control systems on aerosol hygroscopicity or its water uptake properties with regards to the 

cloud condensation nuclei (CCN) budget has not been explored. There is very limited 

information in regards to the particle CCN activity and apparent hygroscopicity during 

DPF regeneration, while it has been shown that the regeneration of DPFs can increase the 

soluble organic fractions and concentration of water soluble materials (e.g., sulfates) 

emitted and that the addition of oxygenated biofuels can modify the hygroscopicity. Thus, 

their impacts on human health, regional climate and radiative forcing in regards to the CCN 

budget are not well known. As a result, the objectives of this study were a) to examine the 

impact of fuels on the hygroscopictiy of emissions of modern technology light-duty diesel 

vehicles, and b) to evaluate the impact of aftertreatment control devices on the 

hygroscopicity particles derived from filter regeneration.  
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4.2 Experimental Setup 

4.2.1 Test fuels, Vehicles, and Driving Cycles  

Seven fuels were used in this study. Fuels include a Federal ultra-low sulfur diesel 

(FED ULSD) and a California Air Recourses Board (CARB) ULSD, and serve as the 

baseline fuels. Three fatty acid methyl esters (FAMEs), commonly known as biodiesel, 

produced from soybean oil (SME), animal fat oil (AFME), and waste cooking oil (WCO), 

respectively, and a hydrogenated vegetable oil (HVO) were utilized as blendstocks to 

prepare 20 volume % blends with the FED ULSD (FED ULSD/SME-20, FED 

ULSD/WCO-20, FED ULSD/AFME-20, FED ULSD/HVO-20). Only the WCO biodiesel 

was used to prepare a 20 volume % blend in the CARB ULSD (CARB ULSD/WCO-20). 

The main physical and chemical properties of the test fuels are shown in Table B-3. 

Two 2012 model year vehicles with direct injection common-rail diesel engines and 

DOC, DPF, and SCR were used for this study. Vehicle 1 was tested twice over the Federal 

Test Procedure (FTP) cycle on each of the seven fuels. The FTP consists of three phases: 

a cold start phase (Phase 1), transient/stabilized operation (Phase 2), and a hot start phase 

(Phase 3). The Vehicles 1 and 2 were tested over two double EPA Highway Fuel Economy 

Test (HWFET) cycles for FED ULSD and FED/SME-20 to investigate the emissions 

generated during DPF regeneration. A double HWFET was conducted to provide adequate 

time for the regeneration to go to completion. Details of the drive cycles and speed traces 

for the driving cycles are shown in Fig. A-1a and Fig. B-1. Prior to the first FTP for each 

of the two regeneration fuels, the DPF was forced to regenerate to eliminate potential 

artifacts from previous fuels. One baseline double HWFET without a regeneration was 
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conducted for Vehicle 1 on Fed ULSD. A baseline double HWFET for Vehicle 2 is not 

available. Following the FTPs and the baseline double HWFETs, the vehicles were driven 

for ~160 miles on road to build up soot in the DPF. Double HWFETs were then conducted 

in a manner where the regenerations were designed to trigger and be completed during the 

course of the test. For Vehicle 1, the engine control module was programmed to regenerate 

every 170 miles so that it was ready to regenerate after the soot buildup was completed. 

Regeneration was triggered manually in the laboratory for Vehicle 2. Details of the 

regeneration testing protocol are described in Figure B-2. A more detailed description of 

the fuels, preconditioning protocol, and testing procedures is available in Karavalakis et al. 

(2014). 

 

4.2.2 Emissions Testing and Instrumentation 

All measurements were conducted at the University of California, Riverside (UCR) 

Center for Environmental Research and Technology (CE-CERT) Vehicle Emissions 

Research Laboratory (VERL). For certification quality measurements, VERL is equipped 

with a 48-inch single roller chassis dynamometer (Burke E. Porter), and a positive 

displacement pump constant volume sampling (PDP-CVS) system. PM emissions were 

sampled directly off of the PDP-CVS tunnel (Figure 4-1). 

Supersaturated hygroscopic properties were calculated using online measurements. 

For the FTP and baseline double HWFET cycles, a TSI, Inc., Engine Exhaust Particle Sizer 

(EEPS) spectrometer 3090 was operated in parallel with a Droplet Measurement 

Technologies, Inc., single growth column cloud condensation nuclei counter (CCNC) to 
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obtain aerosol hygroscopicity measurements every second. The EEPS utilizes a unipolar 

corona charger and multiple electrometers to charge and measure the particles based on 

electrical mobility diameters. The currents are measured every 10 Hz and full size 

distributions are averaged second by second for 32 channels between 5.6 to 560 nm. Using 

a continuous-flow thermal gradient diffusion column, the CCNC generates a 

supersaturated environment for water vapor to condense onto hygroscopic aerosols to form 

droplets (Roberts and Nenes, 2005). The CCNC is operated at a total flow rate of 0.5 L/min 

using a sheath to aerosol flow ratio of 10:1.  

For the double HWFET cycles, size resolved aerosol hygrosocopicity was 

measured using Scanning Mobility CCN Analysis (SMCA) (Moore et al., 2010). This 

method characterizes the size resolved aerosol hygroscopicity aerosol properties every 135 

seconds. Using a TSI 3080 electrostatic classifier, polydispersed aerosols flow through a 

bi-polar krypton-85 charger and classified based on electrical mobility with a TSI, Inc., 

3081L differential mobility analyzer (DMA). Next, the classified or monodispersed aerosol 

is split between a butanol based condensation particle counter (CPC) (TSI, Inc., 3772) and 

a CCNC to obtain the total aerosol concentration (CN) and the CCN active aerosol 

concentration, respectively. The DMA is operated in scanning voltage mode to provide 

size resolved aerosol hygroscopicity data over a full size distribution. The CCNC is 

operated at a single supersaturation, sc, for the duration of the cycle., The CCNC was 

calibrated using aerosolized dry ammonium sulfate, (NH4)2SO4,to determine the 

supersaturations in the column (Rose et al., 2008; Moore et al., 2010).  
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Figure 4-1. Experimental set up 

 

4.2.3 Data Analysis 

The apparent hygroscopicity is determined every second by deriving the critical 

activation diameter (Dd) using number size distribution data measured by the EEPS and 

CCN concentrations measured with the CCNC. A complete description and evaluation of 

the method is found in Vu et al., 2015; a brief description is provided here. Dd is derived 

by integrating the aerosol concentration from the largest size bin in the measured size 

distribution down to a Dd until the particle number concentration agrees with the measured 

CCN concentrations from the CCNC.  

𝑁𝐶𝐶𝑁 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) = − ∫
𝑑𝑁

𝑑𝑙𝑜𝑔𝐷
(𝐷)𝑑𝑙𝑜𝑔𝐷             (1)

𝐷𝑑

𝐷𝑚𝑎𝑥
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Hygroscopicity calculated from Eq. (1) has been used in previous studies (e.g., but not 

limited to, Kammermann et al., 2010; Jurányi et al., 2011; Vu et al., 2015) and is applied 

to the FTP and baseline double HWFET cycles. 

 In anticipation of the higher concentrations expected from regenerations during the 

double HWFET, SMCA was utilized keep the concentration within the counting limitations 

of the instruments. CCN/CN are measured for a given dry diameter. Dd is determined at 

the point in which CCN/CN is 0.5 (Moore et al., 2010). 

To describe the water uptake potential of particulate vehicle emissions, a single 

hygroscopcity parameter, 𝜅, can be used. 𝜅 incorporates thermodynamic and physical 

properties, such as aerosol and water density (𝜌𝑠 and 𝜌𝑤, respectively), molecular weight 

of water (𝑀𝑤), temperature (𝑇), and droplet interfacial surface tension (𝜎𝑠 𝑎⁄ ), to describe 

particle hygroscopicity. It has been applied in studies to determine the relative 

hygroscopicity of complex aerosols (e.g., but not limited to, Engelhart et al., 2008; Jurányi 

et al., 2011; Vu et al., 2015).  

With sc, which is derived from the calibration of the CCNC, and Dd derived from 

one of the two above methods, κ is determined (Köhler, 1936; Petters and Kreidenweis, 

2007): 

                           κ =
4𝐴3

27𝐷𝑑
3𝑙𝑛2𝑆𝑐

,    𝑤ℎ𝑒𝑟𝑒 𝐴 =
4𝜎𝑠 𝑎⁄ 𝑀𝑤

𝑅𝑇𝜌𝑤
             (2) 

where 𝑅 is the universal gas constant, and 𝑆𝑐 is the critical saturation (> 1). The critical 

supersaturation is defined by 𝑠𝑐 = 𝑆𝑐 − 1. The surface tension of the droplet is assumed to 

be equivalent to that of pure water. It is noted that the vehicle exhaust emissions may be 
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fractal, which can affect the electrical mobility diameter measurements and subsequent 

CCN activation (Nakao et al., 2011; Giordano et al., 2015). However, for the analysis of 

these emissions, the particles are assumed to be spherical. 

 

4.3 Results and Discussion 

4.3.1 Fuel Effects over the FTP: Vehicle 1 

The effect of the seven fuels on the hygroscopic properties of fresh vehicle particle 

emissions operating over the FTP was examined. Size distribution measurements and CCN 

concentrations and were collected for Vehicle 1 using the seven fuels described in Section 

2.1. The CCNC was operated at sc = 0.54% and 0.88% for the transient aerosol tests. 

Second-by-second aerosol hygroscopicity measurements were used (Eqn.1). 

 

Figure 4-2. Vehicle 1 - Results of the seven different fuels. 

 

Overall, the results indicate consistently low apparent hygroscopicities for all fuels (Fig. 4-

2). Although subtle, differences were observed between different driving phases; phase 2 

produces slightly more hygroscopic particles than phase 1 and phase 3. The least 

hygroscopic particles are observed for the Fed ULSD (𝜅=0.0023 to 0.0026) and the highest 

for the CARB/WCO-20 blend (𝜅=0.0157 to 0.0258). The error bars are the averaged 
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standard deviations obtained from the multiple FTPs for each fuel. The uncertainty 

associated with the kappa values are relatively small and indicate repeatability between 

measurements. Detailed kappa results are provided in Table B-4.  

These results are consistent with studies finding fresh vehicle emissions with low 

hygroscopicity and are attributed to an externally mixed state where soluble material are 

less likely to condense, insoluble material present in the aerosols, such as soot, and small 

sizes where a majority of these aerosols exist in the nucleation mode (Dua et al., 1999; 

Weingartner et al., 1997; Hasegawa and Ohta, 2002; Andreae and Rosenfeld, 2008 and 

references therein; Rose et al., 2011; Tritscher et al., 2011; Vu et al., 2015). When 

comparing the overall apparent hygroscopicity of particles over the FTP, the results show 

relatively low hygroscopicity in relation to more hygroscopic species from secondary 

organics (𝜅~0.2) and inorganic aerosol species like  ammonium sulfate (𝜅=0.61). 

  

4.3.2 Baseline Effects over the Double HWFET: Vehicle 1  

A baseline double HWFET was performed for Vehicle 1 on Fed ULSD with no 

regeneration. Hygroscopicity is calculated every second (Eqn. 2) during baseline testing. 

Overall, the apparent particle hygroscopicity was low throughout the baseline test 

(𝜅=0.0023 to 0.0026) (Figure 4-3). This range of kappa values is similar to kappa values 

measured during the FTP cycles for this vehicle. 



 75 

 

Figure 4-3. Vehicle 1 and 2 regeneration results.- Fed ULSD: one baseline cycle, two 

cycles w/regeneration, and Fed ULSD/SME-20: two cycles with regeneration. Vehicle 2 - 

Fed ULSD: three cycles with regeneration, and Fed ULSD/SME-20: two cycles with 

regeneration 

 

4.3.3 Regeneration Effects over the Double HWFET: Vehicle 1 and 2 

Regeneration testing was performed on Vehicle 1 and Vehicle 2 on Fed ULSD and 

Fed/SME-20 over the double HWFET cycles. Two double HWFET regeneration tests were 

performed for each of the two fuels with the exception of Vehicle 2, which had three tests 

on the Fed ULSD. SMCA was used to characterize the hygroscopicity properties. These 

results are summarized in Figure 4-3 with detailed kappa results in Tables B-5 and B-6.  

For Vehicle 1 and 2 the regenerations lasted approximately 7 to 12 minutes and 11 

to 22 minutes, respectively. The length of regeneration and the amount of PM emitted can 

vary as they are a function of the driving patterns of the vehicle (e.g., steady-state high 

speed cycles) and mileage accumulation (Dwyer et al., 2010). All regeneration events were 
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signified by elevated exhaust emissions and exhaust temperatures for both vehicles. Size 

and concentration data (EEPS) are only available for Vehicle 1 (Figure 4-4).  

 

Figure 4-4. Vehicle 1 Regenerations. Particle size distributions shown (left axis) and 

kappa (right axis) as a function of time elapsed. 

 

A large nucleation mode is observed, which is consistent with other studies conducting 

regenerations (Maricq et al., 2007 and references therein). The fuels are not observed to 

effect the size distributions. 

The highest hygroscopicity is observed for the aerosols emitted during regeneration 

for both vehicles and both fuels; with average 𝜅 values ranging from 0.242 to 0.434 (Figure 

4-5). The highest and lowest hygroscopicity was observed for Vehicle 2 on the FED ULSD 

(𝜅 =0.843 and 𝜅 =0.0661).  

10

100

D
p

 (
n

m
)

2520151050

Time Elapsed (min)

10

100

10

100

10

100 0.4

0.2

0.0

0.4

0.2

0.0

0.4

0.2

0.0

0.6

0.4

0.2

0.0

K
a

p
p

a

500x10
3

400

300

200

100

0

d
N

/d
lo

g
D

p

 FED ULSD REGEN1 

 FED ULSD REGEN2 

 FED ULSD/SME-20 REGEN1 

 FED ULSD/SME-20 REGEN2 



 77 

 

Figure 4-5. Average Kappa values for the regeneration events 

 

Additional kappa values are available in Table B-7. The higher kappa values may be 

attributed to the higher amount of sulfates released during regeneration (derived from 

sulfur on the soot particles, sulfur in the DPF). This is consistent with those from Bikas 

and Zervas (2007) who observed an increase in the nucleation nanoparticles which 

consisted mostly of HC or sulfates during the regeneration of a non-catalyzed SiC filter 

and a Pt catalyst retrofitted on a passenger car equipped with a 1.9 L diesel Euro4 engine. 

They found soluble organic fractions increased during regeneration from 0 to 50%, which 

were determined to be composed of hydrocarbons with 77% from fuel and the remaining 

23% from engine oil. In addition, sulfates made up 12% of the total PM (from 3% before 

regeneration) and were correlated with increased fuel consumption, higher DPF 

temperatures, increased sulfate concentrations with larger diameter particles (median 

diameter of 40 nm). Both vehicles 1 and 2 had lower fuel economy during the DPF 

regenerations (Karavalakis et al., 2014), thereby increasing the amount of sulfur due to 

increased fuel consumption.  
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Sulfur may play an important role in elevating aerosol emission hygroscopicity. To 

drive the regeneration, ULSD may be injected to lower the required DPF temps for 

regeneration. An increase in fuel consumption during regeneration measurements can 

result in an increase in SO2 (Bikas and Zervas, 2007). Studies suggest that SO2 may be 

oxidized to SO3 in the catalyst and lead to the formation of sulfate particles in the 

nucleation mode (Biswas et al., 2009). DOCs can serve as a sulfur trap and store a large 

fraction of the emitted SO2; which can oxidize to form SO3. This can then form sulfuric 

acid in the presence of water or sulfates with metal oxides (e.g., alumina, titania, zirconia) 

on the surface of the DOC (Kröcher et al., 2009). This process is irreversible and the 

sulfuric acid/SOx can begin desorbing at temperatures as low at 250°C (Kröcher et al., 

2009). Sulfuric acid is very hygroscopic, with a reported kappa value of 0.9 (Petters and 

Kredenweis, 2007). If mixed with less soluble materials, sulfuric acid may greatly modify 

the CCN activity. Aerosols internally mixed with sulfuric acid vapor can be highly 

hygrosopic (Khalizov et al., 2009). The observed large kappa values (> 0.8) may be due to 

sulfuric acid or interactions of SOx with water vapor in the exhaust or the CCN.  It should 

also be noted that SCR systems use urea to reduce NOx, ammonia slip may be occurring 

due to the urea injection system. This ammonia may potentially react with sulfuric acid to 

form ammonia sulfate, which has a kappa value of 0.61 (Petters and Kredenweis, 2007). 

 

4.4 Summary 

This is the first study to investigate the supersaturated hygroscopic properties of 

particle emissions derived from the regeneration of DPFs while operating on a 
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commercially available ULSDs and biodiesel blends. For the FTP tests for Vehicle 1, 

although subtle, the changes in kappa indicate the sensitivity of the chemical composition 

to the different renewable and biodiesel fuels and the transient nature of the drive cycle. 

Overall, kappa values did not display any significant differences; emissions directly from 

the tail-pipe exhibit low kappa values and are consistent with fresh vehicle aerosol 

emissions typically classified as non-hygroscopic.  

Regeneration can produce significantly more particle emissions and the particle 

hygroscopicity during regeneration was considerably higher than that of the non-

regeneration cycles; reaching average kappa values of 0.242 to 0.434, but upwards of 

0.843. This indicates the presence of highly soluble materials, which even in small 

amounts, may greatly effect the water uptake properties of compounds that are insoluble 

(Bilde et al., 2004).  

DPF regeneration increases both particle number and hygroscopicity. The potential 

impact of modifying a significant fraction of the modern vehicle fleet with diesel engine 

technologies such as DPFs may have unforeseen environmental consequences. Vehicle 

emissions are traditionally characterized as non-hygrosopic in radiative forcing estimates. 

However, this work indicates that diesel vehicle emissions will move from non-

hygroscopic to hygroscopic in nature due to the regeneration of the filters. DPFs collect a 

majority of the PM emissions, but during the oxidation and regeneration process, the 

particle number and hygroscopic properties are both modified. Current emissions testing 

that does not incorporate regeneration is not fully representative of the emissions from 

modern diesel vehicle equipped with these diesel emission control technologies. As more 
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vehicles continue to utilize this technology, the impact on local health, regional visibility, 

and climate due to the application of these diesel emission control systems becomes 

increasingly important and should be evaluated in future studies.  
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Chapter 5 – Using a New Mobile Atmospheric Chamber to Investigate Aged Gasoline 

Vehicle Emissions, Part I 

 

5.1 Introduction 

Vehicle emissions are an important source of volatile and semi-volatile organic 

compounds, NOx, CO and particulate matter, which can contribute to secondary organic 

aerosol and ozone formation in the environment. Gasoline vehicle emissions are a large 

source of secondary organic aerosol (SOA) precursors in urban areas; gasoline derived 

SOA was estimated to exceed POA by a factor of three when exposed to atmospherically 

relevant concentrations of OH (5x107 molecules cm-3 h) (Bahreini et al., 2012). As a result, 

several studies have focused on identifying the chemical species that contribute to SOA 

formation. However, the chemical and physical properties of gasoline emissions can vary 

with the different vehicle types, fuel sources, and driving conditions thereby making the 

characterization of gasoline SOA challenging.  

Previous work has characterized the physical and chemical properties of primary and 

secondary emissions from different types of vehicles operating on idling conditions and 

certification quality drive cycles (e.g., but not limited to, Liu et al., 2015; Gordon et al. 

2014; May et al., 2014; Platt et al., 2013). Consistent with Bahreini et al. (2012), Nordin et 

al. (2013) observed significant SOA formation (SOA:POA of 9 to 500) when investigating 

the SOA formation of emissions derived from warm idling euro LDGVs. This is consistent 

with Liu et al. (2015) who investigated the SOA formation of two Euro1 and Euro 4 port 

fuel injection (PFI) light duty gasoline vehicles (LDGV) under warm idling conditions. 

Large SOA to POA ratios of 12 to 259 (OH exposure of 5x106 molecules cm-3 h) was 
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observed; a large fraction of the SOA formation was attributed to single-ring aromatic 

precursors and naphthalene. Likewise, Nordin et al. (2014) estimated 60% of the SOA 

derived from C6-C9 aromatics. The unspeciated non-methane precursors contributed 

largely to SOA formation as well and have been found to derive from highly oxygenated 

hydrocarbons (Platt et al. 2013) and branched and cyclic alkanes (Gordon et al., 2014). 

However, many of these studies focused more on the older technology vehicles, such as 

Port Fuel Injection (PFI) vehicles, with less attention on current generation vehicles such 

as gasoline direct injection (GDI) vehicles.  

Fresh gasoline vehicle emissions are not hygroscopic and have been characterized with 

low cloud condensation nuclei (CCN) activity (Vu et al., 2015). However, the primary 

emissions can undergo physical and chemical changes (e.g. condensation or coagulation of 

soluble materials, chemical oxidation), which may strongly modify its water uptake 

properties. Knowledge on SOA and its effect on cloud droplet formation from different 

gasoline vehicle emissions is limited.  

With the push to reduce fuel consumption, GDI technology is estimated to become the 

preferred standard for gasoline light-duty vehicles in the United States (CARB, 2010). In 

addition to greater fuel efficiency, GDI technology offers greater specific output and lower 

CO2 emissions than conventional PFI engines. However, a drawback of GDI technology is 

that it emits more particle mass emissions than PFI engines (Karavalakis et al., 2014; Liang 

et al., 2013). Because of the direct injection of fuel into the combustion chamber, fuel 

impingement on the piston walls during combustion could lead to higher soot formation 
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and total hydrocarbons emissions. This effect may be more prominent during cold starts 

when the three way catalyst (TWC) is cold and the oxidation efficiency is low. 

There are currently a handful of smog chambers in use (Cocker et al., 2001; Carter et 

al., 2005; Leskinen et al., 2015; Liu et al., 2015, Platt et al., 2013, Presto et al. 2011). 

However, many of these chambers do not have access to chassis dynamometers. For the 

chambers that do, some of the current mobile chambers have been restricted to a smaller 

volume to improve mobility (Gordin et al, 2014; Platt et al., 2013). This lowers the surface 

area to volume ratio and may affect the wall loss rates. Currently, the UCR Chemical 

Engineering Center for Environmental Research and Technology (CE-CERT) houses a 

number of research facilities; this includes the atmospheric processes Laboratory (APL) 

and Vehicle Emissions Research Laboratory (VERL). However, they are not housed 

directly next to each other. To overcome these limitations, a new UCR Mobile Atmospheric 

Chamber (MACh) has been designed to integrate the vehicle emissions testing capabilities 

at the VERL with state-of-the art gas and particle phase instrumentation at APL as a means 

of characterizing aged emissions sources from driving cycles that are representative of real 

world driving conditions that are both repeatable and controlled. MACh is ~30 m3, thereby 

making it one of the largest mobile chambers currently available. The chamber is placed 

directly next to the vehicle in the test cell during the emissions collection period and then 

transported to APL to be photochemically aged. As a result, all experiments are now able 

to be completed in-house at the research facilities available at CE-CERT. 

This work is divided into two parts; a) a brief characterization of a new mobile 

atmospheric chamber (MACh) that has been designed to interface the vehicle emissions 
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research laboratory with APL at CE-CERT and b) the demonstration of the functionality 

of MACh by investigating the effect of photochemically aging emissions for two modern 

light duty passenger GDI vehicles while operating on a chassis dynamometer. Results of 

the characterization runs and vehicle testing are presented.  

 

5.2 Methods and Materials 

5.2.1  Mobile atmospheric chamber 

MACh consists of a single collapsible ~30m3 2 mil FEP fluoropolymer film (Saint 

Gobain) chamber, thereby making it one of the largest mobile atmospheric reactors 

currently available. Some aspects of MACh design are similar to those presented in Carter 

et al. (2005) and Nakao et al. (2012). This chamber was designed and then constructed in 

house. The seams were carefully completed using a heat sealer and reinforced with 

polyester film tape (3M HD 8403). The large volume (surface to volume ratio of ~2.2:1) 

and the non-reactive chamber material was selected to help minimize wall loss of aerosols 

(POA/SOA) and semi volatile precursors. Another beneficial feature of the Teflon material 

is its relatively good resistance to small temperature changes thus minimizing temperature 

fluctuations inside the chamber when transporting the chamber between facilities. One wall 

of the chamber has an aluminum sampling plate that has been sealed in the same FEP 

fluoropolymer film as the chamber. Is it equipped with multiple stainless steel, Teflon, and 

jaco sampling and injection ports.  

The reactor itself is housed in a mobile aluminum frame constructed of aluminum 

extrusions and anodized aluminum sheets fixed with wheels and a large UV blocking tarp. 
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This enables the chamber to be transported between the different research facilities housed 

at CE-CERT thereby allowing MACh to be positioned close to the combustion source 

during the primary emissions sampling period. After collecting samples, MACh is 

transported to APL to be aged with black lights and characterized with state-of-the-art 

particle and gas phase instrumentation.  

 

5.2.2 Light source and chamber enclosure 

Emissions are photochemically aged with a controlled ultra violet light source 

consisting of 600 15W 18” black lights mounted onto two walls of the enclosure. The 

interior of the chamber enclosure is covered with anodized aluminum sheets (4250E Super 

UltraBrite 95, ACA Corp.) to maximize light intensity throughout the chamber. The 

irradiance spectrum was measured with a LI-COR 1800 spectroradiometer and normalized 

to the highest peak (mercury line at 436nm) (figure 5-1). The peak intensity is at 365nm 

(with a range of 300-430nm). UV lights are not representative of the ground level spectrum, 

but provide an adequate substitute for sunlight and covers the range for many important 

atmospheric trace gases such as OH radicals, O3, HONO, HCHO, and NO2 (Carter et al., 

1995). A limitation of these black lights is that it provides an unnatural spectrum in the 

higher wavelength which may affect photochemical processes such as the photolysis of 

NO3 radicals and certain aromatic products. 
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Figure 5-1.  Irradiance Spectrum of UV black lights 

 

The photolysis rate (𝑘1) of NO2, was determined through a series of actinometry 

experiments (Seinfeld and Pandis, 1998). A known concentration of NO2 was injected into 

a quartz tube placed in the center of the enclosure and irradiated with the black lights. NOx 

was recorded and used to determine the photolysis rate. 

              𝑘1 =
𝑘[𝑁𝑂][𝑂3]

[𝑁𝑂2]
           (1) 

NO2 photolysis rate was determined to be 0.23 min-2. To modify the light intensity, the 

black lights were distributed among 30 individual light panels to allow different lighting 

configurations. 

 

5.3 Reactor conditioning and characterization runs 

Prior to the first characterization run, the chamber was conditioned with pure air and 

high concentrations of both ozone and OH radicals formed by irradiating H2O2. Ozone was 
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generated by passing clean air over a Pen-Ray ultraviolet lamp (Part No. B131799, Ultra-

Violet Products Inc.). To minimize background effects, pure dry air that is free of particles, 

non-methane hydrocarbons, and NOx was generated with an AADCO 737 air purifier 

(AADCO Instruments, Inc.) located at APL. Further details of the APL clean air system 

are described in Carter et al. (2005). NOx, CO, and O3 concentrations were measured by 

Teledyne gas analyzers (model 200E, 300E, and 400E, respectively).  

With stringent certification standards for light duty gasoline vehicles (LDGV), 

gasoline vehicle emissions are becoming significantly lowered. In anticipation of low 

reactant concentrations, the chamber was characterized to ensure minimal background 

effects. A series of characterization runs as described in Carter et al. (2005) were conducted 

to check for NOx off-gassing, and background VOCs. A summary of the characterization 

runs completed for MACh is available in Table 5-1. Humidity was monitored with a using 

a LI-COR® LI-840A CO2/H2O analyzer (down to 0.001%). Particle size and number were 

measured according to electrical mobility with a TSI Scanning Mobility Particle Sizer 

(SMPS) spectrometer consisting of a 3081L differential mobility analyzer, a 3080 

electrostatic classifier 3080 that is equipped with a bi-polar krypton-85 charger and a 

butanol based 3776 condensation particle counter (CPC). 

Particle loss rates are determined assuming first order wall loss kinetics as 

described in Cocker et al. (2001). By integrating the following equation,  

𝑑𝑁(𝐷𝑝, 𝑡)

𝑑𝑡
= −𝛽(𝐷𝑝)𝑁(𝐷𝑝, 𝑡)          (2) 
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the wall loss coefficient () is estimated according to the particle number concentrations 

(N) and the particle size (𝐷𝑝) as a function of time for each individual experiment. Vapor 

wall losses are not considered in these experiments. 

Table 5-1. Results of initial characterization runs 

EXPERIMENT  DESCRIPTION 

Reactor 

conditioning 

Zero air + O3 

+ OH radicals 

Reactor walls “scrubbed” to remove any initial impurities 

Background VOCs 

NOx off gassing 

Radical sources  

Zero air Would observe background particle formation if walls are a 

radical source, if NOx is offgasing, or if VOCs are present in 

clean air 

Background VOCs 

Radical sources  

Zero air 

+ NO + CO 

Would observe O3 formation if aerosol precursors (radical 

sources) come from walls or present in clean air. NO would 

react to form NO2 in the presence of a radical, O3 results from 

the photolysis of NO2, and OH is consumed by CO. 

NOx off gassing Zero air + CO CO suppresses OH radical and SOA formation. If NOX is off 

gasing would observe O3 formation from photolysis of NO2 

 

During all tests the chamber was maintained under dry conditions (RH below detection 

limits) particle formation was less than 1 ug m-3 and NOx concentrations were below 

detection limits. For the zero air, NO/CO, and CO runs less than 10, 50, 11 (6 hours) ppb 

of ozone were detected, respectively. Any particle formation is the result of NOx or 

precursors such as HONO off-gassing from the chamber walls. The pure air may be a 

source as well, but is less likely. 

 

5.4 Test vehicles and fuels 

For this study, two low mileage 2015 light duty gasoline vehicles equipped with wall-

guided GDI (WG-GDI) engines and three way catalysts were investigated. The first vehicle 

is a Honda Accord and the second a Hyundai Accent. Each vehicle was tested over the 

California Unified Cycles (UC) on commercially available E10 gasoline. The UC was 
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developed by the California Air Resources Board (CARB) to represent typical California 

driving conditions and includes higher average speeds and acceleration rates with fewer 

stop and less idling time compared to the standard Federal Test Procedure (FTP) 

certification cycle. It consists of a cold start phase, a stabilization phase, a ten minute hot 

soak, and a warm start phase (figure 5-2). Prior to the first UC, the vehicle was 

preconditioned with a LA4 drive cycle and prior to all UCs, the vehicle was cold soaked 

overnight for a minimum of 8 hours. Testing modern GDI engine with the aggressive 

driving conditions in the UC presents a unique emissions profile for atmospheric chamber 

studies.  

 

Figure 5-2. Unified Cycle 

 

5.5 Emissions Testing and photochemical oxidation 

A series of chassis dynamometer experiments were completed to investigate the aging 

of the vehicle emissions. Certification quality vehicle emissions testing was completed on 

a Burke E. Porter 48-inch single roller chassis dynamometer located in the CE-CERT 

vehicle emissions research laboratory (VERL). The chamber was positioned in the test cell 
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and was directly connected to a positive displacement pump constant volume sampling 

(CVS) system. Two ejector diluters built from single stage vacuum generators (Air-Vac 

TD11OH) operating in parallel were used to introduce the diluted emissions to MACh. A 

separate pure air generator was constructed for the injection system. Compressed air is 

passed through a general purpose particle filter, multiple silica gel columns (dewpoint 

below -40ºC), activated charcoal (heat conditioned to remove lower carbon compounds), 

purafil, and carulite canisters, a coalescing filter and then hepa filtered before passing 

through the injection system. The air had no detectable particles, NOX, or non-methane 

hydrocarbons. 

Prior to each emissions test, the chamber was injected with O3 and irradiated with black 

lights for 2-3 hours and then continuously flushed overnight using the AADCO pure air 

system located at APL. The chamber was then filled to approximately a third of the volume 

with pure air and transported to VERL where the diluted exhaust was cumulatively 

collected over phases 1, 2 and 3 of the Unified Cycle, thereby representing trip average 

emissions. Upon completion the chamber is transported back to APL and the remainder of 

the chamber is filled with pure air until the chamber reaches a pressure 0.05 inH2O. The 

overall dilution from tailpipe to chamber was ~114:1 and 60:1 for the Hyundai Accent and 

the Honda Accord, respectively. 70 ppb of H2O2 was injected as an OH radical source and 

PFH was injected to track bag dilution. The NOX to VOC ratios were not adjusted. The 

exhaust was then photochemically aged for 12 hours. During the tests, the temperature was 

maintained at ~25to 30°C. The experimental setup is shown in Figure 5-3. The relative 

humidity in the chamber for the Hyundai and Honda was 3% and 6%, respectively.  
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Figure 5-3. Experimental Setup 

 

5.6 Additional Instrumentation and Analysis 

The concentration of black carbon was measured with a ThermoScientific Multi-Angle 

Absorption Photometer (MAAP) which utilizes an aerosol-filter based system and a 670 

nm light source to detect the black carbon mass loading (Petzold et al., 2002). To provide 

a more accurate total mass, and to provide an indication of the composition, effective 

density measurements for the vehicles were determined by selecting the peak sizes in the 

distribution. The particle effective density was measured by operating a Kanomax particle 

mass analyzer (APM) in series with an SMPS (Malloy et al., 2009). The APM was 

programmed to detect the particle mass according to a user selected diameter to determine 

the effective density. The diameter was selected according to the peak mode diameters 

obtained from the SMPS. The volatility was measured with a volatility tandem DMA 

(VTDMA). The thermodenuder was operated at 50C. The volume fraction remaining is 
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determined based on the volume ratio of the aerosol after passing through the 

thermodenuder and before. Both the APM and the VTDMA were size selected according 

to the mobility diameter.  

The non-refractory bulk chemical composition, relative mass, and size was measured 

with an Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-

AMS) (DeCarlo et al., 2006). The HR-ToF-AMS was alternated between the mass 

spectrum W-mode and the particle ToF V-mode. The data from W-mode was used to 

characterize the chemical composition, while the V-mode was used to provide information 

regards to the size and relative concentration of the bulk composition.  

CCN activity is measured with a Droplet Measurement Technologies, Inc. single 

growth column continuous-flow thermal gradient diffusion column CCN Counter (CCNC) 

(Lance et al., 2006, Roberts and Nenes, 2005). Aerosols with a critical supersaturation 

greater than the column supersaturation activate. The droplets are then counted with an 

optical particle counter at the exit of the column. The CCN activation curves are obtained 

by either operating the CCNC-SMPS in scanning mobility analysis mode (SMCA) which 

scans the DMA voltage to obtain CCN active aerosol fractions for each size for the full 

size distribution or by selecting a single size and scanning through multiple column 

supersaturations. 

To determine the total PM mass, a unit density can be assumed, or a density derived 

from the chemical composition measured by an AMS (e.g. density of ~1.4 g cm-3 for SOA 

and 1.72 g cm-3 for ammonium nitrate) can be applied to volume data. However, for 

experiments where there is a large contribution of fractal soot particles, these methods can 



 97 

lead to an over estimation of PM (Nakao et al., 2011). For this study, effective density 

measurements from the APM-SMPS were applied to volume data from the SMPS to 

account for the varying density and determine the total PM mass. In addition, for 

experiments where the total non-refractory mass measured by the AMS and the BC mass 

measured by the MAAP did not agree with the total mass derived from the SMPS, a scaling 

factor, AMSsf, as described by May et al., (2014) is applied (eqn. 2). The difference in mass 

is assumed to have the same chemical composition as that identified by the AMS. 

𝐴𝑀𝑆𝑠𝑓 =
𝐶𝑆𝑀𝑃𝑆 − 𝐶𝐵𝐶

𝐶𝑂𝑅𝐺 + 𝐶𝑆𝑂4
+ 𝐶𝑁𝑂3

+ 𝐶𝑁𝐻4

          (2) 

For this study, a single hygroscopicity parameter, 𝜅, relating the aerosol dry 

diameter (𝐷𝑑) and critical saturation (𝑆𝑐) were used to describe the aerosol water uptake 

properties (eqn. 3) (Petters and Kreidenweis, 2007; Köhler, 1936). 

κ =
4𝐴3

27𝐷𝑑
3𝑙𝑛2𝑆𝑐

 ,    𝑤ℎ𝑒𝑟𝑒 𝐴 =
4𝜎𝑠 𝑎⁄ 𝑀𝑤

𝑅𝑇𝜌𝑤
              (4) 

𝑅 is the universal gas constant, 𝑇 is the temperature, 𝜎𝑠 𝑎⁄  is the droplet interfacial surface 

tension, and 𝑀𝑤 and 𝜌𝑤 are the molecular weight and density of water, respectively. The 

critical supersaturation is defined by 𝑆𝑆 = 𝑆𝑐 − 1. This can be used to determine κ for the 

supersaturated regime. For the subsaturated regime, κ was determined using the growth 

factor (Petter and Kredenweis 2007). 

κ

𝑔𝑓3 − 1
=

100

𝑅𝐻
𝑒𝑥𝑝 (

𝐴

𝐷𝑑𝑔𝑓
) − 1             (5) 

For the hygroscopicity calculations, particles are assumed to be spherical. 
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5.7 Results and discussion 

Photochemical oxidation was initiated at time 0 and continued over the course of 

12 hours. Significant secondary aerosol formation consisting of SOA and ammonium 

nitrate occurred within the first hour and peaked approximately 2-3 hours into photo 

chemical aging. The NO is oxidized to NO2 during the first hour for the Honda, and second 

for the Hyundai (Figure C1 and C2). The experiments were wall loss corrected to quantify 

the secondary aerosol produced in the chamber. The estimated wall loss rates for the 

Hyundai and the Honda Accord were 0.12 hr-1 and 0.13 hr-1, respectively. These wall loss 

rates are comparable to other chambers of similar size (Wang et al., 2014; Cocker at al., 

2002).  

As shown in Table 5-2 and figure 5-3, the final mass significantly exceeds that of 

the initial mass with a SA:POA of 19.6 and 31.1 for the Hyundai and the Honda, 

respectively. This indicates LDGV to be a large source of secondary aerosol precursors. 

However, it is important to note that initial particle concentrations could be higher; the 

SMPS has a cutoff point of 14nm, so particles <14nm are not accounted for, and 

approximately 10% the volume was lost while transporting MACh from VERL to APL. 

Thus, the SA:POA ratios may be overestimated. 

The cold start phase may be the largest contributor to the secondary PM because 

particle and gaseous emissions are typically the highest during cold start driving conditions 

when the least efficient combustion occurs and the oxidation efficiency of the TWC is low. 

Elevated THC and PM concentrations during the cold portion of the UC cycle have been 

observed (Karavalakis et al., 2014). Beyond the cold start, the emissions were then the 
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highest during accelerations and decelerations (Karjalainen et al., 2015). Measuring the 

SOA forming potential in real time using a potential aerosol mass (PAM) reactor system, 

Karjalainen et al. (2015) who also investigated a GDI vehicle, observed the highest 

secondary PM emissions occur from the cold start portion of their drive cycle.  

 

Table 5-2. Summary of POA/SOA. SOA was taken from the peak conc. 

Vehicle POA (ug m-3) SOA (ug m-3) SOA/POA 

Hyundai 7.1 138.7 19.6 

Honda 1.3 41.4 31.1 

 

Figure 5-4. Measured concentrations as function of time elapsed after lights on 

 

The initial POA was higher for the Hyundai than the Honda, which may play a role in 

secondary aerosol formation by acting as a surface for oxidized compounds to condense 

onto thereby effecting the overall size distribution of the secondary aerosol. As shown in 

the aerosol size distributions in figure 5-5, for the Hyundai Accent and Honda Accord, the 

initial unimodal distribution splits to form a trimodal and bimodal distribution, 
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respectively. In addition, particle growth is observed and indicates condensation of organic 

or inorganic vapors and separate nucleation events.  

 

 

Figure 5-5. Size distributions during course of experiment. A) Hyundai Accent B) Honda 

Accord 

Mass fractions of the non-refractory aerosol composition is presented in figure 5-5 

and are not wall loss corrected. For both vehicles, the fresh aerosols (time 0) are a mixture 

of black carbon, organic and inorganic compounds. However, the chemical changes at the 

onset of photochemical oxidation is apparent with the modification in the mass fractions 

of BC, organics, and inorganic nitrates. For both vehicles, the secondary PM is dominated 

by inorganic nitrates with less organics at the onset of secondary PM formation (figure 5-

6).  

a) 

b) 
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Figure 5-6. Mass fractions of the aerosol measured by the AMS for a) Honda Accord and 

b) Hyundai Accent. Data are not wall loss corrected. 

 

Although ammonia measurements are not available, it is presumed that ammonium 

formation occurs as a byproduct when reducing NO in the TWC; this has been correlated 

with fuel rich conditions associated with accelerations (Karjalainen et al, 2015). Nitric acid 

formed from the oxidation of NOx can then react with ammonia to form the inorganic 
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nitrates in the chamber. This is consistent with May et al., (2014) who reported high 

inorganic nitrates formation for a small number of vehicles in their study. For the Honda 

Accord, the organic fraction represents approximately 20% of the overall of the secondary 

aerosol five hours into photochemical aging and continues to increase for the course of the 

experiment. For the first 8 hours the inorganic mass fraction appears stable, but the organic 

fraction continues to increase, which indicates that the SOA is still forming. Beyond 8 

hours, the sharp decrease in inorganic salt fraction indicates evaporation and is consistent 

with the overall decrease in mass. Unlike the Accord, the organic fraction for the Hyundai 

Accent is a modest 10% five hours in and then continues to gradually increase.  

The effective density measurements for both vehicles are presented in figure 5-7. 

For the Hyundai Accent, two density modes are observed and indicate fractal particles for 

the smaller particles (eff < 1g cm-3) and an inorganic secondary aerosol with a density that 

is consistent with ammonium nitrate ( = 1.72g cm-3) for the larger sizes. Although the 

fractal particles and the inorganic nitrates appear to dominate the two modes, the increase 

in the initial eff and then the slight increase and decrease in eff for the larger and smaller 

sizeds mode indicates a certain degree of internal mixing with organics. Unlike the 

Hyundai, the Honda Accord has a single density that is close to that of NH4NO3 which may 

indicate a distribution that is dominated by a large internally mixed population.  
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Figure 5-7. Effective density measurements for vehicle 1 and 2. 

 

 The Van Krevelen plot can be used to describe the chemical evolution of the total 

organic aerosol composition where the slope provides an indication of the oxidation 

pathway (Heald et al., 2010). As seen in figure 5-8, the O:C ratio >1 indicates the formation 

of a highly oxidized low volatile organic aerosol for the Hyundai. This high O:C has not 

been previously seen in other work. However, for the Honda Accord, the O:C ratio of ~ 

0.85 was observed which is higher than the O:C observed by Platt et al., (2013) (O:C ~0.7) 

for a Euro 5 car and Karjalainen et al, (2015) (O:C 0.5-0.6). Platt et al., (2013) suggests 

that the highly oxidized aerosol are a result of smaller unspeciated prescursor 

hydrocarbons. Nordin et al., (2013) observed an O:C~0.4 for aged emissions from warm 

idling Euro 2-4 vehicles, and attributed 60% of of the SOA to C6-C9 light aromatic 

compounds.  
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Although the organic fraction represents only a modest amount of the overall 

secondary aerosol, the VOC profile present in these vehicle emissions are unique in that 

they produced highly oxidized SOA. It is also important to note that during the UC cycle 

there is a large number of accelerations and decelerations, so the more oxidized SOA may 

be the result of more aggressive driving conditions. Using a potential aerosol mass (PAM) 

reactor and oxidant concentrations 100-100 times higher, Karjalainen et al., (2015) 

observed real time measurements of the secondary particulate during a new European drive 

cycle (NEDC) for a 2011 GDI vehicle. The highest secondary emissions were observed to 

originate from gaseous precursors present in the cold start portion of the NEDC where the 

secondary emissions were dominated by organics from the cold start. Gordin et al., (2014) 

also observed higher SOA formation for vehicles tested over cold start conditions 

compared to warm start tests.  

For the Honda Accord, the shallow slope in the Van Krevelen plot indicates the 

SOA formation pathways through the formation of acetaldehyde (oxidized VOCs) and 

thus, addition of carboxylic acid or the addition of an alcohol and carbonyl but also may 

indicate that alcohol or peroxide group may be occurring in addition to the acid addition 

(Sally Ng., 2011).  The increase in O:C is consistent with the increase in m/z 44 (figure 5-

9), which indicates that acids play a role in the oxidation of the vehicle OA. These slopes 

are similar to those reported by Presto et al., (2014), for the photochemical oxidation of 

emissions for a LEV-1 and LEV-2 gasoline vehicles. The more shallow slope of the 

Hyundai suggest that oxidation pathways may occur through alcohol or peroxide addition.  
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Figure 5-8.Van Krevelen plot for Honda Accord and Hyundai Accent 

  

m/z 44 (𝐶𝑂2
+) is a marker of OA oxidation and the fragment ion m/z 43 can be used 

to represent semi-volatile SOA which is associated with fresh SOA (𝐶2𝐻3𝑂+) 

(Canagaratna et al., 2007; Kroll et al., 2009). For both vehicles, m/z 44 increases as the 

aerosol is photochemically aged, this suggests that with increasing OA oxidation, acid 

formation occurs. (Duplissey et al., 2011; Ng. et al., 2011). For both vehicles, the 

variability in the oxidation levels is apparent with the level of scattering. However, as the 

emissions continue to age, the data converges into a relatively tight cluster in the f44 vs. 

f43 plot which suggests chemical similarity towards the end of each experiment with f44 
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dominating. It also shows that they fall within the boundaries for ambient oxidized OA (Ng 

et al., 2010); the Honda more so than the hyundai.  

 

Figure 5-9. Triangle plots for the Hyundai Accent and the Honda Accord. 

 

HR mass spectra data of the aerosol the beginning of the experiment (0 hours) and the aged 

aerosol after 10 hours is presented in figures C-3 and C-4 for the Honda and Hyundai, 

respectively. After 10 hours of aging, f44 (CO2
+) is the most abundant peak for the Honda, 

which are consistent with significant levels of oxidation (low volatile oxygenated organic 

aerosols). For the Hyundai f29 (CHO) and f44 are the most abundant. 

The VFR for the Honda is presented in figure 5-10. VFR for Hyundai is not 

available. The aerosols formed at the beginning of the experiment are highly volatile. This 

can be due to the significant amount of secondary nitrate formation, which has a higher 

vapor pressure and can evaporate at elevated temperatures. 



 107 

 

 

Figure 5-10. VFR data for Honda Accord.  

 

The photochemical oxidation and subsequent nitrate formation and hydrophilic 

organic compounds of vehicle exhaust resulted in various levels of aerosol hygroscopicity. 

At time zero, there is no measured CCN activity and is attributed to water insoluble 

combustion aerosol that is soot dominated. However, the CCN activity increases for both 

vehicles with the formation of hydrophilic oxidation products and inorganic nitrates. The 

CCN activity of the Accord lowered with decreasing aerosol volatility, and increase in 

organic mass fractions. Also, fractal material is present during the course of the experiment, 

which can also effect the measured hygrosocopicity. Overall, for both vehicles, the 

apparent hygroscopicity derived from the subsaturated measurements were lower than 

those measured in the supersataurated regime. The GF from the beginning to the end of 

the experiment for the Accord and the Accent ranged from 0.06 to 0 and 0 to 0.03, 

respectively. They follow the same general trend in the supersaturated regime where CCN 
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decreases and increases for the Honda and Hyundai, respectively. The subsaturated 

conditions in the HTDMA may not provide the required amount of water vapor to fully 

dissolve the aerosols, thereby limiting their ability to reach their deliquescence point. Also, 

GF values of <1 were observed which indicates restructuring during the hydration process 

in the HTDMA.  

 

Figure 5-11.  Kappa measure by the DMT CCNC for the Honda Accord and the Hyundai 

Accent. For the Accord, the CCNC was measured using SMCA. The Accent was 

measured using scanning SS mode while keeping a selected size constant. 

 

For the supersaturated regime, the Honda Accord displayed a higher apparent 

hygroscopicity and appears to be more CCN active than the Hyundai Accent (Figure 5-11). 

However, it is important to note that previous studies have observed evaporation artefacts 

for inorganic salts in the both the CCNC and the HTDMA (Romakkaniemi et al., 2014; 

Tang et al., 2014; Hu et al., 2011). NH4NO3 has a high vapor pressure and can partition 

into the gas phase at the elevated temperatures seen during standard CCNC and HTDMA 

operating conditions.  



 109 

With NH4NO3 having a measured CCN of 0.74 (Tang et al., 2014), the large fraction 

of inorganics salts observed in the chamber should be apparent in the CCN measurements. 

Using a DMT CCNC, Tang et al. (2014) observed changes in CCN activity of NH4NO3 for 

temperatures greater than 21C and under longer CCNC resident times and Romakkaniemi 

et al. (2014) observed changes for SS between 0.1% and 0.7% under standard operating 

conditions. This loss of water soluble inorganic salts can lead to smaller aerosol diameters 

and, thereby leading to the underestimation of CCN activity (Romakkaniemi et al., 2014; 

Tang et al., 2014). Because of these evaporation artifacts, the hygroscopcity measurements 

here may be underestimating the CCN activity of the aerosols. The effect of different 

column temperatures is apparent for the Accord; the CCN at the lower SS (0.21, .51%) 

were higher than those measured at the higher SS (0.79) for the first 6 hours of the 

experiment. For the remainder of the experiment, lower CCN values were observed for the 

lower SS.  

 

5.8 Conclusion 

The design of MACh has allowed for the integration of VERL with the the higly 

advanced physical and chemical characterization capabilities available at APL. MACh was 

characterized and demonstrated to be a vital means of investigating mobile combustion 

sources. Using MACh, the effect of photochemical aging on vehicles emissions for two 

current generation GDI vehicles where characterized. Atmospheric aging occurred at the 

onset of UV radiation, where secondary PM formation from modern gasoline direct 

injection vehicles greatly exceeded the primary emissions in both mass and number and 



 110 

produced highly oxidized SOA, where O:C ratios where higher than observed in previous 

studies. However, depending on the vehicle, the chemical composition can be non-uniform 

across sizes which was apparent in the effective density and volatility data. In addition, the 

hygrosocopicity was enhanced with aging. “Fresh” diluted vehicle exhaust does not 

activate as it is mostly composed of insoluble materials such as soot. Physiochemical 

changes of primary emissions with photochemical oxidation was shown to modify aerosol 

water uptake properties. However, the apparent hygrosocopicity may not reflect the true 

water uptake properties; hygrosocopicity analysis is challenging in the presence of fractal 

particles, complex aerosol mixtures, and varying compositions across aerosol sizes.  
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Chapter 6 - Aged Gasoline Vehicle Emissions. Part II 

 

6.1 Introduction 

Emissions can vary from vehicle to vehicle, which can provide unique SOA 

precursor profiles. To gain a comprehensive understanding of the secondary aerosol from 

modern gasoline direct injection (GDI) vehicles, part II extends on the work presented in 

Part 1 (Chapter 5) by investigating the effect of photochemical aging for the emissions of 

two additional low accumulated mileage (<10,000miles) 2015 wall guided GDI vehicles; 

a Kia Soul and a Chevy Impala. Both vehicles followed the same testing protocol for the 

vehicles outlined in chapter 5. Each vehicle was testing over triplicate California Unified 

Cycles (UC) while operating on commercially available E10 gasoline. The dilution ratios 

for the Impala were 59:1 (UC1), 45:1 (UC2), and 43:1 (UC3). The dilution ratios for the 

Soul were consistent for all three; ranging from 68:1 to 70:1.  

 

6.2 Results 

While transporting the Mobile Atmospheric Chamber (MACh) from VERL to 

APL, the humidity stayed within 1% of the measured RH before and after transporting. All 

experiments were conducted under dry conditions where the relative humidity in the 

chamber was less than 7%. For both vehicles, emissions from UC1 and UC2 were each 

aged for approximately 8 hours, and UC3 was aged for 10 hours or until the chamber 

reached the end of its lifetime.  For each vehicle, the results of the triplicate UC cycles 

were similar. 
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6.2.1 Gas and Particle Phase Characterization 

For both vehicles, NO converted to NO2 within the first hour after turning on the 

lights (Figures D-1 to D-4). For the Chevy Impala, the SOA was 2.6 times as high as the 

primary aerosol (Figure 6-1 and Table 6-1). However, for the Kia Soul, the secondary 

emissions significantly increased and continued to increase for the first five hours. The 

secondary PM was 8.9 times as high as the primary. These ratios are somewhat lower than 

those seen in Part I.  

 

Figure 6-1. Mass concentrations during photo oxidation of vehicle exhaust  

Table 6-1. Summary of POA/SOA. SOA was taken from the peak conc. 

Vehicle POA (ug m-3) SOA (ug m-3) SOA/POA 

Soul 13.1 116.6 8.9 

Impala 14.4 37.1 2.6 

 

For the Kia Soul, initial unimodal distribution split to form a trimodal distribution that 

grows in size; this indicates condensation and separate nucleation events (figure 6-2). This 

is consistent with the two vehicles presented in chapter 5. However, for the Chevy Impala, 
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unimodal number size concentrations are observed over the entire course of the experiment 

which were consistent for all three UCs.  

 

    

Figure 6-2. Time series of particle size number concentrations during the course of the 

experiment for Chevy Impala (UC3) and Kia Soul (UC3). At time zero, the black lights 

are turned on to initiate photochemical aging. 

 

Effective density measurements are shown in figure 6-3. For the Chevy Impala, a single 

diameter of 75nm was selected for UC1 and 2 and indicated a singular density very similar 

to that observed for the first 8 hours of UC3. However, during UC3, a second diameter of 

100 nm was selected approximately 6 hours into the experiment and indicates a more 

fractal population. This may be because the larger agglomerates may still have void spaces 

have not been filled. Similar to the Hyundai Accent in Chapter 5, the Kia Soul has two 
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relatively distinct effective densities. The larger particles have densities comparable to that 

of ammonium nitrate, the smaller ones appear to be fractal, and the 150 nm particles have 

various densities. All of this indicates different degrees of mixing.  

 

Figure 6-3. Effective Density measurements 

 

The aerosol volatility at 50C was measured. For the Chevy Impala displays a high initial 

VFR followed by a slight drop in the VFR. However, this drop is very minimal and is 

consistent with the low formation of nitrates (figure 6-5). Again, the Kia Soul is similar to 

the Hyundai; at time zero there is a high VFR. However, as the secondary aerosols begins 

forming, the VFR drops drastically and is in line with the formation of highly volatile 

nitrates. 
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Figure 6-4. Volume fraction remaining measurements for vehicles 1 and 2. 

 

6.2.2 PM Composition  

The non-refractory mass fraction data for the Chevy Impala is presented in figure 

6-5. These two cycles had comparable mass fractions; the data presented is the average of 

UC2 (first 450 min) and UC3. UC1 had the highest dilution ratio and thus very minimal 

SOA formation (Figure D-5). For all three cycles, the organics were the largest mass 

fraction with little secondary nitrate formation. 

The average mass fractions for all three UC cycles for the Kia Soul is presented in 

figure 6-6. The mass fraction observed for the Kia Soul are similar to that observed for the 

Hyundai Accent, where the secondary nitrate dominates the aerosol mass. 



 119 

 

Figure 6-5. Vehicle 1 – Non-refractory mass fractions of average of UC2 and UC3 

 

Figure 6-6. Vehicle 2, the first 8 hours are the average of UC 1,2 and 3 with the last two 

hours being just UC3. 

 

Secondary PM chemical analysis is completed for all tests. However, composition 

information indicated chemical similarity from cycle to cycle for each of the vehicles. 

Thus, PM composition analysis is presented for test with the highest organic signal (Figure 

6-7). The O:C ratio can provide an indication of the level of oxidation and can range from 
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0.25 to 1  which indicates highly aged or oxidized organic aerosol (Jimenez et al., 2009). 

After 8 hours of irradiation, the O:C ratios were ~1.1 for the Kia Soul; this is slightly higher 

than the O:C reported for the Honda in Part 1 but lower than the Hyundai. However, for 

the Chevy Impala, the O:C ratio reaches ~2.1. O:C ratios this high have not been previously 

reported for aged vehicle emissions. The slopes here are similar to those reported by Presto 

et al. (2014) and Liu et al. (2015). This indicates SOA formation pathways through the 

addition of both carboxylic acid and alcohol/peroxides (Ng et al., 2011). 

 

Figure 6-7. Van Krevelen plots for the Chevy Impala (UC3) and Kia Soul (UC2), which 

are photochemically aged for 10 and 8 hours, respectively. 

 

The fractions of total organic signal at f43 vs. f44 are presented in figure (6-8). For both 

vehicles, there is an initial spread of the data, but they both converge into a cluster upon 

oxidation. The Kia Soul data fall mainly in the low volatility oxidized organic aerosol (LV-
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OOA) region in the upper end of the triangle which is consistent with Presto et al. (2014). 

However, for the Chevy Impala, the aerosol is highly oxidized at the beginning of the 

experiment with an indication of slightly different oxidation levels. However, the data 

converges into tight clusters indicating that the aerosol population reached chemical 

similarity towards the end of the experiment.  

 

Figure 6-8. f43 vs. f44 for Chevy Impala (UC3) and Kia Soul (UC2) 

 

Previous gasoline emissions studies have identified hydrocarbon ions series 

(𝐶𝑛𝐻2𝑛+1
+ , m/z 29, 43, 57, etc.) with branched alkanes originating from fuel and lubricating 

oil (Dallmann et al., 2015, Canagaratna et al., 2007). The high resolution mass spectra at 

time 0 and after 10 and 8 hours of aging are presented in figure 6-9 and 6-10 for the Chevy 

Impala and Kia Soul, respectively. The Kia Soul is dominated by peaks at m/z 29 (CHO), 

43 (𝐶2𝐻3𝑂+ and 𝐶3𝐻7) and 44 (CO2). However, there is a small contribution at m/z 27, 41 
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and 55 (𝐶𝑛𝐻2𝑛−1
+ ) which indicates unsaturated aliphatic compounds such as cyclohexanes 

and alkenes (Dallmann et al., 2015). For the Chevy Impala the high peak at m/z 44 at t(0hrs) 

and t(10hrs) is dominated by CO2 and is consistent with the observation with the aerosols 

in a highly oxidized state when entering the chamber. There is also little evidence of a 

signal at m/z 43, and m/z 29 is dominated by CHO.  

 

  
Figure 6-9. Comparison of aerosol at time 0 and 10 hours after lights on for the Chevy 

Impala (UC3) 
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Figure 6-10. Comparison of aerosol at time 0 and 10 hours after lights on for the Kia 

Soul (UC2) 

 

6.2.3 Aerosol Hygroscopicity 

The aerosol hygroscopicity for both vehicles are presented in figure 6-11. At time 

0, both vehicles exhibited no CCN activity although there is the presence of organic 

material. At this point, it is believed that the soot, which is highly non hygroscopic 

dominates the aerosol mass and the organic material is not hygroscopic enough to activate 
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the aerosol. These observations are consistent with those seen in Chapter 5. However, 

within the first hour, the CCN activity for the Impala increases and remain relatively 

consistent throughout the experiment with a kappa value of ~ 0.05. For the Soul, the CCN 

activity increases 1.5 hours into the experiment and continues increasing reaching a kappa 

value ~0.05. This is consistent with the formation of hygroscopic nitrates and the oxidation 

of POA, which can increase the hygroscopicity. The 𝜅𝐺𝐹 vs. 𝜅𝐶𝐶𝑁 for Chevy Impala are 

comparable. However, for the Kia Soul, the 𝜅𝐺𝐹 is significantly higher than 𝜅𝐶𝐶𝑁. The 

markers are sized according to the size selected by the HTDMA.  

 

Figure 6-11. 𝜿𝑮𝑭 vs. 𝜿𝑪𝑪𝑵 Apparent hygroscopicity results for both vehicles. The sizes 

selected for the HTDMA ranged from 75 to 100nm and 75 to 400nm for the Impala and 

Soul, respectively. The size of the markers indicates the size selected. 
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For the Kia Soul, the large sizes (225 and 400nm) indicate a higher kappa value. 

The larger particles activate more readily and for the Kia Soul, the nitrates may have a 

larger mass contribution than the smaller sizes. In addition, during the hydration process in 

the CCN counter and the HTDMA, the smaller fractal particles can undergo restructuring 

which can effect the growth factor values (Wittbom et al., 2014). Evaporation effects as 

described in Chapter 5 could affect CCN measurements as well. 

 

6.3 Conclusion 

The results show the formation of SOA and ammonium nitrates for both vehicles. 

The relative mass fraction of secondary nitrate to total organics varied from vehicle to 

vehicle. In addition, all organic aerosols were found to be highly oxidized with aging, more 

so than that seen for the Hyundai and the Honda. The Impala in particular had a 

significantly higher level of oxidation. The formation of hydrophilic compounds due to 

POA oxidation and the formation of water soluble nitrates modified the water uptake 

properties of the initially non CCN active aerosols.  
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Chapter 7 - Conclusions  

 

The work in chapter 2 is the first to provide information on the shifts in CCN 

activation due to external to internal particle mixing from controlled laboratory sources. 

Results showed that activation curves consisting of single and double activation points 

were consistent with internal and external mixtures, respectively. In addition, the height of 

the plateau at the activation points were reflective of the externally mixed concentration in 

the mixture. This indicates that activation curves consisting of multiple activation points 

may not be multiply charge particles as previously perceived, but reflect externally mixed 

aerosols of varying solubility where the more soluble material dissolves at the first plateau 

before the less soluble material does. The work is also the first to show controlled CCN 

activation of black carbon and subsequent mixtures with more soluble material.  CCN 

activation analysis methods are shown to be robust and maybe applied to more complex 

aerosol compositions of unknown origin.   

The work in chapter 3 was the first closure study to integrate fast time resolved 

aerosol sizing instrumentation commonly used to measure engine exhaust, with traditional 

CCN measurements. The method was calibrated in the lab and then applied to chassis 

dynamometer tests to estimate the impact of six ethanol and iso-butanol gasoline blends on 

the hygroscopic properties of emissions downstream of a single modern spark ignition 

direct injection (SIDI) light duty passenger vehicle over two transient drive cycles; Federal 

Test Procedure (FTP) and California Unified Cycle. This work is beneficial because it 

provides a) a method to characterize the rapidly changing particle hygroscopicity generated 

by vehicles operating over transient drive cycles; and b) information related to the 
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hygroscopicity of emissions derived from the use of different biofuels in a vehicle with 

modern engine technology.  

The work in Chapter 4 investigated the effect of using biodiesel and renewable 

diesel fuels in modern diesel vehicles equipped with advanced emissions control 

technologies such as diesel oxidation catalysts, diesel particulate filters (DPF), and 

selective catalytic reduction systems on aerosol hygroscopicity and cloud condensation 

nuclei (CCN) activity. Vehicle emission advanced technologies are currently employed 

and the use of renewable fuels is inevitable.   There is very limited information in regards 

to the particle CCN activity and apparent hygroscopicity during traditional drive cycles 

and DPF regeneration (especially that of renewable fuels).   This work provided insight 

into the potential impact of alternative fuels and diesel emission control systems on aerosol 

hygroscopicity with regards to the cloud condensation nuclei (CCN) budget.  It presented 

a) information related to the hygroscopicity of emissions derived from the use of different 

biofuels in a vehicle with modern engine technology and emissions control technology 

while operating on transient drive cycles; and b) information in regards to the effect of 

aftertreatment technology (DPF regeneration) on aerosol hygroscopicity necessary to 

understand and predict future emissions. The results are the first to provide evidence that 

changes in fuel oxygenation do not impact overall supersaturated hygrosocopicity for 

diesel vehicles. However, the aerosols regenerated over the DPF are significantly more 

hygroscopic and CCN active. This indicates that diesel vehicle emissions will migrate from 

non-hygroscopic to hygroscopic in nature due to the regeneration of the filters. 
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Chapters 5 and 6 investigated the effect of photo-oxidation of vehicles exhaust for 

four GDI vehicles operating over a chassis dynamometer. The experiments showed the 

formation of SOA and ammonium nitrates for all vehicles; however, the relative fraction 

of secondary nitrate to total organics varied from vehicle to vehicle. In addition, all organic 

aerosols were found to be highly oxidized with aging. The formation of hydrophilic 

compounds due to POA oxidation and the formation of water soluble nitrates modified the 

water uptake properties of the initially non CCN active aerosols.  

The work in this dissertation investigated fresh vehicle emissions from both diesel 

and gasoline sources. Although it’s generally accepted and agree with some of the results 

in this work that fresh combustion aerosol from vehicle sources are not CCN active with 

hygroscopicity, it has been shown that under certain operating conditions, such as DPF 

regeneration, the water uptake properties can be significantly modified. The mixing state 

also has a strong influence, especially on CCN spectra where evidence of a carrying levels 

of hygroscopicity is apparent in CCN spectra. It has also been shown that the 

hygroscopicity of combustion aerosols can be highly modified if internally mixed with a 

slightly more soluble aerosol species. And lastly, the effect of photochemical aging on 

aerosol hygroscopicity results in highly oxidized secondary aerosol and water soluble 

inorganic compounds that greatly modifies CCN activity of combustion aerosol.  
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Appendix A  

 

 
Figure A-1. Drive Cycles a) Federal Test Procedure Cycle b) Unified Cycle 

 

Table A-1. EPA and California Air Resources Board Chassis Dynamometer Driving 

Schedules 

Dynamometer Driving 

Schedule 

Distance 

(miles) 

Duration 

(sec) 

Average Speed 

(mph) 

Top speed 

(mph) 

Federal Test Procedure 

(FTP) 

11.04 1874 21.2 56.7 

California Unified (UC) 9.82 1435 24.61 67.2 
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Appendix B  

 

 
Figure B-1. USEPA Highway Fuel Economy Cycle (HWFET).  10.26 miles long, 765 

seconds and has an average speed of 48.3 mph. 

 

 
Figure B-2. Regeneration Emissions Testing Protocol 
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Table B-1. Physical and chemical properties of test fuels 

Property Method 
Federal 

ULSD 

Fed/ 

SME-

20 

Fed/ 

AFME-

20 

Fed/ 

WCO-

20 

Fed/ 

HVO-

20 

CARB 

ULSD 

CARB/ 

WCO-

20 

Sulfur in HC by 

Oxidative Combustion 

and Ultraviolet 

Fluorescence (UVF), 

ppm 

D5453 7.9 6 6.63 6.14 5.75 9.9 9.8 

Cloud Point (ºF) D5773 3.7 10.9 27 11.5 1.3 19.9 21.6 

Cetane Number D613 44.21 45.89 49.32 46.99 51.85 57.54 56.85 

Derived Cetane 

Number by IQT 
D6890 45.36 45.67 49.76 47.88 50.86 54.85 54.80 

CHNS by combustion 

(wt%) 
D5291        

C (wt%)  86.75 84.97 84.72 84.98 86.55 86.55 84.84 

H (wt%)  12.66 12.57 12.65 12.66 13.14 13.14 13.15 

N (wt%)  <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 < 0.15 

S (wt%)  <0.40 <0.40 <0.40 <0.40 <0.40 <0.40 < 0.40 

Density by Digital 

Density Meter (API 

Gravity) at 60ºF 

D4052 34.98 33.64 34.06 33.64 37.95 39.04 36.95 

Distillation D86        

IBP (ºF)  331.3 344.7 344.3 341.6 333.3 345.4 349.5 

T50 (ºF)  509.0 546.3 543.0 545.0 511.7 502.3 538.5 

T90 (ºF)  610.7 631.6 627.1 632.5 597.6 622.9 636.6 

FBP (ºF)  659.7 661.8 658.0 664.2 652.8 675.3 674.2 

Flash Point by 

Pensky-Martins 

Closed Cup (ºF) 

D93 139 147 147 156 165 153 164 

Lubricity by HFRR at 

60ºC (microns) 
D6079 315.5 180.5 186 172.5 386 415.0 156.5 

BTU Gross and Net by 

Bomb Calorimeter 

(Btu/lb) 

D240 19,572 19,108 19,092 19,058 19,731 19,813 19,322 

Viscosity by Capillary 

Viscometer (mm2/s at 

40ºC) 

D445 2.654 2.809 2.896 2.898 2.543 2.536 2.907 

Oxygen by Atomic 

Emission Detection w/ 

extraction prep 

GC-

AED-O 

w/ prep 

0.03 3.14 3.13 2.98 0.02 0.02 2.47 

Hydrocarbon Types by 

Fluorescent Indicator 

Absorption (FIA) 

D1319        

Aromatics (vol%)  34.2 41.6 41.6 40.0 23.4 20.0 30.0 

Olefins (vol%)  1.9 2.4 2.3 2.0 2.0 2.1 2.5 

Saturates (vol%)  63.9 56.0 56.1 58.0 74.6 77.9 67.5 
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Table B-2. Vehicle 1 kappa values 

FUEL kappa standard deviation 

 Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 

CARB ULSD 5.46E-03 6.19E-03 5.36E-03 1.03E-03 1.09E-03 9.92E-04 

CARB/WCO-20 1.96E-02 2.58E-02 1.57E-02 1.48E-02 1.90E-02 8.71E-03 

FED ULSD 2.59E-03 2.52E-03 2.34E-03 4.63E-04 2.89E-04 1.24E-04 

FED/WCO-20 1.37E-02 2.06E-02 1.48E-02 3.46E-03 4.49E-03 8.06E-04 

FED/HVO-20 1.12E-02 1.70E-02 1.59E-02 1.11E-03 8.07E-04 1.14E-03 

FED/AFME-20 1.53E-02 3.86E-03 3.61E-03 9.69E-03 1.36E-03 6.48E-04 

FED/SME-20 1.09E-02 1.18E-02 1.11E-02 1.14E-03 1.95E-04 8.79E-04 

 
 
Table B-3. Kappa values associated for the double HWFET tests for Vehicle 1. * denotes 

the values that reached the detection limits of the SMPS and CCNC 

Baseline 
FED ULSD 

REGEN1 

FED ULSD 

REGEN2 

FED ULSD/SME-

20 REGEN1 

FED ULSD/SME-

20 REGEN2 

3.76E-03 3.26E-01 7.95E-02 1.68E-01 3.69E-01 

3.91E-03 3.70E-01 2.30E-01 8.91E-02 3.78E-01 

3.81E-03 3.19E-01* 2.34E-01 1.55E-01 4.65E-01 

4.14E-03 3.88E-01* 2.72E-01 1.44E-01   

4.14E-03 4.49E-01 3.15E-01 1.70E-01   

4.43E-03     

4.39E-03     

4.08E-03     

3.96E-03     

4.15E-03     

3.95E-03     

5.39E-03     
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Table B-4. Kappa values associated for the double HWFET tests for Vehicle 2. * denotes 

the values that reached the detection limits of the SMPS and CCNC. 

FED ULSD 

REGEN1 
FED ULSD 

REGEN2 

FED ULSD 

REGEN3 

FED ULSD/SME-

20 REGEN1 

FED ULSD/SME-

20 REGEN2 

4.26E-01* 7.87E-01 6.63E-02 4.99E-01 3.50E-01 

4.67E-01 7.58E-01* 1.31E-01 5.55E-01 3.09E-01 

4.31E-01* 7.11E-01* 1.12E-01 5.19E-01 3.23E-01 

4.21E-01* 8.43E-01 6.61E-02 5.15E-01 3.56E-01 

4.19E-01     5.23E-01 3.81E-01 

     5.26E-01 4.09E-01 

 

Table B-5. Averaged kappa values during regeneration 

 FED ULSD  FED ULSD/SME-20  

Vehicle 1 0.298±0.0974 0.242±0.130 

Vehicle 2 0.434±0.342 0.439±0.88 
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Appendix C  

 
Figure C-1. Measured gas phase concentrations for Honda. 

 
Figure C-2. Measured gas phase concentrations for Hyundai 
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Figure C-3. Comparison of aerosol at time 0 and 10 hours after lights on for the Honda 
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Figure C-4. Comparison of aerosol at time 0 and 10 hours after lights on for the Hyundai 
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Appendix D  

 
Figure D-1. Gas Data for Chevy Impala UC1 

 
Figure D-2. Gas Data for Chevy Impala UC2 and UC3 are comparable.  UC3 is 

presented. 
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Figure D-3. Measured gaseous concentrations for the Kia Soul. UC1 and UC2 are 

similar. UC2 is presented 

 
Figure D-4. Measured gaseous concentrations for Kia Soul UC3 
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Figure D-5. Mass fraction of nonrefractory aerosol measured by thr AMS for the Chevy 

Impala (UC1). Data are not wall loss corrected. 

 
  




