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Abstract 

Currently the understanding of morphological evolution of soot aggregates under the influence of 

secondary organic aerosol (SOA) and the process of SOA restructuring are not well known. As a 

consequence, the uncertainty in the estimation of the radiative forcing from soot aggregates is 

high. The objective of this work is to investigate the relationship between soot restructuring due 

to SOA coatings and the aggregate properties, and to investigate the effects of water on SOA 

coatings.  Two sets of photo-oxidation experiments were conducted to investigate the 

restructuring of soot aggregates induced by secondary organic aerosol (SOA) coating and its 

humidity dependence. The first set of photo-oxidation experiments involved soot aggregates 

generated from three sources, an ethylene premixed burner, an inverted diffusion burner, and a 

diesel generator. Soot aggregates were treated by denuding then size-selected by a differential 

mobility analyzer and injected into a smog chamber, and subsequently exposed to SOA using p-

xylene as a precursor. For a given initial mobility diameter, the diesel aggregates were less dense 

with smaller primary particles than the aggregates from the two burners. The change in mobility 

of aggregates between the initial and final structures displayed a linear dependence on the 

number of primary particles in the aggregate. The linear relationship could allow modelers to 

predict the evolution of aggregate morphology induced by SOA using a single parameter. The 

second set of photo-oxidation experiments investigated the relative humidity (RH) dependence 

on the restructuring of aggregates induced by SOA coatings. Soot aggregates in these 

experiments were generated from the ethylene premixed burner, classified by mobility diameter 

and injected into a smog chamber. The aggregates were then exposed to SOA coatings using p--

xylene as a precursor and subsequently subjected to one of the RHs: < 12, 20, 40, 60, 85%. At 

RH < 12%, a uniform mobility growth with increasing coating mass was observed, indicating the 



iii 

 

coating was too viscous to induce aggregate restructuring. At RH above 20%, restructuring of 

aggregates were observed in the form of a decrease in mobility diameter with increasing coating 

mass. Interestingly the degree of restructuring increased with increasing RH, indicating that 

elevated humidity decreased coating viscosity and increased surface tension. Appreciable water 

uptake by the SOA coating was observed for RH above 60%, and the hygroscopicity parameter 

for SOA coating generated from p-xylene was determined. The result of the second series of 

photo-oxidation experiments has significant implications on atmospheric restructuring of soot 

aggregates induced by SOA coatings. Overall the significance of the work reported here may 

contribute to the better understanding of the evolution of soot aggregate morphology due under 

the influence of SOA coatings in the atmosphere, allowing aggregate modelers to predict the 

compaction of aggregates knowing the aggregate properties.  
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Chapter 1 

Introduction and Background 

 Currently it is accepted that soot aggregates have a negative impact on human health and 

the environment. For the work presented here, the focus will be the negative impact that soot 

aggregates have on the environment. Soot aggregates are a major contributor to air pollution and 

global warming. Soot aggregates in the atmosphere contribute to global warming due to their 

high absorption of all visible wavelengths of light. The contribution that soot aggregates have on 

the climate forcing is significant, only second to carbon dioxide (Ramanathan and Carmichael 

2008). Soot aggregates are particles composed of carbon primary particles and are emitted into 

the atmosphere from a wide assortment of sources, classified as either natural or anthropogenic, 

where classification of the source is dependent on the involvement of human activity. Natural 

sources of soot aggregates are from biomass burning (Schwarz et al. 2008), and anthropogenic 

sources would include fossil fuel burning (Penner 1999). The properties of the soot aggregates 

generally depend on the source and local conditions of combustion.  

Recently the properties of soot aggregates have been related to their constituent 

monomers or primary particles, such that the surface area and mass of aggregates increases with 

the dispersity in primary particle size (Dastanpour and Rogak 2016).  The primary particles are 

composed of elemental carbon with a characteristic diameter as a result of incomplete 

combustion at the flame. For a brief time after the formation of the primary particles, collisions 

occur between the particles via Brownian motion, and the particles begin to adhere. The adhesion 

between multiple primary particles continues to grow the soot aggregate, and after a certain 

distance from the flame the aggregate is released into the ambient air (Kholghy et al. 2013). Due 

to the nature in the formation of soot aggregates, the particles tend to have branched or fractal-
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like structures over a finite range of the particle (Sorensen 2011). Generally, the primary 

particles that constitute a soot aggregate are approximated as identical diameter spheres with 

point contacts to simplify aggregate structural analysis. However this approximation is not 

necessarily always the case as the primary particles are sensitive to the local conditions of 

combustion; where a single soot generating source can produce primary particle diameters 

ranging between 5 to 55 nm (Barone et al. 2012), a transmission electron microscopy image is 

provided in Figure 1.1 to demonstrate the dispersity in primary particles. 

 
 Due to the negative effects of soot aggregates governments have intervened to reduce the 

impact of soot aggregate by regulating particle emissions. Global climate models is used to 

understand the effects of black carbon or soot on climate; however, the uncertainty in the 

radiative forcing of soot in most climate models are significant, where predictions of radiative 

forcing ranges between 0.2 to 0.9       (Bond et al. 2013). The motivation for this study is to 

reduce the uncertainty in climate models by providing a better understanding on how soot 

morphology can change with the interaction of gas-phase species in the atmosphere. In this 
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chapter, a brief introduction to the impact soot aggregates have on climate, an introduction to 

secondary organic aerosols (SOA), and an overview of this report is given.   

1.1 Climate Impact 

 Climate modeling is a great topic of research focus because of interest in climate 

projections. The climate projections predicted by models vary and one of the biggest 

uncertainties is the variation in the contributions of aerosols, more specifically the contribution 

of soot aggregates to global climate change. Soot aggregates are an important species of aerosol 

because it can affect the climate both directly by absorbing and scattering visible wavelengths of 

light, and indirectly, through altering cloud albedo (reflectively) (Bond et al. 2013).  

One parameter that is commonly used to measure the contribution to global climate 

change is radiative forcing. Radiative forcing is the difference between the energy flux in and out 

of the atmosphere, where a positive radiative forcing reduces the rate at which energy leaves the 

atmosphere and vice versa (Bond et al. 2013). The determination of radiative forcing due to soot 

aggregates is commonly calculated as the product of four variables which are emissions, lifetime, 

mass absorption cross section and radiative forcing per unit absorption depth. In this report the 

variable of interest is the mass absorption cross section, more specifically the radiative forcing is 

a function of the mass specific extinction cross section (MEC) of the aggregate (Schulz et al. 

2006). MEC for a particle is given as the summation of the particle’s mass specific absorption 

cross section (MAC) and mass specific scattering cross section (MSC). The definition of a mass 

specific absorption cross section is (Radney et al. 2014), 

 
    

    

   
 

    

  
 (1.1) 

Where   is the number density of particles,    is the average mass of particles,      is the 

absorption coefficient, and      is the particle absorption cross section in   .  The absorption 
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coefficient is the fractional loss in light intensity per-unit-propagation distance in    , and is 

also the product of   and     , 

            (1.2) 

The absorption coefficient is also related to the refractive index of soot aggregates and the 

wavelength of light, and can be determined with the following relationship (Bohren 1983), 

 
     

   

 
 (1.3) 

Here,   is the imaginary component of the refractive index, and   is the wavelength of light. The 

refractive index,  , is defined as          , where    is the real component of refractive 

index (Hinds 1999). This definition for the MAC is similar to the definition of MSC and MEC, 

where the terms      and      are interchanged for their counterparts (    ,     and     ,     for 

scattering and extinction, respectively). Coatings can form on soot aggregates in the atmosphere 

with the interaction with other gas-phase species altering the optical properties, MEC in 

particular, of the soot aggregates through restructuring and lensing (Khalizov et al. 2009; Radney 

et al. 2014). Restructuring of an aggregate is the process in which the organization of the primary 

particles within the aggregate are changed, usually into a more compact form due to external 

forces. Lensing refers to the property where the coating formed on aggregates can act as a lens, 

focusing a larger area of light onto the absorbing soot aggregate. Since the optical properties of 

an aggregate can change through structure and lensing effects, this report will focus on the 

structure aspect of soot. A significant species that interact with soot aggregates are known as 

SOA.  

 Atmospheric aerosols that are emitted directly from their sources are considered to be 

primary aerosols; however there is a class of aerosols known as secondary aerosols which are 

formed in the atmosphere. In a study by Goldstein and Galbally (2007), using a top-down 
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estimate of the global aerosol budget, 76% of aerosols are estimated to be secondary aerosols. A 

class of secondary aerosol that will be the focus of this report is SOA. SOA are formed from the 

gas-phase oxidation of biogenic and anthropogenic volatile organic compounds (VOC) (Mentel 

et al. 2009; Shao et al. 2016). 

VOC is a chemical class emitted into the atmosphere with generally high vapour 

pressures due to their chemical composition, and can be classified as either biogenic or 

anthropogenic. Biogenic VOC species, such as isoprene, terpenes, alkanes, alkenes, alcohols, and 

many more, are emitted from vegetation (Kesselmeier and Staudt 1999); and anthropogenic 

VOC species, toluene, p-xylene, m-xylene for example, are generated from burning of fossil 

fuels (Piccot et al. 1992). VOC in the atmosphere can undergo further processing via oxidation 

reactions that occur from the interactions with atmospheric hydroxyl radicals, ozone, or 

photolysis (Hallquist et al. 2009). The oxidation reaction results in species containing many 

combinations of oxygenated functional groups, including aldehyde, ketone, alcohol, nitrate, and 

carboxylic acid group. The resulting oxidation products can therefore lead to many thousands of 

combinations of mixtures with varying properties (Goldstein and Galbally 2007). However, if 

one specific precursor is oxidized then the resulting mixture will lead to a combination of 

products due to the “branching ratios”, which is the likelihood that a specific product is formed 

over other possible products.    

Formation of SOA is result of the partitioning of the VOC oxidation products. The theory 

of gas-particle partitioning developed by Pankow (1994) and Odum et al. (1996) involves the 

balance of the species between the gas and particle phase. The governing equation describing 

this phenomenon is as follows: 

 
   

  

     
 (1.4) 
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Where             is the mass concentration of the species per unit volume of air in the gas 

phase,             is the mass concentration of the species per unit volume of air in the particle 

phase,      
        is the equilibrium partitioning coefficient, and         

    is the mass 

concentration of the suspended particles per unit volume of air. In the photo-oxidation 

experiments performed in later chapters, the continual growth of the particles or the increase in 

coating mass is driven by the continual increase in    of the oxidation products assuming    and 

    remain constant. 

The structure that soot aggregates have upon emission is not permanent and can be 

changed with the interaction between other internally-mixed non-absorbing species in the 

atmosphere. More specifically, compaction of soot aggregates can occur when sufficient coating 

mass of an external species such as water (Pagels et al. 2009; Ma et al. 2013; Mikhailov and 

Vlasenko 2007), oleic acid (Ghazi and Olfert 2013; Bambha et al. 2013),  sulfuric acid (Khalizov 

et al. 2009), and SOA (Qiu et al. 2012; Schnitzler et al. 2014). This compaction is the result of 

attractive forces acting on the primary particles created by the coating through liquid bridging or 

capillary forces. Liquid bridging is the result of liquid forming between two rigid bodies; a force 

is exerted onto the two rigid bodies by the liquid in an attempt to reduce the surface energy. The 

force exerted onto the two surfaces by liquid bridging is described in detail by Lian et al. (1993). 

From their results it was found that the forces scale with the diameter of primary particles and 

the surface tension of the liquid. Similarly, the capillary force acting on the primary particles is 

the result of the liquid reducing the energy in the interface between the coating and particle; the 

capillary forces are also driven by the surface tension of the coating (Kralchevsky et al. 1995; 

Kralchevsky and Nagayama 2000). Therefore, an important property influencing the extent of 

aggregate restructuring is the surface tension of the induced coating. The dependence of 
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restructuring on the coating surface tension is further emphasized in a recent study by Schnitzler 

et al. (2017) where initially fractal soot aggregates generated from a McKenna burner were 

coated with materials of different surface tensions. The results showed that coatings of glycerol 

(surface tension of           at      ) induced more aggregate compaction than coatings with 

a lower surface tension, tridecane for example (surface tension of 26        at      ) 

(Schnitzler et al. 2017). 

 Since the MEC of an aggregate is composed of both MSC and MAC, recent studies have 

investigated the evolution of both MAC and MSC of soot with respect to the coating or structure 

of the aggregate. In a study conducted by Radney et al. (2014), the MSC of an aggregate was 

found to increase with a compact particle. Currently, it is undetermined if the morphology of the 

soot aggregates affect the MAC. One study by Liu et al. (2008) found that the MAC for a 

compact aggregate was higher than their fractal counterpart, but on the contrary, a study by 

Kahnert and Devasthale (2011) reported a lower MAC for compact aggregates. 

1.2 Measurement Instruments 

 In the following work, the soot properties were determined using three instruments: a 

differential mobility analyzer (DMA), a centrifugal particle mass analyzer (CPMA), and a 

condensation particle counter (CPC). The DMA is used to classify particles with respect to the 

mobility diameter, and the CPMA is used to classify particles with respect to mass. The CPC is 

used to determine the number of particles at the sample inlet.  
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 The DMA is an instrument that classifies sample particles by the electrical mobility 

diameter. It selects the electrical mobility diameter of particles using the balance between 

electrostatic forces on a charged particle to the drag force experienced by the particle. The 

equation for electrical mobility is as follows (TSI 2009), 

 
   

   

     
 (1.5) 

Where   is the elementary charges on the particle,   is the elementary charge,   is the 

Cunningham slip correction,   is the gas viscosity, and   . A schematic of the DMA internal 

structures are depicted in Figure 1.2 (TSI 2009). The aerosol sample that enters the DMA is first 
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directed into a neutralizer so that the particles in the sample will carry a known charge 

distribution, and the particles are then directed into the main column of the DMA. The main 

column of the DMA consists of two concentric metal cylinders, where the sample flow and a 

sheath flow is introduced at the top of the column. The central cylinder is controlled to a set 

negative voltage (see in Figure 1.2) which attracts the charged particles towards the center. 

However due to the geometry and voltage of the column, only particles that fall into a narrow 

band of electrical mobility diameters can leave the column via the aerosol outlet. 
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 The CPMA is an instrument that classifies particles by the mass to charge ratio of the 

particle by balancing the centrifugal and electrostatic forces using two concentric cylinders and a 

voltage. A cross section of the cylinder is depicted in Figure 1.3. The charged aerosol sample is 

directed into the space between the two concentric cylinders, which then flows along the 

cylinder. The concentric cylinders rotate at their set angular velocity and the result is a 

centrifugal force that acts on the particles in the sample flow, directed to the outside cylinder. In 

addition to the rotation, a voltage is applied across the concentric cylinders and the electrostatic 

force draws the charged particles towards the inner cylinder. Knowing the rotational speed and 

voltage applied to the cylinders, only particles that fall within a narrow range of mass to charge 

ratio can leave the cylinder without being deposited along the cylinder.  
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 The CPC is an instrument that counts the particles per unit volume in the sample flow and 

can be paired with a DMA or CPMA to determine the mobility diameter or mass distribution of a 

sample, respectively. A schematic of the internal components of the CPC is shown in Figure 1.4. 

The inlet flow into the CPC is split into sample and bypass flows, such that the sample flow is 

only 0.3 lpm. The sample flow is again split into a smaller sample flow and a sheath flow. The 

sheath flow passes through a filter to remove any particles and then directed into the saturator. 

The sheath flow is then saturated with the condensing vapor (butanol in this case). The saturated 

sheath flow and the sample flow are then rejoined into a condenser which allows the saturated 

vapor to condense onto the particles in the sample flow, growing the particles. The enlarged 

particles are then counted by a laser and photodetector to give a particle count per unit volume.  

1.3 Overview 

 In this research, soot aggregate restructuring induced by surface coatings of SOA were 

investigated through series of photo-oxidation experiments. The goal of this work is two-fold: 

the first is to provide a better understanding of the interaction between SOA coatings and soot 

aggregate morphology, the second is to investigate the role of water in SOA coatings during the 

process of aggregate restructuring. The result may lead to the base for a future model for 

predicting the extent of soot aggregate restructuring with respect to soot properties, thereby 

increasing the accuracy of future simulations of soot aggregates in the atmosphere. A CPMA, 

DMA, and CPC were used to characterize the soot with regards to mass-mobility exponents, 

effective densities and dynamic shape factor. Chapter 2 investigates the extent of aggregate 

restructuring induced by SOA coatings from three separate soot generating sources, an ethylene 

premixed burner, a methane inverted diffusion burner, and a diesel generator, to the primary 

particles in an aggregate. Chapter 3 investigates the relative humidity dependence of SOA 
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coatings to the restructuring of soot aggregates. Chapter 4 provides a summary of the work done 

and presents conclusions, followed by possible future work.  
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Chapter 2.  

Relationship between Soot Aggregate Restructuring Due to Surface 

Coatings and Primary Particle Number 

2.1 Introduction 

Soot aggregates in the atmosphere have a significant warming effect on Earth’s climate, 

second only to that of carbon dioxide (Ramanathan and Carmichael 2008), due to strong 

absorption of all visible wavelengths of light by their constituent primary particles of elemental 

carbon (Bond and Bergstrom 2006). Soot aggregates form at their sources, which include fossil 

fuel combustion (Olfert et al. 2007; Park et al. 2003) and biomass burning (Keywood et al. 2013; 

Schwarz et al. 2008), by collisions between primary particles, giving the soot a branched or 

fractal-like structure (Sorensen 2011). Depending on the source and the combustion conditions, 

the primary particles may vary from 5 to 60 nm in diameter (Barone et al. 2012; Gysel et al. 

2012), and aggregates may comprise tens to hundreds of primary particles (Sorensen 2011). 

 The structural and optical properties of soot aggregates can be affected by internally-

mixed non-absorbing species. For example, restructuring of soot aggregates from initially 

branched structures to comparably compact structures can be induced by coatings of many 

species, including water (Pagels et al. 2009; Ma et al. 2013; Mikhailov and Vlasenko 2007), 

heptane (Mikhailov and Vlasenko 2007), ethanol (Miljevic et al. 2012), dioctyl sebecate (Ghazi 

and Olfert 2013), oleic acid (Ghazi and Olfert 2013; Bambha et al. 2013), glutaric acid (Xue et 

al. 2009), and sulfuric acid (Pagels et al. 2009; Khalizov et al. 2009). The evolution of the optical 

properties of soot aggregates as a result of restructuring and/or lensing has recently been 

investigated, both experimentally (Radney et al. 2014) and theoretically (Liu et al. 2016). For a 
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bare soot aggregate of a given mass, a compact structure results in a greater extinction cross 

section than a branched structure; however, this is due to increased scattering, not absorption, so 

compaction may not necessarily lead to an increased warming effect on climate (Radney et al. 

2014). On the other hand, the presence of a coating on the aggregate may result in increased 

absorption even for a compact structure due to lensing, and this enhancement may lead to an 

increased warming effect (Cappa et al. 2012). Thorough knowledge of the morphological 

evolution of soot induced by coatings is necessary to further our understanding of the complex 

climate effects of soot. 

In the atmosphere, soot aggregates are exposed to many gas-phase species that may 

condense and contribute to coatings. Accordingly, it is important to investigate the 

morphological evolution of aggregates upon coating with mixtures, in addition to neat species. 

Secondary organic aerosol (SOA), which forms from the photo-oxidation of biogenic and 

anthropogenic volatile organic compounds (Mentel et al. 2009; Shao et al. 2016), is a mixture of 

numerous oxygenated organic species. Soot aggregate restructuring has been induced by SOA 

coatings generated from isoprene (Khalizov et al. 2013), α-pinene (Schnaiter 2005; Saathoff et 

al. 2003), benzene (Schnitzler et al. 2014), toluene (Schnitzler et al. 2014; Qiu et al. 2012), 

ethylbenzene (Schnitzler et al. 2014), and m- and p-xylene (Schnitzler et al. 2014; Guo et al. 

2016). Very recently, the changes in morphological and optical properties of burner-generated 

soot aggregates exposed to ambient air in Beijing and Houston were investigated (Peng et al. 

2016). Since fossil fuel combustion is a significant source of ambient soot aggregates, it is also 

important to investigate restructuring of engine-generated aggregates, in addition to aggregates 

generated by typical laboratory burners. The evolution of soot aggregates produced by a diesel 

engine upon photo-oxidation of gas emissions has been investigated in the past (Tritscher et al. 
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2011). More specifically, previous studies have demonstrated how the properties of the coatings 

affect restructuring; for example, it was found that the extent of restructuring increases with 

increasing coating mass (Ghazi and Olfert 2013; Schnitzler et al. 2014) and/or surface tension 

(Schnitzler et al. 2017). However, the question of how the properties of the aggregates 

themselves, including primary particle size and number, dictate restructuring has not been the 

focus of any previous studies. 

 Here, we investigate the effects of the soot aggregate properties by systematically 

comparing the coating-induced restructuring of engine- and burner-generated aggregates. We 

describe a series of smog chamber experiments in which SOA coatings derived from p-xylene, a 

representative anthropogenic precursor (Simpson et al. 2010), were used to restructure mono-

disperse soot aggregates from three sources: a McKenna premixed burner, an inverted diffusion 

burner, and a commercial diesel generator. The morphological evolution of both the coated 

particles and core soot aggregates was characterized in terms of effective densities, dynamic 

shape factors, and mass-mobility relationships, derived from masses and mobilities measured 

using a centrifugal particle mass analyzer (CPMA) and differential mobility analyzer (DMA), 

respectively. The initial and final morphologies of the aggregates were also characterized using 

transmission electron microscopy (TEM). The primary particle sizes and numbers were 

determined using an indirect method, based on in situ CPMA and DMA measurements, and a 

direct method, based on ex situ transmission electron microscopy (TEM) samples. The 

dependence of restructuring on aggregate properties is explored in detail, and the atmospheric 

implications are discussed. Our study provides key insights for modeling the evolution of the 

morphological and, in turn, optical properties of soot aggregates. 

2.2 Experimental Section 
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2.2.1 Soot generation and treatment.  

Soot was produced using a McKenna premixed burner (Holthuis & Associates), a 

custom-built inverted diffusion burner, and a commercial diesel generator (Yanmar, YDG3700). 

The respective experimental setups for the treatment (to remove volatile and semi-volatile 

species), and injection of soot are shown in Figure 2.1. The treatment setup for the McKenna 

burner experiments is shown in Figure 2.1a. Ethylene was used as fuel, and the equivalence ratio 

was set to two, achieved with ethylene and air flow rates of 1.1 and 8.0 L min
-1

, respectively. 

Soot was sampled 27 cm above the flame into an ejector dilutor (Air-Vac, AVR038H), set to a 

dilution ratio of three, using 30 psi of nitrogen. The ejector dilutor was used to sample the soot 

aggregates and reduce the water vapor in the sample. The soot particles were then treated by 

passing them through a 25 cm diffusion drier consisting of tubular mesh surrounded by 

anhydrous calcium sulfate (Hammond Drierite Co.), further reducing the water vapor in the 

sample. The sample was then directed into a thermo-denuder, which consists of ¼” tubing and is 

25 cm length, set to 573 K, and a counter-flow parallel-plate membrane denuder to remove 

remaining trace gases (Ruiz et al. 2006). 

The treatment setup for the inverted burner experiments is shown in Figure 2.1b. The 

inverted burner is a successor to the one used by Ghazi et al. (2013). Methane was used as fuel, 

and the equivalence ratio was set to 0.76, achieved with methane and air flow rates of 1.3 and 

16.0 L min
-1

, respectively. In addition to the combustion air, clean filtered air was used for 

dilution, at a flow rate of approximately 40 L min
-1

. The soot was sampled downstream of the 

dilution phase and directed to the treatment train, which is similar to that used for the McKenna 

premixed burner, with one addition. In control experiments performed with the above treatment, 

OH exposure (without injection of p-xylene) induced restructuring of inverted burner aggregates 
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but had no effect on McKenna burner aggregates. This discrepancy suggests that an appreciable 
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fraction of trace gas emissions of the inverted burner penetrated the treatment train, and were 

oxidized in the chamber to form SOA. Since our objective is to compare restructuring of soot 

from different sources, it is critical that the SOA coatings are derived solely from p-xylene, so 

the background SOA formation is unsatisfactory. Consequently, we introduced a 91-cm tube 

consisting of tubular mesh surrounded by activated carbon between the thermo- and membrane 

denuders. In subsequent control experiments, OH exposure alone did not cause restructuring of 

inverted burner aggregates, so this treatment is sufficient.  

The treatment setup for the diesel generator experiments is illustrated in Figure 2.1c. A 

series of resistors was used to run the engine at set loads. In a set of preliminary experiments, 

aggregates from the diesel generator were directed to the first DMA, and the size-selected 

aggregates were then directed alternately with and without thermo-denuding into parallel 
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systems to measure mobility diameter
1
 and mass. Volatile mass fraction was calculated as the 

mass of denuded aggregates over the mass of unperturbed aggregates (Dickau et al. 2016). The 

purpose in determining volatile mass fraction was to find a load setting on the generator that 

creates the lowest mass of volatile material mixed into the soot aggregates. As shown in Figure  

2.2, an approximately 100% load (3.5 kW) resulted in particles with the lowest volatile mass 

fraction (13%). Flexible metal tubing was fastened to the exhaust of the engine, and a sample 

port was drilled 23 cm downstream. The soot particles were then passed through the same 

treatment train as was used for the inverted burner, including the activated carbon denuder. 

After treatment, the soot aggregates were neutralized using an X-ray source (TSI, 3087) 

and classified by mobility diameter using a DMA (TSI, 3081), which was operated with sample 

and sheath flow rates of 1.0 and 10.0 L min
-1

, respectively. The size-selected (70, 100, 150, 200, 

or 250 nm), mono-disperse aggregates were then injected into the smog chamber, which has been 

used by Parsons et al. (2011). The 1.8 m
3
 cubic chamber is constructed of 0.127 mm thick 

perfluoroalkoxy film (Ingeniven) and equipped with three sets of eight 32 W black-lights with 

peak emissions at 350 nm. Perfluoroalkoxy and stainless steel, where appropriate, tubing was 

used to create inlet and outlet channels for the chamber. Clean air is provided by a pure air 

generator (Aadco, 737), and the contents of the chamber are circulated by a mixing fan. 

Ultraviolet differential optical absorption spectroscopy was used to measure concentrations of p-

xylene by passing broadband emission from a deuterium lamp (Ocean Optics, D-2000-S) 

through the chamber to a spectrometer (Ocean Optics, HR-2000+). 

 

                                                 
1
 The mobility diameter of a particle refers to electrical mobility diameter,   , which is the 

diameter of a singly charged sphere that has the same ratio of drag to electrostatic forces in a 

given electric field as the particle 
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2.2.2 Precursor photo-oxidation and soot restructuring.  

When soot injection was completed, the soot in the chamber was directed, alternately 

with and without thermo-denuding, into parallel systems to measure the mean mobility diameter 

and mass of the particles.  A DMA and condensation particle counter (CPC; TSI, 3776) were 

used to measure the mean mobility diameter, by stepping the DMA through a range of diameters 

and measuring the particle concentration at each step with by the CPC. The mean particle mass 

was measured by stepping a CPMA, which classifies particles by their mass-to-charge ratio, 

through a range of particle masses and measuring the particle concentration with another CPC 

(TSI, 3771). To improve our particle mass determination, the particles directed to the CPMA 

were re-neutralized back to a singly-charged state, using a Kr-85 neutralizer (TSI, 3077), to 

isolate the particle mass peak (Radney and Zangmeister 2016). Soot was monitored continuously 

for approximately one hour after injection to confirm that there was no background change in 

mobility diameter or mass. Then p-xylene (Fisher, 99.9%) was injected into the chamber to give 

a concentration of approximately 1 ppm. This concentration, which is too high to be 

atmospherically representative, is required to probe a wide range of coating masses; also, it has 

been shown that different initial precursor concentrations lead to the same extent of restructuring 

at a given coating mass (Qiu et al. 2012), so the effects reported here, particularly at low coating 

masses, are likely relevant to atmospheric conditions. Precursor concentrations higher than 1 

ppm have been used, for example, in studies of the optical properties of SOA (Liu et al. 2013). 

Hydrogen peroxide (Sigma, 30% w/w in water) was then injected into the chamber to yield 

hydroxyl radicals by photolysis with UV radiation (Atkinson 2009), which was applied 

continually throughout the experiment. 
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Restructuring, or the collapse of the soot particles, is described in terms of mass-mobility 

exponent, effective density, and shape factor. The mass-mobility exponent,   , describes how 

the particle mass,   , scales with mobility diameter,   , according to 

       
   (2.1) 

where   is the mass-mobility prefactor (Park et al. 2003). The mass-mobility exponent is an 

indication of the structure of the aggregate and ranges between one and three         . 

Particles with a low    have a more fractal structure and are more spherical as    approaches 

three, where spherical particles have     . A distinction must be made between the mass-

mobility exponent and the fractal dimension because of the usage in literature. The fractal 

dimension of a particle is a measure of the scaling in the number of primary particles in an 

aggregate to the aggregate’s radius of gyration; the radius of gyration is the inertia of the particle 

or the distribution of mass about the center of the particle (Sorensen 2011). By definition, the 

fractal dimension only accounts for the morphology of the particle in a vacuum, whereas the 

mass-mobility exponent includes the viscosity of the fluid. The effective density,     , of a 

particle is the mass of the particle divided by its mobility-equivalent volume
2
,           

  . 

In the following discussion, the effective densities of coated and coated-denuded particles are 

denoted as     
  and     

  , respectively.  

The dynamic shape factor,  , is a correction parameter to account for the increased drag 

experienced by an irregular shape particle relative to its spherical equivalent (volume or mass). 

This parameter is added because irregular shaped particles have a greater surface interaction with 

the gas/fluid than its volume equivalent spherical counterpart (DeCarlo et al. 2004). By 

                                                 
2
 The mobility-equivalent volume is defined as a sphere with a diameter equal to the mobility, 

        
    . 
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definition, the shape factor is the ratio of particle resistance force to the resistance force of a 

sphere having the same volume and relative velocity,                         (Hinds 1999). 

Using Stokes law for drag, the governing equation for drag is            , where   is the 

viscosity of the gas/liquid,   is the relative velocity of the particle with respect to the fluid,   is 

the diameter of a sphere. Under Stokes law, the particle of interest flows within the fluid where 

no-slip conditions exist on the surface of the particle; however due to the size of soot aggregates, 

this assumption (no-slip) is no longer valid and a correction factor must be introduced. This 

correction factor is known as the Cunningham slip correction,   , and is defined as (Hinds 1999), 

 
     

 

 
                   

 

 
    (2.2) 

Here   is the mean free path of the gas. In the case of air at standard ambient temperature and 

pressure, the mean free path is calculated to be 0.066    (Hinds 1999). Including the 

Cunningham slip correction the equation governing drag becomes                 . 

Substituting the equation for drag into the definition of dynamic shape factor, the dynamic shape 

factor becomes,  

                           (2.3) 

Where     is the volume equivalent diameter, which is the hypothetical diameter of a spherical 

particle with the same volume. Assuming there are no internal voids (i.e. empty regions within 

the particle that are isolated from the bulk gas phase (DeCarlo et al. 2004)),     is  

 

     
 

 
 
     

 

     
 

   
       

  

    
  

 
 

 (2.4) 

where       and      are the material densities of soot and SOA, respectively, and      
  and   

  

are the masses of the initial soot aggregates (before the injection of p-xylene) and the coated 

particles (after photo-oxidation), respectively. Again, the superscript denotes that neither type of 
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particles was thermo-denuded after sampling from the chamber. The difference   
       

  

gives the mass of the SOA coating. The density of soot was taken as 1.8 g cm
-3 

(Park et al. 2004), 

and the density of the p-xylene-derived SOA was taken as 1.46 g cm
-3

 (Nakao et al. 2013). For 

spherical particles,    will be equivalent to    , and the shape factor will be unity. The shape 

factors of coated and coated-denuded particles are denoted as    and     respectively. 

 Restructuring was also probed using TEM. To this end, mobility-classified particles were 

collected on TEM grids using a thermophoretic particle sampler (TPS). Images were produced 

by a Hitachi H7600 transmission electron microscope operated at 80 kV. Images were analyzed 

by an open-source automated TEM image processing program, which uses the pair correlation 

method (PCM) (Dastanpour et al. 2016a; Dastanpour et al. 2016c). This program enables 

measuring of the average primary particle diameter and various morphology parameters of 

aggregates.  

2.3 Results and Discussion 

2.3.1 Initial aggregate morphology  

The initial aggregate morphology is measured to compare it to the morphology from 

other common sources. The mass-mobility relationships for the initial aggregates are depicted in 

Figure 2.3a. The dashed curves show linear least-squares fits to the natural logarithms of 

aggregate mass and mobility; the data points are weighted by their uncertainties, calculated from 

experimental precision and instrumental bias. The mass-mobility exponents for aggregates from 

the three sources are all significantly less than three, indicating that their effective densities 

decrease with increasing mobility diameter. This trend is well-known and has been previously 

observed for soot generated by laboratory burners (Schnitzler et al. 2014; Ghazi et al. 2013) and 

diesel engines (Olfert et al. 2007; Park et al. 2003). The mass-mobility exponents of the 



24 

 

aggregates from the McKenna and inverted burners are 2.20 and 2.33, respectively. The mass-

mobility exponent for the inverted burner aggregates (2.33) generated at an equivalence ratio of 
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0.76 is the same mass-mobility exponent as that reported by Ghazi et al. for aggregates generated 

at an equivalence ratio of between 0.59 (Ghazi et al. 2013). At mobility diameters of 100 and 150 

nm, aggregates from both burners are considerably denser than those from the diesel generator, 

which have a mass-mobility exponent of 1.85. The effective densities of the diesel aggregates 

determined here are consistent with earlier measurements (see Figure 2.4) (Olfert et al. 2007; 

Park et al. 2003; Maricq and Xu 2004).  

The above differences in mass-mobility relationships can also be related to the diameters 

of the primary particles constituting the aggregates generated by each of the three sources. 

Primary particle diameters were investigated directly using TEM microscopy images for initially 

100 nm aggregates from the three sources. The primary particles were determined using TEM 

microscopy for only three points because TEM analysis is time consuming, and therefore the 

primary particle size for other data points were performed indirectly, using mass and mobility 

measurements. Eggersdorfer et al. has shown the relationship between the  surface-area 



26 

 

equivalent primary particle diameter,    , can be estimated from the following relationship 

(2012):  

 

     
    

   

        

 
      

 (2.3) 

where   and     are parameters that are determined by the type of collisions and formation of 

primary particles. Since zirconia particles were used in the study by Eggersdorfer et al. (2012), 

the reported values are not applicable to soot. Recently, Dastanpour et al. (2016b) determined the 

parameters for soot using mass-mobility and TEM analysis and determined the parameters as 

        and       . Thus we estimated     values for each experiment using the values 

determined by Dastanpour and are listed in Table 2.1,  and they are compared to the ex situ, but 

direct, results of the TEM image analysis obtained by the PCM program (Dastanpour et al. 

2016c). In general, the primary particles produced by the diesel generator were estimated to have 

smaller diameters (15.6 nm for 100 nm aggregates) than those produced by the inverted and 

McKenna burners (27.5 and 28.5 nm for 100 nm aggregates, respectively).  Similarly, direct 

TEM observations of 100 nm aggregates indicate that the diesel generator produces the smallest 

primary particles: for the diesel generator, the mean     is 18.0 nm (with a 95% confidence 

interval of 13.7–22.3 nm); for the McKenna and inverted burners, the mean     values are 24.6 
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and 24.5 nm, respectively (with respective 95% confidence intervals of 21.8–27.4 and 21.3–27.7 

nm). The average number of primary particles,  , is the  ratio of aggregate mass to primary 

particle mass, the latter of which is derived from     and the material density of soot, and listed 

in Table 2.1. Based on TEM observations, aggregates initially having a 100 nm mobility 

diameter produced by the diesel generator comprise about 46 primary particles, whereas those 

produced by the McKenna and inverted burners comprise about 29 and 30 primary particles, 

respectively. This discrepancy explains why aggregates from the diesel generator are the least 

dense; the greater number of primary particles accommodates a more branched structure.  

2.3.2 Evolution of aggregate morphology.  

To generate atmospherically-relevant coatings, we exposed p-xylene, a representative 

anthropogenic aromatic hydrocarbon, to hydroxyl radical, which initiated photo-oxidation and 

led to the formation of semi-volatile oxygenated organic compounds. Since the concentration of 

hydroxyl radical was constant, the reaction of p-xylene was governed by pseudo-first-order 

kinetics, and the product concentrations increased exponentially. Once the products saturated the 

gas phase, they began partitioning onto the soot aggregates as SOA, leading to exponential 

growth in particle mass. To facilitate comparisons between aggregates from difference sources 

and of different initial mobility diameters, we divide mobility diameters and masses by their 

initial values to give diameter and mass growth factors, Gfd and Gfm, respectively. Typical 

trends in diameter and mass growth factors are shown in Figure 2.5-6 for initially 100 nm 

aggregates from both the inverted burner and the diesel generator. As shown in Figure 2.5, the 
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mass of the coated-denuded aggregates was constant throughout the experiment, indicating that 
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the thermo-denuder temperature (573 K) was high enough to evaporate all the SOA coating. As 

shown in Figure 2.6, the diameter of the coated-denuded aggregates from the generator 

decreased more than that of the aggregates from the burner, a first indication that the 

morphological evolution of soot aggregates from different sources varies.  

The evolution of aggregate morphology occurs in three stages that can be identified, for 

example, in Figure 2.7, which depicts effective densities and shape factors versus mass growth 

factor for initially 250 nm aggregates from the two burners. In the first stage, the coated particles 

increase in effective density as coating mass increases, but the effective density of the coated-

denuded aggregates remains relatively steady, indicating that the core soot aggregates retain their 

initial morphologies. This induction period is not captured by an earlier exponential model 

derived  from experiments with a lower coating mass resolution (Ghazi and Olfert 2013). In the 

second stage, commencing at a mass growth factor of about 1.5, the soot aggregates begin to 

restructure under the influence of the SOA coating. The final stage commences at a mass growth 

factor of about five, and the effective density of the coated-denuded soot plateaus at 

approximately 0.6 g cm
-3

, which is considerably lower than the material density of soot. The 

shape factors of the coated particles continue to decrease with increasing coating mass before 

reaching unity at a mass growth factor of approximately 10, indicating that a thickly-coated 

spherical particle is then present. Despite the initial difference in the shape factors of the coated-

denuded aggregates from the two burners, they both plateau at approximately 1.8, which implies 

that the restructured soot is not spherical, consistent with the final effective density. 

In order to determine the effective density of the SOA coating used in these experiments, 

significantly greater coating masses were applied to initially 150 nm aggregates from the 

inverted burner. As shown in Figure 2.8 a mass growth factor of over 30 is reached. As discussed 



30 

 

above, at a mass growth factor of approximately 10, the shape factor of the coated particles 

plateau, and the effective density ceases to increase. As the mass growth factor continues to 

increase, the shape factor is of course constant, but the effective density exhibits a slight 

decrease, because the mass fraction of the soot, which is denser than the SOA coating, decreases 
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significantly. The asymptote corresponds to the material density of the SOA coating, an material 

density of approximately 1.4 g cm
-3

.  

 

To compare the evolution of soot aggregates from all three sources, we must consider 

smaller aggregates, because too few 250 nm aggregates are produced by the diesel generator to 
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allow classification and injection into the smog chamber. Accordingly, trends in effective 

densities and shape factors versus mass growth factor are shown in Figure 2.9 for initially 100 

nm aggregates from the three sources. As noted above for the 250 nm aggregates, restructuring 

began at a mass growth factor of about 1.5. For aggregates from the two burners, restructuring 
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continued until the mass growth factor reached about three, at which point the effective densities 

and shape factors of the coated-denuded particles plateaued. In contrast, for aggregates from the  

diesel generator, restructuring continued until the mass growth factor reached approximately six. 

The initial effective densities of aggregates from the McKenna and inverted burners are similar 

(~ 0.6 g cm
-3

), whereas that of the aggregates from the diesel generator is lower (~ 0.4 g cm
-3

). 

Despite the difference in initial effective densities, the coated diesel aggregate effective density 

increase less rapidly to approximately 1.4 g cm
-3

 than those of the other aggregates. When 

restructuring is complete, the coated-denuded aggregates from the McKenna and inverted 

burners reach effective densities of approximately 0.75 g cm
-3

, while the diesel aggregates 

plateau at an effective density of 0.6 g cm
-3

. The shape factors of the coated aggregates from the 

burners converge to unity at a mass growth factor of approximately four, while that of the diesel 

aggregates converge at mass growth factors closer to 10.  

Despite the above differences between 100 nm aggregates from the burners and the diesel 

generator, the evolution of initially 100 nm aggregates from the diesel generator is remarkably 

similar to that of initially 200 nm aggregates from the burners, as depicted in Figure 2.10. In both 

cases, aggregates cease restructuring at a mass growth factor of six, and coated particles reach 

sphericity at a mass growth factor of about 10. Interestingly, the 100 nm diesel aggregates and 

200 nm inverted burner aggregates comprise similar numbers of primary particles, 70 and 67, 

respectively (see Table S1), suggesting that restructuring is related to primary particle number. 

This notion is explored in greater detail below. 

2.3.3 Final aggregate morphology.  

The compaction of coated-denuded aggregates can be visualized using representative 

TEM samples collected before and after the photo-oxidation stage of a typical experiment, 
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shown in Figure 2.11a-b for initially 100 nm inverted burner aggregates. As shown in Figure 

2.12, the final mobility diameter ratio, the ratio of the final restructured aggregate mobility 

diameter to the initial aggregate mobility diameter, decreases for all three sources as a function 

of initial mobility diameter. However, at a given initial mobility diameter, the degree of 
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restructuring varies significantly with the source of the soot. For example, at an initial mobility 

diameter of about 100 nm, aggregates from the diesel generator collapse appreciably (Gfd = 

0.92), but those from the burners do not (Gfd = 0.99). Diesel and inverted burner aggregates  

initially 100 nm in mobility diameter comprise about 70 and 22 primary particles, respectively; 

these estimates, based on the indirect method described above (see Eq. 2.3), suggest that in  

general an aggregate comprised of more primary particles accommodates more restructuring. If  

we compare initially 100 nm diesel aggregates and initially 200 nm inverted burner aggregates, 

as above, there is a striking similarity between the final mobility diameter ratios (0.92 compared 

to 0.90) and primary particle numbers (70 compared to 67). 

 
Motivated by the above comparisons between aggregates comprising roughly the same 

number of primary particles, we consider here whether there is a systematic relationship between 

the final degree of restructuring and primary particle number. Remarkably, a plot of the final  

mobility diameter ratio as a function of the number of primary particles per aggregate (see Figure  
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2.13) reveals a linear relationship across the range most relevant to ambient soot. If separate fits 

are performed for each source, all three are nearly identical, indicating that the source of the soot 

is important only to the extent that it dictates the size and number of primary particles. 

Furthermore, aggregates with similar numbers of primary particles collapse to a similar extent at 

any given coating ratio, even before reaching the final morphology; for example, at mass growth 

factor of about five, 100 nm diesel aggregates and 200 nm inverted burner aggregates both 

collapse by about 6% of their initial mobility diameters. Consequently, if modelers know only 

the number of primary particles per aggregate for a given ambient sample, which can be derived 

from mass-mobility relationships that are known for many types of soot (Ghazi et al. 2013; 

Dastanpour et al. 2016b), and the coating mass, they can predict the evolution of aggregate 

morphology and, in turn, may be able to make better estimations of the evolution of the optical 

properties of soot aggregates (Wu et al. 2017). 
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We note that the final coated-denuded aggregates from the three sources were not 

spherical. Consider the final mass-mobility exponents of aggregates from the McKenna burner, 

inverted burner, and diesel generator, as shown in Figure 2.3b: 2.63, 2.68, and 2.23, respectively. 

These values are significantly greater than the initial mass-mobility exponents (2.20, 2.33, and 

1.85, respectively), but they are still well below three, indicating that indeed these aggregates 

were non-spherical when restructuring ceased. Further restructuring could occur if the surface 

tension of the coating increased; for example, coatings of glycerol (64 mN m
-1

 at 20 °C) have 

been shown to result in final mass-mobility exponents of three for aggregates generated by the 

McKenna burner (Schnitzler et al. 2017).
 
Consequently, the linear relationships reported here, 

although accurate for the representative anthropogenic SOA coating, could change for coatings 

of higher surface tension. In the atmosphere, the surface tension of SOA may increase via water 

uptake at high relative humidity (Lee and Hildemann 2014). Furthermore, photo-chemical aging 
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and the attendant increase in the oxygen-to-carbon ratio of the SOA, may also increase the 

surface tension and will certainly increase the hygroscopicity (Massoli et al. 2010). 
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Chapter 3.  

Relative Humidity Dependence of Soot Aggregate Restructuring 

Inducted by Secondary Organic Aerosol: Effects of Water on 

Coating Viscosity and Surface Tension 

3.1 Introduction 

Soot aggregates are composed of primary particles of elemental carbon, and they are 

generated, for example, from the combustion of hydrocarbon fuels (Olfert et al. 2007; Park et al. 

2003) and biomass (Keywood et al. 2013; Schwarz et al. 2008). Since elemental carbon strongly 

absorbs all visible wavelengths of light, soot aggregates have a significant warming effect on 

global climate (Bond and Bergstrom 2006; Bond et al. 2013). During combustion, incipient 

primary particles undergo random Brownian motion and collide with other primary particles to 

form branched, fractal-like aggregates (Sorensen 2011). The aggregates can become more 

compact through restructuring caused by internally-mixed liquids, such as water (Mikhailov and 

Vlasenko 2007; Pagels et al. 2009; Miljevic et al. 2012) and sulfuric acid (Pagels et al. 2009; 

Khalizov et al. 2009). Soot aggregate restructuring due to liquid coatings has been shown to 

depend on the coating mass (or volume) (R. Ghazi and Olfert 2013) and surface tension, σ 

(Schnitzler et al. 2017). The morphological evolution of soot aggregates affects their optical 

properties, which have been investigated both experimentally (Radney et al. 2014; Xue et al. 

2009; Cappa et al. 2012) and theoretically (Liu et al. 2016; Wu et al. 2017). 

 In the atmosphere, soot aggregates may be coated by mixtures of many species. 

Secondary organic aerosol (SOA) - generated from the photo-oxidation of biogenic and 

anthropogenic volatile organic compounds (VOCs), consisting of many semi-volatile oxygenated 
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organic species (Mentel et al. 2009; Donahue et al. 2006). In the laboratory, soot aggregate 

restructuring has been induced by coatings of SOA derived from both biogenic (isoprene 

(Khalizov et al. 2013) and α-pinene (Schnaiter 2005; Saathoff et al. 2003)) and anthropogenic 

(benzene (Schnitzler et al. 2014), toluene (Schnitzler et al. 2014; Qiu et al. 2012), ethylbenzene 

(Schnitzler et al. 2014), and m- and p-xylene (Schnitzler et al. 2017; Schnitzler et al. 2014; Guo 

et al. 2016)) VOCs. Recently, the viscosity of SOA derived from isoprene and toluene has been 

shown to vary significantly with relative humidity (RH) (Song et al. 2016; Song et al. 2015); for 

example, when poked with a needle, toluene-derived SOA, collected in a large droplet on a slide, 

shatters at 16.5% RH but returns to its original shape at 39.5% RH, with a characteristic flow 

time (Song et al. 2016). If an SOA coating is a solid at a certain temperature and RH, it would 

not be expected to restructure soot aggregates under these conditions. In previous studies, SOA-

coated soot has been investigated at only low (≤ 20%) and high (90%) RH (Khalizov et al. 2013; 

Schnitzler et al. 2014; Qiu et al. 2012; Guo et al. 2016). Studies at intermediate RHs are 

necessary to fully understand the effects of water on SOA coating mass, viscosity, and surface 

tension, and their bearing on SOA-induced soot aggregate restructuring. 

 Here, we report smog chamber experiments in which mono-disperse soot aggregates, 

generated by ethylene combustion in a McKenna premixed burner, were coated with p-xylene 

SOA and then exposed to a controlled RH. Particle diameter and mass were monitored using a 

differential mobility analyzer (DMA; TSI, 3081) and a centrifugal particle mass analyzer 

(CPMA; Cambustion), respectively. Trends in humidified mobility diameter with dry particle 

mass were evaluated to determine how RH affects SOA viscosity and surface tension and, in 

turn, SOA-induced soot aggregate restructuring.  

3.2 Experimental Section 
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 Soot aggregates were generated by a McKenna premixed burner, in which ethylene was 

used as fuel. The experimental setup for treatment and injection of soot is depicted in Figure 

3.1a, and it is similar to that used in chapter 2. The equivalence ratio of the burner was set to two, 

using ethylene and air flow rates of 1.1 and 8.0 L min
-1

, respectively. Soot was sampled 27 cm 

above the flame and fed into an ejector dilutor (Air-Vac, AVR038H), which was 

set to a dilution ratio of three, using 210 kPa of nitrogen. As discussed in chapter 2, the ejector 

dilutor was used to sample soot from the burner while reducing the water vapour in the sample 

line. The aggregates were then passed through a diffusion drier and a thermo-denuder set to 

573 K to remove trace gases.  
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After treatment, the soot aggregates were neutralized using an X-ray source (TSI, 3087) 

and directed into a DMA, which was set to classify predominantly singly-charged particles 250 

nm in mobility diameter, at sample and sheath flow rates of 1.0 and 10.0 L min
-1

, respectively. 

The classified aggregates were then injected into a smog chamber, as described in chapter 2. A 

deuterium lamp (Ocean Optics, D-2000-S) and a spectrometer (Ocean Optics, HR 2000+) were 

used to measure p-xylene concentrations by differential optical absorption spectroscopy (Parsons 

et al. 2011). 

Once the soot aggregate injection was completed (typically, at a particle concentration 

> 1000 cm
-3

), aggregates were sampled from the chamber into parallel DMA-condensation 

particle counter (CPC; TSI, 3776) and CPMA-CPC (TSI, 3771) systems. Soot aggregates were 

monitored for approximately one hour after injection to confirm there was no background change 

in mobility diameter or mass before p-xylene (Fisher, 99.9%) was injected into the chamber to a 

concentration of ~2 ppm. Hydrogen peroxide (Sigma, 30% w/w in water) was then injected into 

the chamber, and UV radiation was applied to produce hydroxyl radicals. Though water was 

introduced along with hydrogen peroxide, the chamber RH was < 12% throughout each 

experiment. In all experiments, the CPMA was operated at the chamber RH; in contrast, the 

DMA was operated at different controlled RHs: < 12%, 20%, 40%, 60%, and 85% at operating 

temperatures ranging from 23 to 25  C. For each experiment at RH ≥ 20%, the DMA sample was 

conditioned by a Nafion membrane humidifier (Perma Pure, PD-625-24SS). The RH in the 

conditioning train and DMA was monitored using a series of RH and temperature probes 

(Sensirion, SHT75), placed as shown in Figure 3.1b.  

3.3 Results and Discussion 
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 To facilitate comparisons between experiments, the measured mobility diameters and 

masses are divided by their initial values to give normalized diameter and mass growth factors, 

Gfd and Gfm, respectively. Trends in Gfd with increasing Gfm are plotted in Figure 3.2. At each 

RH, two different sample flow rates, 0.3 and 1.5 L min
-1

, of the DMA were used to vary the 

residence time of the aggregates in the RH-controlled conditioning train. Despite small 

discrepancies, reflected in the scatter in Figure 3.2, no systematic dependence of the aggregate 

evolution on the residence time was observed. Therefore, trends in Gfd measured at both flow 

settings, distinguished only by RH, are shown in Figure 3.2. At RH < 12%, Gfd increases 

uniformly with Gfm, suggesting that there is little or no soot aggregate restructuring to 

compensate for the coating thickness.  

 At RH ≥ 20%, the evolution of aggregate morphology occurs in three stages. In the first 

stage, the Gfd increases slightly with Gfm indicating that SOA only thinly coats the soot 
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aggregates while they retain their initial structures.. During the second stage, the Gfd decreases 

as Gfm increases, indicating that the effects on mobility diameter due to aggregate restructuring 

under the influence of the SOA coating now outweigh the effects of SOA coating.  At RHs of 20 

and 40%, the decrease in Gfd begins at a Gfm between two and three, leading to a local 

minimum in Gfd of about unity; at RHs of 60 and 85%, the decrease in Gfd begins at a smaller 

Gfm, ~1.5, leading to a local minimum in Gfd of ~0.95. In the third stage, the Gfd again 

increases with Gfm, suggesting that aggregate restructuring is no longer significant enough to 

outweigh the contribution of the coating to the mobility diameter.The Gfm at which this stage 

begins also depends on RH; at RHs of 20 and 40%, the third stage begins at a Gfm of about four, 

and at RHs of 60 and 85%, it begins at a Gfm between two to three. 

These differences reveal a significant dependence of aggregate evolution on RH. In the 

past, SOA-induced restructuring of soot aggregates was investigated at RHs of ≤ 20 and 90% 

(Schnitzler et al. 2014; Qiu et al. 2012; Guo et al. 2016), and water was shown to be important 

only to the extent that it increased the coating mass (or volume) (Qiu et al. 2012). Here, by 

investigating intermediate RHs, we demonstrate that water is important also for its effects on the 

viscosity and surface tension of the coatings. These effects are discussed in the context of Figure 

3.3 which shows the evolution in shape factor,  , with increasing Gfm. The dynamic shape factor 

is a correction parameter to account for the increased drag experienced by an irregular shape 

particle relative to its spherical equivalent (volume or mass). This parameter is added because 

irregular shaped particles have a greater surface interaction with the gas/fluid than its 

volume/mass equivalent spherical counterpart (DeCarlo et al. 2004). By definition, the shape 

factor is the ratio of particle resistance force to the resistance force of a sphere having the same 

volume and relative velocity (Hinds 1999). The shape factor is calculated as             
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           , where    is the slip correction, and     is the volume-equivalent diameter, 

calculated as  

 

     
 

 
 
     

     
 

        

    
  

 
 
  (3.1) 

where       is the mass of the soot aggregates after injection and before photo-oxidation,    is 

the combined mass of the aggregates and coatings during photo-oxidation, and       and      

are the material densities of soot and p-xylene SOA, 1.8 and 1.46 g cm
-3

, respectively. Initially, 

the aggregates have a shape factor of ~2.4, which begins to decrease as Gfm increases.  

 
First, we consider the experiment at RH < 12%. Since toluene SOA, collected in a large 

droplet on a slide, was observed to shatter when poked at 16.5% RH and not flow at all after 

6.5 h of observation (Song et al. 2016), the p-xylene SOA is assumed to be a solid at RH < 12%. 

Consequently, it is too viscous to induce restructuring, consistent with the uniformly increasing 

Gfd noted above. Thus, the decrease in shape factor shown in Figure 3.3 results solely from 
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accumulation of the SOA coating that would lead eventually, at a Gfm of about eight (Schnitzler 

et al. 2014), to a spherical particle encapsulating the unchanged soot aggregate. In earlier 

experiments performed at low RH, Gfd also increased uniformly with SOA coating mass (or 

thickness) (Schnitzler et al. 2014; Qiu et al. 2012); nonetheless, restructuring was inferred from a 

decrease in mobility diameter upon thermo-denuding the coated aggregates (Schnitzler et al. 

2014; Qiu et al. 2012). Our results indicate that the restructuring observed for coated-denuded 

particles likely occurred in the thermo-denuder, where the elevated temperature caused the 

viscosity of the SOA coatings to decrease. These results also relate to a recent estimation of SOA 

surface tension, based on the extent of soot aggregate restructuring, because an increase in 

temperature corresponds to a decrease in surface tension (Schnitzler et al. 2017). We stress that, 

regardless of the RH, the restructuring occurs while the coating is still present; if restructuring 

occurred during coating evaporation, the Gfd would not decrease at any RH (see Figure 3.2). 

Similarly, decreases in Gfd were observed for aggregates thinly-coated with pure liquids, 

including sulfuric acid and oleic acid (Pagels et al. 2009; Ghazi and Olfert 2013). In contrast, 

light scattering by aggregates injected into bulk water implied that the aggregates did not 

restructure without coating evaporation (Ma et al. 2013). 

At RH ≥ 20%, soot aggregate restructuring without denuding is unambiguous, because 

Gfd decreases in the second stage of aggregate evolution, described above. That there is no 

dependence on residence time in the RH-controlled conditioning train indicates that, at both flow 

rates, the soot-coating interface reaches equilibrium. At the high flow rate (1.5 L min
-1

), the 

residence time in the conditioning train is about 15 s, which is comparable to the experimental 

flow time of toluene SOA measured by Song et al. at 40% RH (τ = 13.75 s) (Song et al. 2016). 

On the other hand, the residence time is significantly less than the flow time measured by Song 
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et al. at their lowest RH (30%), which was on the order of 10
3
 s (Song et al. 2016). At RHs of 20 

and 40%, the extent of soot aggregate restructuring is similar, indicated by their overlapping 

trends in shape factor with Gfm in Figure 3.3. The Gfm required for the shape factor to converge 

to unity decreases from eight to about five, because the encapsulated soot core itself is more 

compact. At 60% RH, the role of restructuring increases, such that shape factor decreases 

towards unity even more sharply. At both RHs of 40 and 60%, the soot-coating interfaces have 

enough time to reach equilibrium, so the difference in extent of restructuring must be due to a 

difference in the surface tensions of the coatings. Since coatings of higher surface tension result 

in a greater extent of restructuring (Schnitzler et al. 2017), the SOA coating likely has a greater 

surface tension at 60% RH than at 40% RH. 
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This difference suggests appreciable water uptake at RH ≥ 60%. The values of Gfd 

shown in Figure 3.2 are derived from diameters measured downstream of the RH-controlled 

conditioning train, so they include contributions from soot, SOA, and any condensed water. In 

contrast, the values of Gfm are derived from masses measured upstream of the conditioning 

train, so they include contributions from only soot and SOA. By design, this arrangement 

prevented partial evaporation of any condensed water in the CPMA, where temperature 

fluctuates periodically with rotational speed. As a result, the values of Gfd at all RHs do not 

converge at high Gfm. For spherical particles, the differences in Gfd can be used to quantify the 

volume of particle-bound water. Measurements at a Gfm > 6 were used to fit logarithmic curves, 

as shown in Figure 3.4, from which the respective values of Gfd at a Gfm of exactly 8.5 were 

calculated. Gfd20% is assumed to be that of only soot and SOA. For higher RHs, the hygroscopic 

diameter growth factor, hGfd, is calculated as GfdRH/Gfd20%; in turn, the hygroscopic volume 
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growth factor, hGfv, is calculated as (hGfd)
3
. The values of hGfv at RHs 20-85% are shown in 

Figure 3.5. RH was converted to water activity,   , to account for the Kelvin effect.  

A single-parameter hygroscopicity model relates hGfv to the activity of water 

(Kreidenweis et al. 2008; Petters and Kreidenweis 2007), as follows: 

 
     

             

          
   

  

    
    (3.2) 

where      ,     , and    are the volumes of soot, SOA, and particle-bound water, respectively, 

and   is the hygroscopicity parameter. A fit of Equation 3.2 to the data in Figure 3.5 results in a 

  value of 0.058 for the SOA-coated aggregates. This value was used to calculate the total mass 

of the particles (soot, SOA, and water) for the duration of the 85% RH experiment and to plot 

Gfd versus total Gfm (see Figure 3.6). Since soot is hydrophobic,       = 0, and division of   by 

the volume fraction of SOA (0.91) at a Gfm of 8.5 gives      of 0.063. Accounting for the 

standard error in the fit,      is 0.06±0.01. This value is comparable to that of phthalic acid, 

0.059 (Petters and Kreidenweis 2007; Huff Hartz et al. 2006), which is similar to the ring-

retaining products of p-xylene photo-oxidation (Forstner et al. 1997). Furthermore, our value 

falls among those recently reported for SOA particles derived from mixtures of biogenic and 

anthropogenic precursors, which had an oxygen-to-carbon ratio, O:C, of about 0.5-0.6 (Zhao et 

al. 2016). On the other hand, our value is lower than the 0.09-0.10 range recently reported for 

SOA particles derived from anthropogenic precursors (including benzene, toluene, and p-

xylene), which had an O:C of 0.6-0.8 (Zhou et al. 2009). Since Massoli et al. (2010) showed that 

hygroscopicity increases with O:C, it is likely that our SOA coatings have an O:C < 0.6. We note 

that an O:C of 1.08 was measured for the toluene SOA used by Song et al. in their investigation 

of viscosity, produced in an oxidation flow reactor (Song et al. 2016). This discrepancy in O:C 

may explain the surprising lack of a residence time dependence in the 20% RH experiment, 
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discussed above; if SOA is less oxygenated, perhaps it is less viscous at 20% RH, allowing the 

soot-coating interface to reach equilibrium at both flow rates. 

 In summary, we have investigated the RH-dependence of soot aggregate restructuring 

induced by SOA coatings, and we have demonstrated that water has significant effects on the 

coating viscosity and surface tension, in addition to mass (or volume). At RH < 12%, SOA is too 

viscous to induce soot aggregate restructuring, and the coated aggregates become spherical only 

as the coating fills the voids of the unchanged aggregates. At RH ≥ 20%, water uptake decreases 

the viscosity of SOA sufficiently to induce soot aggregate restructuring, and the coated 

aggregates become spherical through a combination of collapse of the aggregates and 

accumulation of the coating. Since ambient RH is typically greater than 20% (Song et al. 2016), 

SOA-induced restructuring is an important mechanism in the morphological and optical 

evolution of soot aggregates. Furthermore, at RHs of 60 and 85%, water uptake significantly 
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increases the surface tension of the SOA coating, leading to incrementally greater soot aggregate 

restructuring, which may occur in very humid regions with soot sources - for example, coastal 

cities with active commercial harbors (Healy et al. 2009; Zhou et al. 2009; Evans et al. 2015). 

Future studies should investigate the effects of water on SOA coatings derived from other 

precursors and characterized by a range of O:C. For example, at a given RH, SOA from isoprene 

is less viscous than that from toluene (Song et al. 2016; Song et al. 2015), so it may cause 

restructuring at all ambient RHs. If so, water would affect restructuring only by increasing the 

coating mass (Khalizov et al. 2013) and surface tension. Our results provide crucial insights into 

the interactions between soot, SOA, and water that partly govern the complex climate effects of 

soot aggregates. 
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Chapter 4.  

Conclusions 

 The relationships between soot aggregate restructuring induced by SOA and primary 

particle number and the effect of water on SOA coatings have been investigated. While the work 

here does not explain the complex interaction of soot aggregates with the environment in its 

entirety, it does provide key insights of smaller interactions to contribute to the whole.  This 

section provides a summary of the research covered in this report, results, and possible topics for 

future work. 

4.1 Soot restructuring and primary particle number 

 The evolution from initial to final morphologies of soot aggregates due to SOA coating 

was investigated by mobility and mass measurements, where soot was generated from three 

sources. For all aggregates, the evolution from the initial to final morphologies occurs in three 

distinct stages; however the coating mass to initiate each stage varied between initial mobility 

diameter and aggregate generating source. At a comparable initial mobility diameter, the 

aggregates from the diesel generator are less dense and had smaller constituent primary particle 

sizes than the aggregates from the two burners and restructure to a smaller final mobility 

diameter. Furthermore, for a given initial mobility diameter the extent of restructuring varies 

significantly with the soot generating source. For example, initially 100 nm aggregates from a 

diesel generator had an appreciable decrease in mobility diameter (Gfd = 0.92), but was not the 

case for the two burners (Gfd = 0.99). However, the ratio of final to initial aggregate mobility 

exhibits a linear relationship to the number of primary particles per aggregate regardless of 

source, indicating that the role the source of soot plays is dictating the size and number of 

primary particles in aggregates. The significance of the linear relationship observed is that 
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modelers can predict the extent of aggregate restructuring knowing only the number of primary 

particles per aggregate, which can be derived for soot with established mass-mobility 

relationships (Ghazi et al. 2013; Dastanpour et al. 2016b).  

A topic of follow-up work may be to determine the relationship of final aggregate 

mobility diameters to the surface tension of SOA coatings. Although the current relationship 

reported is accurate for the representative anthropogenic SOA coating, it may only be applicable 

to coatings of similar surface tension. Since further restructuring can occur with coatings of 

higher surface tension; for example, aggregates generated from the premixed burner restructured 

to a mass-mobility exponent of three when coated with glycerol (Schnitzler et al. 2017).  

4.2  Humidity dependence of SOA 

 The evolution from initial to final morphologies of soot aggregates due to SOA coating at 

controlled RHs of < 12, 20, 40, 60, or 85% was investigated by mobility and mass 

measurements. For RH < 12%, mobility increased uniformly with coating mass, indicating the 

coating was too viscous to induce appreciable aggregate restructuring. At RH ≥ 20%, the three 

stages of aggregate restructuring were observed. Furthermore, restructuring of aggregates was 

observed while the coating was still present on the aggregate, without the evaporation of the 

SOA coating. The coating mass required to initiate the stages of restructuring varied between 

controlled RHs, indicating a dependence of aggregate evolution on RH. For RH ≥ 60%, the 

extent of restructuring was larger than the restructuring observed for RHs 20 and 40%, which 

suggests that water affects the viscosity and surface tension of the coating. The observed 

aggregate restructuring at RH ≥ 20% is significant because ambient RH is generally greater than 

20% (Song et al. 2016), suggesting that morphological and optical evolution of soot aggregates 

occur naturally in the environment. Furthermore, SOA coatings using a wide assortment of 
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precurosrs should be investigated, since SOA coatings derived different precursors have varying 

viscosities. Therefore it may be possible for aggregate restructuring to occur at all 

atmospherically relevant RHs given an SOA coating with sufficiently low viscosity.    

4.3. Conclusion 

 This work here demonstrates that there is a relationship between the extent of aggregate 

restructuring due to SOA coatings with respect to soot aggregate properties and that water has a 

significant role in the properties SOA coating. The results from this work could be used in future 

theoretical aggregate restructuring studies to predict the resulting morphology of soot aggregates 

that are influenced by a known coating. Furthermore, the predicted end morphology of soot 

aggregates can be used in theoretical optical studies that investigate the changes in optical 

properties of soot aggregates. These can be included in atmospheric models by providing insight 

on the changes in soot aggregate morphology in the atmosphere due to photo-chemical aging, 

reducing the uncertainty in radiative forcing contributed by soot aggregates. 
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