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ABSTRACT 

Currently, there exists a great deal of uncertainty regarding atmospheric aerosols and the 

role that they play within the Earth’s atmosphere. It is known that atmospheric aerosols can play a 

role in the Earth’s climate by scattering and absorbing solar radiation or acting as a cloud 

condensation nuclei. The purpose of this work is to obtain an improved understanding of the 

chemistry of atmospheric aerosols to better determine their impacts the environment, air quality, 

and climate. 

 This work revolves around one specific type of atmospheric aerosol, i.e. sea spray aerosol. 

Sea spray aerosol is generated via breaking waves, through wind-driven mechanisms. Ocean water 

covers roughly 71% of the Earth’s surface, and from this over 1300 Tg of sea spray aerosols is 

emitted into the atmosphere every year. However, until recently, the study of sea spray was very 

challenging and often inconclusive due to the inability to filter background particles out. In this 

work, the understanding of sea spray aerosol is progressed by taking a two-pronged approach. 

First, this work focuses on the study of model systems of simple ocean surfactants and NaCl and 

the change in chemistry that occurs when the two are in the presence of each other. Second, sea 

spray samples generated during a biological bloom are isolated and analyzed. Using this two 

pronged approach, it is shown that model systems can provide supporting evidence for hypotheses 

created from trends discovered in more complex samples. Finally, common aerosol generation, 

storage, and analysis techniques are studied in order to improve our understanding of their effects 

on aerosol particles. 
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PUBLIC ABSTRACT 

 For many decades, global warming has been a worldwide concern due to its potential 

harmful effects on society. In addition to the more commonly known cause of this global 

phenomenon, greenhouse gases, another important component of the Earth’s atmosphere is 

atmospheric aerosols. Atmospheric aerosols are small, solid and/or liquid particles suspended in 

the air that vary greatly in size and chemical composition. Much of these variations are a result of 

the wide variety of natural and man-made sources that emit aerosols into the atmosphere. Like 

greenhouse gases, these particles can significantly influence the Earth’s climate. However, in 

contrast to greenhouse gases, it is not well understood as how and to what extent, do aerosols 

impact the climate. 

In this work, we learn more about one of the most abundant types of atmospheric aerosol, 

namely sea spray. Although invisible to the naked eye, millions of tiny sea spray aerosols are 

constantly being released from the Earth’s ocean into the atmosphere via breaking waves. Here we 

take a look at how the chemical components and processes of the ocean can alter the properties of 

sea spray aerosols. This knowledge will bring us one step further in understanding the influence 

these aerosols have on our climate.  
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CHAPTER 1 – INTRODUCTION 

The atmosphere is not only comprised of gases, but it also contains liquid and solid matter in the 

form of particles. These particles are commonly referred to as atmospheric aerosols [Boucher et 

al., 2013]. These particles have a wide range of sizes, shapes, chemical composition, and effects 

on the atmosphere. 

Aerosols are generally broken into two types, anthropogenic and natural, based on their 

form of origin. Anthropogenic aerosols are derived from manmade sources and are often attributed 

to transportation or industrial processes, like fossil fuel and biomass burning [Pacyna, 2007]. 

Natural aerosols originate from naturally occurring processes, e.g. via wind-blown dust, volcanic 

eruptions, or wave crashing, for example [Viana et al., 2013]. Figure 1.1 shows a variety of 

pathways and sources of some of the most common atmospheric aerosols and gases.  

While it is hard to determine the exact amount of atmospheric aerosols in the atmosphere, 

it is estimated that natural aerosol sources produce around 3,100 Tg/year, and anthropogenic 

sources account for 460 Tg/year. Major sources of natural atmospheric aerosols include soil dust, 

conservatively estimated at 1500 Tg/year reaching the atmosphere, and sea spray, which this work 

is concentrated on, estimated at 1300 Tg/year. Secondary aerosols, i.e. aerosols produced via gas-

to-particle conversion, is the major source of anthropogenic aerosols, producing around 330 

Tg/year. This conversion is what happens when certain gas-phase reactions result in the formation 

of low-vapor-pressure reaction products, which allows them to exist at high super-saturation 

levels, condense, and form particles. Combustion products are a good example of this pathway 

[Hinds, 1999]. While it may seem that when the total mass of anthropogenic aerosols is only ~13% 

of the total atmospheric aerosol emissions each year, this number has steadily increased since the 

Industrial Revolution in the mid-18th century [Stocker et al., 2013]. 
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Figure 1.1 Schematic of chemical and transport processes related to atmospheric composition. (Public domain figure 
taken from Albritton et al., 2003). 
 

Despite the small sizes of these particles, often ranging from a few nanometers to a couple 

of microns in diameter, they can greatly affect the atmosphere in a multitude of ways. Figure 1.2 

demonstrates the direct, indirect, and semi-direct effects of atmospheric aerosols. Direct effects of 

aerosols are the result of atmospheric particles scattering and absorbing the incoming solar and 

infrared radiation in the atmosphere. The scattering of the incoming radiation back into space will 

cause a cooling effect on the surface of the Earth and the atmosphere. The absorption of radiation 

by some particles, like black carbon, will result in the increased temperature of the atmosphere 

[Penner et al., 2001]. The amount of light scattered or absorbed by the aerosol is dependent upon 

the properties of the aerosol [Seinfeld and Pandis, 2006].  
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Figure 1.2 Schematic diagram showing the various radiative mechanisms associated with cloud effects that have been 
identified as significant in relation to aerosols (modified from Haywood and Boucher, 2000). The small black dots 
represent aerosol particles; the larger open circles cloud droplets. Straight lines represent the incident and reflected 
solar radiation, and wavy lines represent terrestrial radiation. The filled white circles indicate cloud droplet number 
concentration (CDNC). The unperturbed cloud contains larger cloud drops as only natural aerosols are available as 
cloud condensation nuclei, while the perturbed cloud contains a greater number of smaller cloud drops as both natural 
and anthropogenic aerosols are available as cloud condensation nuclei (CCN). The vertical grey dashes represent 
rainfall, and LWC refers to the liquid water content. (Public domain figure taken from Forster et al., 2007). 
 

Atmospheric particles can also have indirect effects on the atmosphere. Atmospheric 

aerosols can act as cloud condensation nuclei (CCN), or “cloud seeds”. These seeds allow for 

favorable conditions in the atmosphere for water to condense on and form clouds. A greater aerosol 

concentration leads to a greater number of cloud condensation nuclei, which in turn, leads to more 

water droplets in the cloud, and therefore an increase in cloud albedo [Seinfeld and Pandis, 2006]. 

Cloud albedo is how bright a cloud appears; the brighter the cloud, the more solar radiation it is 

reflecting, and is therefore creating a greater cooling effect in the atmosphere. These types of 

clouds are often found downwind of heavily polluted areas [Rosenfeld and Woodley, 2001]. 

Additionally, aerosols can affect the lifetime of clouds. When clouds have more CCN, this leads 

to a cloud having increased concentrations of smaller droplets. In order for clouds to precipitate 

rain, a relatively large threshold of condensed water must be met on the CCN. When there are 

more seeds to condense onto, this process takes longer, thus delaying the onset of precipitation. 
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Figure 1.3 Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the main drivers of 
climate change. Values are global average radiative forcing (RF14), partitioned according to the emitted compounds 
or processes that result in a combination of drivers. The best estimates of the net radiative forcing are shown as black 
diamonds with corresponding uncertainty intervals; the numerical values are provided on the right of the figure, 
together with the confidence level in the net forcing (VH – very high, H – high, M – medium, L – low, VL – very 
low). Albedo forcing due to black carbon on snow and ice is included in the black carbon aerosol bar. Small forcing 
due to contrails (0.05 W m–2, including contrail induced cirrus), and HFCs, PFCs and SF6 (total 0.03 W m–2) are not 
shown. Concentration-based RFs for gases can be obtained by summing the like-colored bars. Volcanic forcing is not 
included as its episodic nature makes is difficult to compare to other forcing mechanisms. Total anthropogenic 
radiative forcing is provided for three different years relative to 1750. (Public domain figure taken from IPCC, 2013). 
 
Therefore, the longer the cloud lifetime, the more it will affect the radiative balance of the 

atmosphere [Denman et al. 2007].  

Lastly, the semi-direct effect is referred to as the result on the formation and lifetime of 

clouds due to the effects of when aerosols absorbs solar radiation. The absorption modifies the air 
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temperature, humidity, and vertical stability of the air column, which results in altered formation 

and lifetime of clouds [Goosse et al., 2008]. 

Figure 1.3 summarizes the components of radiative forcing that can take place within the 

Earth’s atmosphere. The biggest effect on the radiative balance is greenhouse gases, specifically 

CO2, with almost a +1.7 W/m2 increase of radiative forcing due to CO2 since 1750. Much is known 

about the effects of greenhouse gases on the atmosphere, as demonstrated by the small error bars 

on the bar graph. The next largest influence is aerosols. Unlike greenhouses gases, less is known 

and understood about atmospheric aerosols and their impacts on Earth’s climate, as shown by the 

wide error bar margins on Figure 1.3 and the fact that there is not a very high certainty in the level 

of understanding [IPCC, 2013].  

The focus of this thesis is on sea spray aerosols. Sea spray aerosols are generated through 

wave breaking of sea water, causing bubble bursting, and play a significant role in the tropospheric 

chemistry and atmospheric environment [Laskin et al., 2012]. The ocean covers approximately 

71% of the Earth’s surface and therefore provides a constant, significant, and yet still relatively 

unknown source of atmospheric aerosols [Wex et al., 2010]. What was once previously believed 

to be comprised of mostly NaCl salt with little to no other chemical components, has been shown 

be much more chemically complex [Prather et al., 2013]. The NSF Center for Aerosol Impacts on 

Climate and the Environment (CAICE) focuses on answering the questions involving how 

multifaceted aerosols, specifically sea spray aerosols, impact the environment, air quality, and 

climate. Led by Dr. Kimberly A. Prather, Dr. Vicki H. Grassian, and Dr. Timothy H. Bertram, 

CAICE brings together researchers from nine universities all over the United States, all specialized 

in different aspects of aerosol research. Centered on the campus of the University of California, 

San Diego, this conglomeration of over 40 graduate students and post docs, uses computational 
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tools and state of the art instrumentation to focus on reducing the large gap of knowledge in the 

crucial area of aerosol chemistry. Researchers are using new innovative tools, such as the linear 

wave channel (discussed in Chapter 3 and 4) at the Scripps Institute of Oceanography in La Jolla, 

CA and the Marine Aerosol Reference Tank (discussed in Chapter 4), to generate sea spray 

aerosols using the same natural mechanisms as those occurring in the ocean. The pristine particles 

are analyzed and experimented on using many different on- and off-line analysis techniques, from 

Raman spectroscopy and electron microscopy to mass spectrometry. These findings help steer the 

direction of CAICE and the subsequent experiments that probe the chemical complexity of these 

aerosols. Though only been an active center for less than five years, CAICE has already made 

many significant impacts and innovations in the area of aerosol chemistry [Prather et al., 2013; 

Ault et al., 2013; Stokes et al., 2013; Ault et al., 2013; Collins et al., 2013; Ebben et al., 2013; 

Guasco et al., 2014; Collins et al., 2014; Laskina et al., 2015; Wang et al., 2015]. 

As a part of CAICE, this thesis focuses on several different aspects of sea spray aerosol. 

Chapter 2 will focus on model system studies of common ocean surfactants and the interactions 

with NaCl aerosols. This chapter lays the ground work for Chapter 3, where the trends of collected 

seas spray aerosol field sample, discovered by microscopy techniques, are compared to those seen 

in model systems. Lastly, Chapter 4 will discuss the new method developments made in aerosol 

generation, storage conditions, and sample analysis. 
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CHAPTER 2 – MODEL SYSTEMS 

In order to fully understand and explain the varying levels of chemical complexity that are seen in 

environmental aerosols, laboratory experiments under controlled conditions are needed. These 

experiments can provide the scientific basis for understanding fundamental processes that occur 

in the environment, such as the property changes of aerosols generated in polluted vs clean areas. 

Laboratory experiments allow for control of all aspects and variables, thus providing a way to 

confirm or disprove the initial hypothesis on processes occurring in the environment. 

 2.1 Chloride Depletion of NaCl by Model Systems 

Sea spray aerosol particles undergo heterogeneous reactions in the atmosphere [Finlayson-

Pitts, 2003]. With these reactions, atmospheric aerosols can undergo changes in their 

physicochemical properties. Reacted particles may change their water uptake properties, optical 

properties, and ability to act as a cloud condensation nuclei (CCN) [Laskin et al., 2012]. One 

reaction that has been recently discussed is the acid displacement reaction of NaCl with 

atmospheric acidic gases, expressed in the generalized form: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑎𝑎𝑎𝑎) + 𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎,𝑔𝑔) →𝑁𝑁𝑁𝑁𝑁𝑁(𝑎𝑎𝑎𝑎) + 𝐻𝐻𝐻𝐻𝐻𝐻(𝑔𝑔)    (R 2.1) 

where NaCl is an aqueous solution containing any chloride salts of seawaters, and HA represents 

any relevant atmospheric acids, such as nitric and sulfuric acids. This depletion in chloride has 

been shown in many different field studies, ranging from areas where there is a range of pollution 

levels and remote areas, where the particles are expected to be pristine [Laskin et al., 2002, 2005; 

Newberg et al., 2005]. In literature, some attribute part of this chloride deficiency to the formation 

of inorganic salts (e.g. sulfates and nitrates) [Keene et al., 1990; Kerminen et al., 1998], and the 

heterogeneous and interface chemistry of sea spray aerosols with trace atmospheric gases 

[Finlayson-Pitts, 2003]. Recently, Laskin et al. [2012] have suggest that anthropogenic secondary  
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Figure 2.1 Values of Cl/Na ratios measured by CC-SEM/EDX in dry residues of NaCl, and mixed organic acid/NaCl 
(1/1 molar ratio) particles. Values of Cl/Na below unity (dashed lines) indicate Cl depletion by organic acids. (Figure 
taken with permission from Laskin et al. 2012). 
 
organic aerosols (SOA) are abundant and may facilitate acid displacement reactions that liberate 

HCl (g). It was further suggested that the chemical composition, hygroscopic, and optical 

properties of these particles may change in ways that have yet to be explored. Laskin et al. went 

on to show that particles generated from a nebulized 0.5 M solution of 1/1 molar ratio of NaCl and 

a variety of short chain organic acids, can be depleted in chloride. Laskin used common 

atmospheric mono-, di-, and tricarboxylic acids, including acetic, malonic, malic, tartaric, and 

citric acid. Figure 2.1, taken from Laskin et al. [2012], shows the EDX results of the Cl/Na ratio 

of hundreds of individual reacted particles for all of the acids studied. For the unreacted NaCl 

sample, the Cl/Na ratio is measured to be one, as based on the stoichiometry. The other scatter  
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NaCl:Acid 
Molar Ratio Acid pH 

3:1 Malic 1.97 
1:1 Malic 1.96 
1:3 Malic 1.69 
3:1 Hexanoic 3.04 
1:1 Hexanoic 3.14 
1:3 Hexanoic 3.12 
3:1 Nonanoic 3.86 
1:1 Nonanoic 3.85 
1:3 Nonanoic 3.97 
3:1 Palmitic 4.74 
1:1 Palmitic 4.62 
1:3 Palmitic 4.18 

Table 2.1 The measured pH of each 
solution used to generate the sample 
aerosol particles. 

plots show that these organic acids cause a decrease in Cl/Na ratio. As a result, we offer a slightly 

modified version of the reaction:  

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑎𝑎𝑎𝑎) + 𝑅𝑅 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑎𝑎𝑎𝑎) → 𝑅𝑅 − 𝐶𝐶𝐶𝐶𝐶𝐶−𝑁𝑁𝑁𝑁+(𝑎𝑎𝑎𝑎) + 𝐻𝐻𝐶𝐶𝐶𝐶(𝑔𝑔)   (R 2.2) 

For this thesis, we conduct experiments similar to Laskin et al. [2012] and expand the number and 

types of organics acids investigated. Below are the results of analysis of individual particles 

produced from 3/1, 1/1, and 1/3 molar ratio solution of NaCl and common oceanic surfactant acids: 

malic, hexanoic, nonanoic, and palmitic acids. With the results reported in this chapter, we propose 

another mechanism by which particles become depleted in chlorine, R 2.2. This reaction formula 

is similar to that proposed by Laskin et al., where NaCl is an aqueous solution containing any 

chloride salts of seawaters, but HA has been replaced with R-COOH, which represents any 

relevant aqueous ocean surfactant. The change in formula is slight, but we propose that chlorine 

depleted particles may be due not only to the heterogeneous reaction of sea spray aerosol particles 

in the atmosphere, but also can occur because of the reaction between acidic ocean surfactants and  
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Figure 2.2 A schematic of the aerosol generation setup for the collection of model system particles. 
 
sea salts upon the formation of sea spray aerosol. In this chapter, we provide experiments on 

carboxylic acids in ocean sea water. 

 2.1.1 Experimental Setup 

 2.1.1.1 Aerosol Sample Preparation 

Particles were generated from aqueous solutions of NaCl and organic acids mixed at three 

different molar ratios: 3/1, 1/1, and 1/3. NaCl (Fisher Scientific, 99.8%), malic acid (Alfa Aesar, 

98.0%), hexanoic acid (Sigma-Aldrich, ≥99.5%), nonanoic acid (Sigma-Aldrich, ≥97.0%), and 

hexadecanoic (palmitic) acid (Sigma-Aldrich, ≥99.0%) were all used without further purification. 

All solutions were prepared with deionized water. The pH of each solution can be found in Table 

2.1. The particles were generated using a constant output atomizer (TSI, Inc., model 3076). The 

generated particles were dried down to ∼30% RH in a diffusion dryer (TSI, Inc., model 3062) 

prior to sizing and substrate deposition using a micro-orifice uniform deposit impactor (MOUDI) 

(MSP, Inc., model 110). Particles were deposited onto copper TEM grids (Ted Pella, Inc.) mounted 

on the impaction plate of the sixth stage. The range of particles is limited to 300-800 nm due to 

the analysis of stage 6 of the MOUDI, which collects particles with an aerodynamic diameter size  

Atomizer 

Diffusion Dryer Solution 

Vacuum  

M
O
U
D
I 
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Table 2.2 The circularity factors of many common sizes and shapes.  

range of 0.56-1.0 μm. The reduction in size is due to dehydration upon entering the vacuum 

chamber. All samples were prepared at room temperature and used within a couple of days after 

the preparation. Figure 2.2 depicts the experimental setup. 

2.1.1.2 Transmission Electron Microscopy with Energy Dispersive X-Ray 

Spectroscopy 

Transmission Electron microscopy (TEM) images were collected using a JEOL JEM-

2100F high resolution transmission electron microscope. The field emission TEM installed with 

Schottky field emission gun, set at an accelerating voltage of 200 kV. The images were acquired 

using Gatan Orius CCS camera. The TEM is also coupled with an energy dispersive x-ray 

spectroscopy (EDX) system (Thermo Fischer Scientific), using a Nanotrace Si(Li) X-ray detector. 

Gatan High Angle Annular Dark Field (HAADF) detector was used for dark field images. 

  Radius/ 
Side 1 

Side 2 Radius of  
Rounded 
Corner 

Area Perimeter Circularity 
Factor 

Circle 1     3.14 6.28 1.000 
Pentagon 1     1.72 5.00 0.865 
Square 1 1   1.00 4.00 0.785 
Rounded Square 1 1 0.1 0.99 3.83 0.850 
Ellipse 1 1.5   4.71 7.93 0.941 
  1 2   6.28 9.69 0.841 
  1 3   9.42 13.36 0.663 
  1 4   12.57 17.16 0.537 
Rectangle 1 1.5   1.50 5.00 0.754 
  1 2   2.00 6.00 0.698 
  1 3   3.00 8.00 0.589 
  1 4   4.00 10.00 0.503 
Rounded Rectangle 1 1.5 0.1 1.49 4.83 0.804 
  1 2 0.1 1.99 5.83 0.737 
Diamond 1 1   1.00 4.00 0.785 
Equilateral 
Triangle 

1     0.43 3.00 0.605 

Right Triangle 1 1   0.5 3.41 0.539 
Line 1     0 1.00 0.000 
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Elemental maps were performed using NORAN System 7 X-ray Microanalysis program. Spectra 

were acquired for 20 s for each particle analyzed. Chemical analysis results were imported into 

Microsoft Excel for further investigation. The elements considered in the X-ray analysis were C, 

N, O, Na, Mg, P, S, Cl, K, and Ca. 

 2.1.1.3 Image Analysis 

Images taken using the TEM where analyzed with ImageJ program. Particles were traced 

individually and the ImageJ program calculated the diameter, area and perimeter of the particles. 

This data was imported into Microsoft Excel for further analysis. The area was used to calculate 

projected-area diameter (dPA) using Eq. (2.1): 

𝑑𝑑𝑃𝑃𝐴𝐴 = �4𝐴𝐴
𝜋𝜋
�
1/2

      (2.1) 

where A is the area of the particle detected by the ImageJ software. Area and perimeter were also 

used to determine the circularity factor of particles, using Eq. (2.2): 

𝐶𝐶𝐶𝐶 = 4𝜋𝜋𝜋𝜋
𝑃𝑃2

      (2.2) 

where A is the area of the particle and P is its perimeter. The circularity factor is used to determine 

how close the shape of a particle is to a circle. A particle in the shape of a perfect circle will have 

a CF = 1.0 and all other shapes will have a CF < 1.0. Table 2.2 provides the circularity factor for 

many common shapes, for reference. 

2.1.2 Results and Discussion 

All of the acids used in this work are listed in Table 2.3, along with many of the relevant 

chemical and physical properties, listed from most soluble to least soluble. 

 2.1.2.1 Malic Acid 

Malic acid is a short chained, dicarboxylic acid that is highly soluble in water, which can 

be found in Table 2.3. Malic acid is made by all living organisms and often stored in vacuoles of  
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Table 2.3 Physical and chemical properties of all acids used in Chapter 2. 
 
plants, especially tropical plants, which releases it into the surroundings at night as a part of the 

crassulacean acid metabolism. Additionally, malic acid can also be found within some algae, like 

Desmarestia, a large marine brown algae [Meeuse 1956, 1962]. For these reasons, it is of little 

surprise that malic acid is a can be commonly found in the ocean, specifically in the sea surface 

microlayer, where organic compounds are often located in high concentrations [van Pinxteren et 

al., 2012]. Previous works have also shown malic acid is detected in collected field samples of 

marine aerosols over the Antarctic [Kawamura et al., 1996], tropics of the Pacific Ocean 

[Kawamura et al., 1999] and the North Pacific Ocean [Kawamura et al., 1993]. Figure 2.3 A plots 

the depletion of chloride in individual particles versus the diameter of the aerosol. The y-axis is 

the average ratio of Cl to Na atomic weight percentages (calculated using the NORAN System 7 

program) of individual, reacted particles of a particular diameter ratioed to the average Cl to Na 

atomic weight percentage ratio, in a 0.1 µm width size bin, of unreacted NaCl. The size bins start 

at 0.3 µm. For example, a reacted particle with a diameter of 0.361 µm will be ratioed to the 

average Cl/Na of particles in the 0.3-0.399 µm size bin of pure NaCl, whereas a reacted particle 

with a diameter of 0.412 µm will be ratioed against the average of the 0.4-0.499 µm size bin of 

pure NaCl particles. The x-axis is the diameter of the particles in µm. Figure 2.3 B plots the size 

bin average depletion of chloride in particles versus the bin diameter of the aerosol. The y-axis is the  
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Figure 2.3 TEM/EDX analysis of mixtures of three different NaCl to malic acid molar ratios. Plot A shows the Cl/Na 
atomic % of individual reacted particle of a particular diameter, ratioed to the average Cl/Na atomic % of pure NaCl 
particles in the same size bin of the particle. Plot B shows the average Cl/Na atomic % of reacted particle in a particular 
size bin, ratioed to the average Cl/Na atomic % of pure NaCl particles in the same size bin. The size bins were 0.1 µm 
in width, starting at 0.3 µm. The dotted line represents the same Cl/Na ratios between the reacted and unreacted NaCl 
particles. 
 
bin average ratio of Cl to Na atomic weight percentages of the reacted particles ratioed to the Cl 

to Na ratio of the atomic weight percentages of unreacted NaCl. This number is calculated by 

taking the mean of the Cl/Na ratios of all of the reacted particles in, for example, the 0.3-0.399 µm 

size bin, and dividing by the mean of the Cl/Na ratios of all the unreacted particles in the 

corresponding size bin. The x-axis is the diameter of the particles, separated into bins with 100 nm 

widths, starting at 0.3 µm. The dotted line represents the same Cl/Na ratios between the reacted 

and unreacted NaCl particles, in both A and B. Figure 2.3 shows the results of three different molar 

ratio solutions of NaCl to malic acid. Looking at the plots that show the NaCl-malic acid solution 

results, there is a significant decrease in the Cl/Na ratio of the resultant particles. When placed into 

the vacuum chamber of the TEM, the particles shrink due to water loss, resulting in the particles 

being in the 300-800 nm range due to dehydration (see Chapter 4). The three part salt and one part 

acid solution shows a substantial decrease in Cl/Na ratio for all particles sizes. Starting around  

A. B. 
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Figure 2.4 TEM/EDX analysis of mixtures of three different NaCl to hexanoic acid molar ratios. Plot A shows the 
Cl/Na atomic % of individual reacted particle of a particular diameter, ratioed to the average Cl/Na atomic % of pure 
NaCl particles in the same size bin of the particle. Plot B shows the average Cl/Na atomic % of reacted particle in a 
particular size bin, ratioed to the average Cl/Na atomic % of pure NaCl particles in the same size bin. The size bins 
were 0.1 µm in width, starting at 0.3 µm. The dotted line represents the same Cl/Na ratios between the reacted and 
unreacted NaCl particles. 
 
25% for particles in the 300-400 nm range, the average Cl/Na ratio gradually increases to about 

40% with the increasing size ranges. This diameter trend is not surprising, as de Leeuw et al. [2011] 

point out, smaller particles tend to contain more organic components when compared to larger 

particles. We attribute the depletion of chloride to the acid displacement formula analogous to R 

2.2, where R-COOH represents malic acid. The other two solutions of NaCl to malic acid, one to 

one and one to three, respectively, show a complete depletion of chloride. When compared to the 

other acids below, it is evident that malic acid reacts with NaCl very differently than the rest. This 

could be due to differences in solubility, pKa, number of carboxylic acids, or the number of 

available hydroxyl groups available for H+ donation to the acid displacement reaction mechanism. 

This suggests that this reaction mechanism can be a significant producer of HCl (g) where malic 

acid levels are high. 
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Figure 2.5 TEM/EDX analysis of mixtures of three different NaCl to nonanoic acid molar ratios. Plot A shows the 
Cl/Na atomic % of individual reacted particle of a particular diameter, ratioed to the average Cl/Na atomic % of pure 
NaCl particles in the same size bin of the particle. Plot B shows the average Cl/Na atomic % of reacted particle in a 
particular size bin, ratioed to the average Cl/Na atomic % of pure NaCl particles in the same size bin. The size bins 
were 0.1 µm in width, starting at 0.3 µm. The dotted line represents the same Cl/Na ratios between the reacted and 
unreacted NaCl particles. 
 

2.1.2.2 Hexanoic Acid 

Hexanoic acid is a six carbon chained monocarboxylic acid. Its solubility in water is one 

to two orders of magnitude lower than malic acid (sources give a wide range of solubility of malic 

acid; see Table 2.3), due in part to the longer, nonpolar carbon backbone and singular, polar 

carboxylic group. Hexanoic acid has a solubility in water of 10.2 g/L. Even though the solubility 

is low, the organic acid can be often on the ocean surface waters, often from condensation from 

the atmosphere in coastal areas [Miñambres et al., 2014]. Hexanoic acid has also been shown to 

reach the aerosol phase in marine particles [Lawler et al., 2014]. Figure 2.4 is plotted similarly to 

Figure 2.3, but for NaCl-hexanoic acid particles. As shown, there is some significant chloride 

depletion in the plot, but not nearly as much as that shown for malic acid. This is attributed to a 

couple reasons. First, based on the pKa values provided in Table 2.3, the acids will generally be 

completely dissociated because the sea surface microlayer has an average pH around 8.1 [Zhang  
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Figure 2.6 TEM/EDX analysis of mixtures of three different NaCl to palmitic acid molar ratios. Plot A shows the 
Cl/Na atomic % of individual reacted particle of a particular diameter, ratioed to the average Cl/Na atomic % of pure 
NaCl particles in the same size bin of the particle. Plot B shows the average Cl/Na atomic % of reacted particle in a 
particular size bin, ratioed to the average Cl/Na atomic % of pure NaCl particles in the same size bin. The size bins 
were 0.1 µm in width, starting at 0.3 µm. The dotted line represents the same Cl/Na ratios between the reacted and 
unreacted NaCl particles. 
 
2003]. Hexanoic acid is a monocarboxylic acid and malic acid is a dicarboxylic acid. Secondly, 

the order of magnitude(s) of lower solubility of hexanoic acid compared to malic acid generally 

means there will be less overall concentrations of the compound, limiting the interaction between 

aqueous NaCl and the acid. Given these differences, there is still some depletion of chloride, 

around 20%. There is little difference between the three solutions of differing molar ratios, 

suggesting that the reaction will go to completion with even the smallest amount of hexanoic acid 

present. 

 2.1.2.3 Nonanoic Acid 

Nonanoic acid is a long, nine-carbon fatty acid commonly used in pesticides, but also 

occurs naturally in plants and animals [Kegley et al., 2010]. While only slightly soluble in water, 

two orders of magnitude less than that of hexanoic acid, nonanoic acid can still accumulate in the 

sea surface microlayer. The results of this organic acid mixed with NaCl are shown in Figure 2.5. 
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The plots show similar depletion of chloride to that of hexanoic, ranging from 20-25% for the 

majority of the particles. The similarities between the two acids can be attributed to the very similar 

pKa values of 4.85 and 4.96 for hexanoic and nonanoic, respectively. The similarities suggest that 

many sea spray aerosol particles will become chloride depleted in the presence of even weakly 

soluble acids. 

 2.1.2.4 Palmitic Acid 

Lastly, palmitic acid, a long chain 16-carbon length fatty acid, with a single carboxylic acid 

group on the tail end was investigated. Palmitic acid has a very low solubility in water, 8.20 x10-4 

g/L. Again, this acid is produced within many plants and animals, particularly palm trees (often 

found in tropical places near water) and certain types of algae [Goecke et al., 2010]. Therefore it 

is a common ocean surfactant and has recently been specifically linked to marine aerosol particles 

[Adams et al., 2013], validating the use of it in these experiments. Figure 2.6 shows that palmitic  

acid and NaCl solutions do produce chloride depleted particles around 20-25%, with very little 

significant differences between the differing molar ratios. Again, nearly identical depletion 

percentages is probably due to the similarities in pKa values between the three acids, because the 

solubilities are multiple orders of magnitudes different. This result helps support the hypothesis 

stated in the previous section, in that aerosol particles will become chloride depleted in the 

presence of acids, regardless of the concentrations.  

2.2 Morphological Analysis of Particles 

In order to evaluate morphology changes of reacted particles, a quantitative measurement of two-

dimensional shape, the circularity factor is used. As described in Section 2.1.1.2, the equation for 

circularity factor is shown in Eq. (2.2). It is a ratio of the area to the square of the perimeter. This 

factor provides the opportunity to produce quantitative measurements of morphology. The  
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Figure 2.7 Images of three different types of aerosols taken with the TEM-HAADF detector. A representative particle 
of the population is outlined in each image and the corresponding circularity factor, calculated from ImageJ results, is 
shown below. 
  
circularity factor is on a scale of 0.0-1.0, where 1.0 is a circle and 0.0 is an infinitely long straight 

line. As shown in Table 2.2, a perfect square will give a circularity factor of 0.785.  

Applying this analysis to the particles studied, Figure 2.7 demonstrated the progression of 

reacted particles, from a square to a circle. Pure NaCl solutions generate the normal square shape 

that is associated with ionic salts, which has very little chloride depletion. Using the ImageJ 

program, this shape gives a circularity factor of 0.747. Progressing to a reaction between nonanoic 

acid and NaCl, which produces particles with ~20% chloride loss when compared to pure salt, 

images show aerosols that have a roundness to them, as well as some straight edges. The outlined 

particle produces a circularity of 0.892, which is neither a square nor a circle, but somewhere in 

between, as expected. Lastly, NaCl and malic acid particles are shown in the far right image. The 

particles that have essentially no chloride contained within the particle appear to be very circular, 

producing a circularity factor of 0.938. From this it can be concluded that, assuming no other 

processes occur, chloride depletion can be tracked by using the circularity factor. As a particle 

loses chlorine to the production of HCl (g) upon formation of the aerosol particle, the collected 

Pure NaCl NaCl and Nonanoic Acid NaCl and Malic Acid 

CF = 0.747 CF = 0.938 CF = 0.892 
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aerosol will lose its crystalline square shape associated with pure NaCl and become progressively 

more spherical. However, this measurement does have some draw backs. First, the circularity 

factor is a two-dimensional analysis of a three dimensional object. Secondly, Eq. (2.2) does not 

take into account elongation of the particles, which is why particles with an ellipse shape or a 

rectangular shape can produce the same circularity factor. Images should be shown alongside any 

analysis involving circularity factor. More studies on how to include elongation into the circularity 

factor could be done. Lastly, the limitations of pixel sizes of ImageJ plays a role in shifting the 

calculated circularity factors, as can be seen in the circularity factor reported in Figure 2.7. The 

program takes into account the perimeter of each jagged pixel on the edge, creating a longer 

reported perimeter than should actually be. This is especially true for aerosols that have curved 

edges. The longer perimeter causes the circularity factor to be reported lower than should be, 

exhibited by the reported CF of 0.938 for a nearly perfect circular particle. While there are 

imperfections, this method is a step forward in the quantifying the morphology of particles. 

2.3 Conclusion 

The similarities in Figures 2.4, 2.5, and 2.6 indicate that there is a limit of depletion for 

long chained fatty acids, around 20-25%, and the reaction will go to completion almost every time. 

This could be due to the fatty acids remaining on the surface of the nascent aerosol and only 

reacting with the NaCl components near the surface, whereas more soluble acids, such as malic 

acid, are more likely to react with NaCl molecules throughout the newly formed aerosols, releasing 

more HCl (g). It appears that there is somewhat of a cutoff for hydrochloric acid displacement in 

terms of fatty acid carbon chain length. The three acids with long carbon chains, C-6, C-9, and C-

16, all produce similar results, while C-4 malic acid produces much lower depletion levels. 

However, this could also be more due to the mono vs. dicarboxylic properties of the acids. A follow 
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up experiment using acetic acid (C-2, monocarboxylic), butyric acid (C-4, monocarboxylic) and 

succinic acid (C-4, dicarboxylic) would further our understanding. Regardless, it is evident that 

commonly found ocean surfactants can lead to depletion in chloride to sodium levels of nascent 

aerosols, which is suggested here, can occur upon the formation of the aerosol particle, in addition 

to the heterogeneous reactions of aerosols with SOA in the atmosphere. The changes in chloride 

levels reported here may have an impact on the viscosity, hygroscopic properties, and the cloud 

condensation/ice nuclei capabilities of the particles [Laskin et al., 2012]. The results from this 

chapter help lay the foundation of the hypothesis stated and show that it could be possible. The 

findings from the following chapter, Chapter 3, will help prove this hypothesis.  
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CHAPTER 3 – IMPACTS BIOLOGICAL BLOOM EXPERIMENT 

Under the right conditions, which includes an abundance of nutrients, moderate temperatures, and 

light, algae can rapidly grow into what is known as a bloom. Algae blooms occur all over the 

world, in fresh and sea water, depending on the time of the year [EPA, 2013]. When a bloom 

occurs, it often only consists of one or a small number of phytoplankton species that are involved. 

When phytoplankton blooms occur in the ocean, they often cover a large surface area of the ocean. 

This will affect the chemistry of the ocean environment and will affect what gets released into the 

atmosphere, therefore affecting the weather and climate of the areas around and downwind of the 

algal bloom [Diersing, 2009]. Shown in Figure 3.1 is the global scale on which aerosols are 

transported [Putman, 2012]. The simulated image shows the far reaching capabilities of 

atmospheric aerosols, including sea spray (shown in light blue). Creamean et al. [2013] provide 

evidence suggesting that Saharan sand atmospheric aerosols impact the weather precipitation on 

the Western coast of the United States. While sea spray aerosols are not directly discussed within 

this context, it is proof of the importance of aerosol study and the impacts they can have on the 

weather and climate, even half way around the world! 

What is unknown about these blooms is how they affect the transfer of chemical and 

biological species from seawater surfaces to the atmosphere via sea spray aerosol particles. In this 

chapter, the effects of a controlled phytoplankton bloom on the chemical composition of sea spray 

aerosols will be discussed and how those changes track throughout the birth, life, and death of the 

world’s largest indoor biological bloom. 

 3.1 Investigation into Marine PArticle Chemistry and Transfer Science 

In order to bridge the gap between laboratory and field settings, Prather et al. [2013] 

describe the use of a unique ocean-atmosphere facility, located in La Jolla, California at the Scripps  
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Figure 3.1 This portrait of global aerosols was produced by a GEOS-5 simulation at a 10-kilometer resolution. Dust 
(red) is lifted from the surface, sea salt (blue) swirls inside cyclones, smoke (green) rises from fires, and sulfate 
particles (white) stream from volcanoes and fossil fuel emissions. (Public domain image credit to William Putman of 
NASA/Goddard). 
 
Institution of Oceanography, which can produce breaking waves with seawater, replicating natural 

marine settings, in the absence of background particles. This newly developed waveflume 

approach can reproduce the chemical complexity of the ocean, allowing for many mesocosm 

experiments to be conducted. The 33 m long flume can be filled with fresh sea water from directly 

from the ocean and spiked with nutrients to grow biological microorganisms, which can then 

simulate conditions all around the world. This system is able to produce sea spray aerosol particles 

for online and offline analysis and is critical for the development of our understanding of the way 

that sea spray aerosols impact the global climate [Prather et al., 2013]. The experiments was called 

IMPACTS for “Investigation into Marine PArticle Chemistry and Transfer Science”. 

3.1.1 Experimental Setup 

During the summer of 2014, members of CAICE gathered at the Scripps Institute of 

Oceanography to begin the world’s largest indoor phytoplankton bloom. From June through 

August, over 40 researchers from seven institutions conducted an experiment to measure the 
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composition and chemistry occurring in sea spray particles could be researched in a controlled 

laboratory environment. Through a variety of online (such as aerosol time of flight mass 

spectrometer (ATOFMS), chemical ionization time of flight mass spectrometer (CITOFMS), and 

cavity ring down spectroscopy) and offline (including scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), Raman spectroscopy, and atomic force microscopy 

(AFM)) techniques, the resulting aerosols were able to be studied. The exact details of this 

experiment and setup of all techniques not pertinent to this research, can be found elsewhere [Wang 

et al., 2015], but a brief summary will be given. 

 3.1.1.1 Wave Channel 

Seawater was collected 5 m below the surface of the ocean from the Scripps Pier in La 

Jolla, CA and transferred into the 33 m wave flume at the Scripps Institute of Oceanography. Once 

filled, the tank was spiked with f/2 algae growth medium (Proline, Aquatic Eco-Systems, Apopka, 

FL) in addition to solutions of sodium metasilicate. The wave channel was continuously 

illuminated for the length of the experiment using 5700 K full spectrum lights. A wooden paddle 

was used to generate breaking waves within the flume. The waves were generated for 3 hours at a 

time, in order to ensure the continued growth of the phytoplankton bloom, as too much plunging 

can cause a premature death.  

3.1.1.2 Sample Deposition 

Similar to the discussion presented in Chapter 2 about particle deposition, the generated 

nascent sea spray aerosol particles were collected via a Micro-Orifice Uniform Deposition 

Impactor (MOUDI, MSP Corp. Model 110). The inlet tube for transfer of sea spray aerosols to the 

MOUDI was placed approximately 4 m from the point of wave breaking. Individual particles were 

collected on the sixth stage of impactor, with aerodynamic diameters between 0.56 and 1 μm.  
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Date # of Particles 
Analyzed 

July 7th 375 
July 13th 426 
July 17th 390 
July 19th 398 
July 21st 230 
July 25th 313 
July 29th 324 

Total 2456 
Table 3.1 Tabulated number of 
particles examined by CC-
SEM/EDX on each day analyzed. 
 

Samples were collected on copper TEM grids (Ted Pella, Inc.) for computer controlled scanning 

electron microscopy analysis (CC-SEM) and transmission electron microscopy (TEM) analysis. 

Additionally, particles were collected on quartz discs (Ted Pella, Inc.) for micro-Raman 

spectrochemical analysis. 

3.1.1.3 CC-SEM with Energy Dispersive X-ray Spectroscopy 

For single particle analysis, a Hitachi S-3400 Scanning Electron Microscope was used for 

imaging particles deposited on a TEM grid. The electron beam was set at an accelerating voltage 

of 15 kV and a current of 15 μA. A working distance of ~9.5 mm and a magnification of x10k 

were also used. All other settings were kept at default. The energy dispersive x-ray detector (IXRF 

Systems, Inc.) allowed for the collection of an excitation spectrum of elements contained within 

or around singular particles. Spectrum were collected for 20 s, to ensure enough counts and 

sufficient signal to noise. The EDX software, Iridium Ultra (IXRF Systems, Inc.), was used to set 

up an automated computer analysis. The computer controlled analysis is set up so that the program 

images the current field of view, measures all particles, and creates a black and white mask to 

distinguish between particle and substrate. The program will collect a spectrum from each particle 

within the view and, once completed, move on to the next field to repeat the process. The elements 
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Figure 3.2 ESP chlorophyll count for the IMPACTS summer 2014 intensive experiment is tracked in green. (Data is 
credited to Jon Trueblood and Camille Sultana). The red is heterotrophic bacteria count data. Day 0 corresponds to 
July 3rd, 2014. (Data is credited to Francesca Malfatti). (Figure credited to Camille Sultana). 
 
considered in the X-ray analysis were C, N, O, Na, Mg, P, S, Cl, K, and Ca. The resulting analysis 

is imported into a Microsoft Excel spreadsheet and analyzed. Table 3.1 includes the number of 

particles analyzed using CC-SEM per day. 

 3.1.2 Results and Discussion 

  In order to track the progression of the bloom, the chlorophyll-a was tracked during the 

length of the IMPACTS campaign. Chlorophyll-a has commonly been a method used by 

researchers to track the health and activity of algal blooms [Boyer et al., 2008]. Chlorophyll-a is 

an indicator of phytoplankton biomass because all phytoplankton contain chlorophyll-a, as it is 

necessary for the method the organisms use for photosynthesis process, in order to create energy 

[Czuba et al., 2011]. Phytoplankton can be divided into two classes, algae and cyanobacteria. As 

both classes need light to photosynthesize, phytoplankton in any environment, fresh or saltwater, 

will float near the top of the water, where sunlight reaches. Therefore, there are numerous ways 
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that ways that phytoplankton affect the components of sea spray aerosols. First, marine 

phytoplankton are known to excrete many different organic compounds directly into ocean water, 

as a mechanism to remove metabolic wastes and as chemical communicants, among other potential 

reasons. These compounds can range from keytones and aldehydes to alcohols and fatty acids 

[Gagosian, 1981]. Often, these compounds, like fatty acids, will have nonpolar properties, causing 

them to rise and concentrate to the ocean surface. Secondly, biological organisms are made of 

numerous organic materials [Becker et al., 2014]. For example, one of the most common long 

chain fatty acid found in lipids (a component of biological membranes) of algae, is palmitic acid 

(16:0), which is highly insoluble in water [Baker, 2004]. When organisms die and decompose, the 

insoluble and hydrophobic cellular components will rise to the ocean’s surface, concentrating in 

the seas surface microlayer [Adams et al., 2013]. This also is why often many fatty acids can be 

found in this region. Additionally, as Aller et al. [2004] point out, there have been reports that 

suggest bacteria counts can be 102-104 times higher in the sea surface microlayer than in the waters 

directly below. When aerosols form from bubble bursting, it is not unheard of for small diatoms 

or bacteria to reach the aerosol phase [Aller et al., 2004]. 

Figure 3.2 shows the results of the nutrient addition at the beginning of the IMPACTS 

experiment to initiate phytoplankton growth. Tracked using the fluorescence of the chlorophyll-a, 

two consecutive phytoplankton blooms occurred over a 29 day period. The first bloom occurred 

from July 11th to July 20th, peaking around the 16th/17th of July. Interestingly, the heterotrophic 

bacteria count, measured via epifluorescence microscopy, stayed around the normal levels. In 

contrast, the second, more intense bloom occurred from the 23rd to the 31st, peaking from the 24th 

until the 28th, showed increased levels of bacteria. The possible explanations for this trend are 

found in Wang et al. [2015]. 
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Figure 3.3 The Cl/Na ratios of every particle analyzed for each day of interest with the CC-SEM was fit to a Gaussian 
curve. The averages are plotted in purple, with the standard deviation represented by the error bars. The ratios are 
plotted against the measured [F1]AMS/[PM1]dry (green), which signifies the amount of aliphatic-rich particles (low O:C 
ratios) normalized to the concentration of sub-micron particles produced. The dashed black line represents the Cl:Na 
ratio of unreacted NaCl. (AMS data collected by Xiaofei Wang). 
 

Building off of the discussion in Chapter 2, Figure 3.3 provides a major finding for the 

chemical components of the sea spray particles. After thousands of spectra were collected using 

the CC-SEM, the Cl/Na signal ratios were analyzed. Figure 3.3 demonstrates the significant 

decrease of chlorine in particles on the 17th of July, which happens to be correlate with the apex of 

the first chlorophyll-a peak. The ratio, which is slightly more than 0.8 Cl/Na, is much lower than 

any of the surrounding days analyzed. Corresponding with this drop in chlorine levels is a 

considerable increase in the concentration of particles with aliphatic-rich (compounds with low 

O:C ratios) signal normalized to the concentration of sub-micron particles signal detected within 

the aerosol phase by the Aerodyne Aerosol Mass Spectrometer (AMS). Consequently, this 

suggests that organics are being transported into the aerosol phase and upon formation, are reacting 
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with the NaCl, displacing the Cl anion to form HCl(g) and the corresponding salt. This trend is 

similar to what is seen in the model experiments conducted and reported in Chapter 2, above. 

While Laskin et al. [2012] have pointed to this acid displacement as a byproduct of heterogeneous 

reactivity between secondary organic aerosols (SOA) and sea spray, there are no SOAs capable of 

reacting with the nascent aerosols in this experiment. This fact instead points to the probability 

that the chlorine depletion occurs even before the aerosol has fully formed. While this work is not 

to disprove the work suggesting that some chlorine depletion can occur during atmospheric 

reactions with SOAs, but it does show that chlorine depletion can be affected by the components 

of the sea water it results from. 

Furthermore, Figure 3.3 also exhibits a Cl/Na ratio close to 1/1 on July 25th and 29th, right 

during the peak of the second blooming period. There could be a few different reasons for this 

trend. This could mean there are much fewer organics on the ocean surface that are able to get to 

the aerosol phase, which is supported by the steep drop in the concentration of aliphatic-rich 

particles detected by the AMS after the 17th. This could be due to the slowing of the production of 

aliphatic organic excrement by the heterotrophic bacteria/phytoplankton. While the total counts of 

the bacteria and phytoplankton are at increased levels during this period, the biologicals could be 

producing more oxygenated compounds, thus promoting a separate reaction upon formation than 

the aliphatic-rich compounds had. Alternatively, the production of organics by the organisms could 

have shifted to a more hydrophilic short chained organic compounds. This would cause the 

selectivity of the organic components of the water to shift towards wanting to stay in the bulk 

solution and not being entrapped by the formation of the sea spray aerosol. There is evidence 

supporting the production of short chained organics during the second bloom reported in the Wang 

et al. paper [2015]. Lastly, while still at elevated levels of live bacteria, a significant amount of  
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Figure 3.4 Example spectra of particles from the two different blooming periods. The particle from July 17th shows a 
significant drop in chloride levels when compared to the particle from the 25th. The large marked (*) peaks are the Al 
Kα peak, which is generated from the substrate holder. 
 
bacteria could have died off at this point in the bloom. This would increase the levels of long 

chained fatty acids in the water due to the decomposition of the bacteria walls. Since fatty acids 

are extremely hydrophobic and insoluble, they will be concentrated at the air-water interface, and 

therefore more likely to be entrapped upon the formation of the sea spray aerosol. For example, 

palmitic acid would be in high abundance, as it is a component of phospholipids found in cell 

membranes [Schenkel et al., 2014]. Shown in Chapter 2, the overall effects of long chained, 

insoluble fatty acids do not tend to displace the chlorine in sodium salt particles. Further research 

will need to be conducted in order to conclude which explanation is the most viable. 

Figure 3.4 provides two example spectra from the CC-SEM analysis. The image on the 

left, which gives a calculated 0.91 circularity factor, provides a spectrum that has over 50% 

chlorine depletion, when compared to the expected 1/1 ratio. This shows evidence that particles 

have reacted with organics and significant acid displacement has occurred. The second image of a 

particle on the 25th, during the second blooming period, gives off a spectrum of near 1/1 ratio,  

2 μm 

July 25th 

2 μm 

July 17th 

* 

* 
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Figure 3.5 These figures demonstrate the relative amounts of magnesium contained within the SSA. As seen, the 
Mg2+ levels are elevated on July 17th, the same day as the high AMS ratio and the high Cl- depletion. The dotted 
lines are only to make it easier to see trends and have no other significance. 
 
which is expected of unreacted, pristine particles. The particle also give a circularity factor of 0.81. 

This also lends evidence to the hypothesis, laid out in Chapter 2, that particles can become more 

spherical with chloride loss. 

Figure 3.5 shift the focus to the levels of magnesium contained within the particles 

collected. For visual purposes, the days of focus were the pre bloom (July 7th), the height of the 

first bloom (July 17th), and the peak of the second bloom (July 25th). Part A shows the average 

total magnesium counts normalized to the total counts per particle per day in each size bin. The 

value of the error bars is plus/minus one standard deviation. On the same day as the peak of the 

AMS ratio, shown in Figure 3.3, there is also a peak increase in magnesium, when compared to 

the other two days. The divalent cation magnesium has long been associated with biological 

activity seen in ocean water. Magnesium is a coordinating ion in the chlorophyll molecule, which 

can be found in cyanobacteria and algae. The cation is also found in cell membranes and walls of 
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biologicals. Demonstrated by the figure, the magnesium enriched matter is reaching the aerosol 

phase. However, this is not the case for the peak of the second bloom (July 25th), thus continuing 

the trends that are showing the two blooms are different. It is also interesting to note that on both 

the 7th and the 25th, the relative Mg2+ levels increase with increasing diameter, but the 17th is 

approximately constant for all measured size ranges. Figure 3.5B further emphasizes the shift in 

magnesium levels by using tertiary plots. The tertiary plots show that the average magnesium 

levels almost double on the 17th of July compared to the other two dates when plotted against sulfur 

and oxygen. We have attributed to the presence of Mg2+ to the formation of MgSO4 on the particle 

[Ault et al., 2013]. However, as the magnesium levels increased on the 17th relative to sulfur and 

oxygen, there must be another source of Mg2+ contained within the particles. A possible 

explanation could be found in previous work, where it has been shown that the anionic nature of 

marine organic matter is bridged together by divalent cations to drive a polymer gel coalescence 

[Wells, 1998]. In IMPACTS, when the phytoplankton bloom reached its peak, there was more 

marine organic matter, which would attract more divalent cations, specifically Mg2+. When 

aerosolized with chloride depleted NaCl, gels are able to form around the salt core, explaining the 

trends seen in Figure 3.5.   

Through the data presented here, it has been established that particles can become chloride 

depleted via organic ocean surfactants upon the formation of the sea spray aerosol particle. While 

the exact reason why still needs to be uncovered, it is a critical finding that impacts the way SSA 

will interact within the atmosphere. Once the reason for the chlorine depletion is discovered, the 

resulting mechanism will need to be taken into account in aerosol models and how they impact the 

atmosphere. 
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CHAPTER 4 – METHOD DEVELOPMENT 

Field experiments have been conducted all over the world on atmospheric aerosol particles, 

ranging from the Arctic to the Antarctic, the Pacific to the Atlantic, but no matter how desolate the 

area or how far it is off the shoreline, there is no way of knowing for certain whether or not the 

samples collected during these experiments contain contaminants from other far away aerosol 

sources. Additional questions have arisen about samples that have been stored for long periods of 

times or analyzed in vacuum chambers. These questions have led to the opportunity to pioneer and 

further develop aerosol collection, storage, and analysis techniques and protocols. This chapter 

will discuss the different methods that were developed over the past few years that has helped 

understand as well as bridge the gap between the laboratory studies and field measurements of sea 

spray aerosol. 

4.1 Aerosol Generation Method Intercomparison 

In nature, sea spray aerosol can be generated through different pathways. From waves 

crashing on the beach, to bubbles from the ocean floor bursting upon reaching the surface, to strong 

winds picking up the top layer of water and throwing it into the air [Grythe et al., 2014]. However, 

the sea spray aerosol natural generation mechanisms have been relatively difficult to replicate 

within the laboratory setting [Prather et al., 2013]. One of the most commonly used techniques, 

termed the sintered glass filter (SGF) technique, involves simply flowing air through a sintered 

glass filter and allowing the rising bubbles to burst and generate aerosols to be collected [Collins 

et al., 2014]. A schematic of the sintered glass filter technique is shown in Figure 4.1 [Keene et 

al., 2007]. Even though this method is widely used in the study of aerosol generation, these 

techniques do not replicate the complexity of generation mechanisms of natural sea spray aerosols 

from the oceans and recent reports have indicated that this atomization does not produce aerosols 
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Figure 4.1. Schematic diagram of a typical sintered glass filter aerosol generation method. (Figure taken with 
permission from Keene et al., 2007). 
 
with the same physical and chemical properties as natural methods [Gaston et al., 2011]. Therefore, 

in order to study these aerosols without any background particles/contaminants in the appropriate 

setting, researchers have had to literally bring the ocean into the laboratory [Prather et al., 2013]. 

In November 2011, Prather et al. (2013) were able to successfully introduce a unique ocean-

atmosphere facility with authentic sea spray aerosol generation from natural ocean water by means 

of wave breaking in the laboratory setting. With this experiment, Prather et al. were able to show 

that they could produce aerosols that compare positively to those previously seen in field 

experiments [Deane et al., 2002]. While not all factors of the sea spray production were the same, 

it was a large step taken in the closing of the environmental/laboratory gap. 

One major drawback to this experiment was that it was done at the Scripps Institute of 

Oceanography (SIO), located in La Jolla, CA, in a waveflume channel, the schematic of which is 

shown in Figure 4.2, that measures approximately 33 meters in length and can hold over 11,000 

liters of fresh sea water pumped directly from the Pacific Ocean. While this facility is open to 
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Figure 4.2. Schematic of the linear wave channel with interchangeable bubble generation apparatuses for SSA 
production. (Figure taken from Collins et al., 2014). 
 
outside users, it is not practical for most researchers to be to replicate this new gold standard in 

laboratory sea spray generation. Therefore, the marine aerosol reference tank (MART) was 

developed by the researchers at the Scripps Institute and University of California-San Diego 

(UCSD), shown in Figure 4.3. This scaled down version of the waveflume is much more efficient 

for research labs to conduct their own experiments generating sea spray aerosols [Stokes et al., 

2013]. As Stokes et al. showed, the waterfall plunging method of aerosol generation used in the 

MART system, is very comparable to sea spray generated via the wave breaking method, in terms 

of bubble size distribution and number concentration of particle diameters, and both differ greatly 

from the popular sintered glass filter method. However, a study of the size, morphology, and 

chemical composition of the resultant aerosols of these techniques needed to be done in order to 

determine if the techniques in question are producing aerosols with comparable shape and 

elemental composition to those produced by the wave breaking action of the ocean or wave-flume. 
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Figure 4.3. A simple schematic of the Marine Aerosol Reference Tank (MART).  
 

4.1.1 Experimental Setup 

Collins et al. [2014] provides the experimental setup description in full, but the following 

is a brief description of the experimental procedure done by Doug Collins at the University of 

California, San Diego. 

4.1.1.1 Sea Spray Aerosol Generation Methods 

The wave flume described in Prather et al. [2013] was the system used to generate samples 

for this comparison analysis, a schematic of which is shown in Figure 4.2. The flume was filled 

with water collected off the Scripps Institute of Oceanography Pier before each experiment. There 

were three different aerosol generation techniques tested for this experiment: controlled wave 

breaking, plunging waterfall, and sintered glass filters. One sample of aerosols was generated by 

breaking waves, created by a hydraulic paddle within the waveflume. Another sample was 

generated by a plunging waterfall, where recirculated seawater is pumped to a horizontal slotted 

cylinder approximately 40 cm about the water surface [Collins et al., 2014]. The water plunges to 

the surface in repeated spurts, generating aerosols. The final method of sample generation produces 

aerosols by forcing nitrogen gas through two sintered glass filters located 35 cm below the water’s 

surface, creating bubbles that burst upon surfacing, creating the sea spray of interest. 
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4.1.1.2 Sea Spray Aerosol Collection Method 

Aerosol samples generated from the above methods were deposited on silicon wafer 

substrates using a micro-orifice uniform deposit impactor (MOUDI) (MSP Corporation). Aerosol 

samples were collected on stages 4-8 of the MOUDI, each with its own diameter size ranges, which 

can be found elsewhere [Ault et al., 2013]. For the analysis done in this experiment, the stage 6 

sample was used, which collects particles with an aerodynamic diameter size range of 0.56-1.0 

μm. Particles were deposited wet at ~90% RH and stored at The University of Iowa at ~20% RH. 

4.1.1.3 Sample Analysis 

The samples collected during this experiment were analyzed here at the University of Iowa, 

using a scanning electron microscope (SEM) for images, allowing for size and morphology 

analysis. The SEM is also coupled with an energy dispersive x-ray spectroscopy (EDX) system, 

which can acquires an x-ray spectrum from the deposited aerosols. SEM images were collected 

using a Hitachi S-4800 scanning electron microscope. The images were taken using a secondary 

electron detector and the adjusted settings were set at an accelerating voltage of 5 kV, beam current 

of 15 μA, x10k magnification, and a working distance of ~9.5 mm. All other setting were kept at 

default. Spectra were taken using the Integrated X-Ray Fluorescence (IXRF) Systems, Inc. energy 

dispersive x-ray spectroscopy elemental analysis system. Single particles analysis was performed 

using a computer controlled SEM (CC-SEM) program, Iridium Ultra (IXRF Systems, Inc.), which 

allows for automated EDX analysis of thousands of particles. The software identifies particles in 

a particular field of view on the substrate, acquires a spectrum for 20 s at the SEM settings already 

described, and moves to the next particle. Once all of the particles in one field have been analyzed, 

the program will move the sample stage to the next field, and the process repeats itself until the 

predetermined time limit had expired. The software automatically determines the area of each  
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dPA  
(μm) 

Wave  
Breaking 

Plunging 
Waterfall 

Sintered 
Glass Filters 

0.3–0.4 54 171 166 
0.4–0.5 41 75 76 
0.5–0.6 37 42 29 
0.6–0.7 31 37 17 
0.7–0.8 28 49 13 
0.8–0.9 32 48 38 
0.9–1.0 27 29 31 
1.0–1.1 28 38 35 
1.1–1.2 25 29 25 
1.2–1.3 22 41 20 
1.3-1.4 26 44 14 
1.4–1.5 30 45 11 
1.5–1.7 45 59 16 
1.7–1.9 27 62 33 
1.9–2.1 33 52 26 
2.1–2.3 17 36 20 
2.3–2.5 13 19 18 
2.5–2.7 9 13 23 
2.7–3.0 6 5 17 

Total 531 894 628 
Table 4.1 Tabulated number of particles analyzed by CC-
SEM/EDX in each size bin for the three different aerosol generation 
methods used to generate sea spray aerosol. 
 

particle detected by the program. The area was used to calculate projected-area diameter (dPA) 

using Eq. (2.1): 

𝑑𝑑𝑃𝑃𝑃𝑃 = �4𝐴𝐴
𝜋𝜋
�
1/2

      (2.1) 

where A is the area of the particle detected by the Iridium Ultra software. Each particle was placed 

into a size bin, dependent on their dPA. Table 4.1 lists the number of particles analyzed in each size 

bin for each aerosol generation method. Images from the SEM technique were also used to 

determine the circularity factor of particles, using Eq. (2.2): 

𝐶𝐶 = 4𝜋𝜋𝜋𝜋
𝑃𝑃2

       (2.2) 

where A is the area of the particle and P is its perimeter calculated using the software program 

ImageJ. 

38 
 



www.manaraa.com

4.1.2 Results and Discussion 

After using the CC-SEM/EDX to analyze over 2000 particles, we were able to do semi-

quantitative chemical analysis of these particles. In order to keep the background substrate silicon 

peak from overwhelming the signal of all of the elements of interest, the SEM was set at an 

accelerating voltage of only 5 kV. This is not enough voltage to fully excite all of the excitations 

of each element of interest contained within the particles, but it is enough to give an elemental 

peak if that element is present. In order to make semi-quantitative conclusions, we looked at the 

relative intensities in the counts per second of the cations of interest, specifically Mg2+, K+, and 

Ca2+ with respect to the counts per second of Na+. In doing this, we were able to make conclusions 

about the relative quantities of these elements. This allows us to overcome any dependence of the 

elemental spectral signal on the size of the particle [Laskin et al., 2006] and on the accelerating 

voltage [Willis et al., 2002].  

The results of this analysis are shown in Figure 4.4. Furthermore, the figure is presented in 

a way that everything is relative to the elemental ratios measured in the particles collected from 

the wave breaking (WB) method, often considered the “gold standard” for laboratory sea spray 

aerosol generation. Figure 4.4a shows the average signal ratio of X/Na (X = Mg, K, and Ca) for 

SSA in that size bin generated from the plunging waterfall (PW) method, divided by the average 

signal ratio of X/Na for SSA in that size bin generated from the wave breaking method. Figure 

4.4b shows the exact same thing, except the particle were generated by the sintered glass filter 

(SGF) method instead of plunging waterfall. Particles that have no difference in X/Na ratio in the 

SSA produced by the methods being compared give a value of one, shown in the figure by the 

solid black line. Therefore, the closer the average ratio is to 1, the more similar the aerosols being 

compared. As Figure 4.4a shows, the chemical composition of the aerosols created by PW and  
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Figure 4.4 Elemental composition of particles produced via a.) plunging waterfall and b.) sintered glass filters, 
compared to particles produced via wave breaking. The comparison is made using the ratio of the EDX intensities 
(counts per second) for Mg, K, and Ca referenced to Na in individual SSA particles. The solid black line indicates a 
1:1 ratio between plunging waterfall or sintered glass filters to wave breaking. (Figure taken from Collins et al., 
2014). 
 
WB are very similar throughout all size ranges for all cations, rarely going outside the ratio range 

of 0.5-2. In contrast, the aerosols generated by the SGF method show considerable difference when 

compared to those of WB. At lower size ranges, the Mg/Na, K/Na, and Ca/Na signal of SGF 

particles are suppressed, well below ratio levels of 0.5. The greatest difference between the two 

graphs occurs in the 1.0-2.0 μm range where SGF ratios spike to over 7 fold that of the WB ratios. 

This indicates a large enrichment of non-Na+ cations in super-micron particles. Additionally, the 

particles in the 0.3-0.8 μm range are generated with suppressed levels of non-Na+ cations, all of 

which could alter the particles physicochemical properties. 
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Figure 4.5 SEM images taken of samples from three different aerosol generation methods, demonstrating the drastic 
difference between (Figure taken from Collins et al., 2014). 
 

These results emphasize the importance of single-particle analysis and the need for size 

resolved data. The elemental compositional findings of the CC-SEM/EDX experiment in the 

super-micron particle range are in agreement with the aerosol time of flight mass spectrometry 

(ATOFMS) data reported by Collins et al. [2014], and supports the idea that, while the sintered 

glass filter method of sea spray aerosol generation was an adequate technique in the past, but our 

advancing capabilities need a more accurate method of SSA production, like the plunging-

waterfall method. 

Additionally, we investigated the morphology of the particles created by each method. 

Circularity factor is the measure of how closely a particle approaches that of a circle. A perfect 

circle would have the circularity of 1.0, where as a square would have a circularity of 0.79. Given 

in Table 2.2 is the circularity factor of many different shapes for reference. While not this factor 

is not always accurate due to elongation and particles with irregular edges, this statistic allows us 

to quantify morphology, as opposed to just concluding that something “looks rounder.” To help 

compare between the three methods, the circularity parameter (defined in Eq. (2.2)) of nearly 100 
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particles with a dPA between 0.38 and 2.6 μm from each method was measured using ImageJ 

software. Particles were classified as either spherical (C = 1.00±0.10) or cubic (C = 0.79±0.08) 

based on their circularity factor being within 10% of an ideal sphere or cube, respectively. The 

core crystals were the only part of the particle taken into account. Figure 4.5 shows examples 

images of particles from each generation method that was used for this analysis. As reported in 

Collins et al. [2014], it was determined that 56% of the sintered glass filter generated SSA particles 

measured were considered spherical, while only 44% of the plunging waterfall particles were 

classified as such. Though neither is as low as the 32% of particles from the wave breaking method, 

it is clear that the plunging waterfall particles are much more similar to those of the wave breaking 

than sintered glass filters. As discussed in previous chapters, the circularity of particles can be 

correlated to the amount of chloride lost to acid displacement due to reaction with organic acids. 

The significant increase in circular particles indicates that the use of sintered glass filters alters the 

selectivity of the aerosol during the generation process. By using this method, it is seen that it 

increases the amounts of organic reaching the aerosol phase, thus not being a true representative 

of actual sea spray aerosol particles.  

While there are many other arguments and findings within the Collins et al. [2014] paper, 

we were able to show that there is a clear difference between all three methods, however, the 

plunging waterfall and wave breaking methods produce much more similar aerosols than those 

produced the sintered glass filter method. Therefore, future studies done in the laboratory setting 

on sea spray aerosol particles should be generated with the new plunging waterfall method, rather 

than the popular sintered glass filter method. 
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4.2 Storage Conditions 

Another common practice in research pertaining to aerosols is to store samples in a freezer 

for weeks or even months before analyzing particles. The main reason behind this procedure is 

that if there are volatile components of an aerosol, these compounds will not evaporate in the 

freezing temperature. The idea is to keep the particles in pristine condition for as long as possible, 

as offline analysis sometimes cannot happen for months to even years after the initial collection 

date. However, there has never been a study to conclude that this approach is, indeed, the best 

storage method for aerosol samples. 

For this study, three different techniques, optical microscopy (OM), atomic force 

microscopy (AFM), and scanning electron microscopy (SEM), were used to image particles 

collected during a MART experiment and particles collected from an aerosolizer, for a model 

system analysis comparison. The samples were collected and stored, for analysis, in two different 

conditions: freezer and ambient. The images acquired by aforementioned techniques were used to 

determine the size and morphology of the particles seen. The specific generation methods, sample 

collection, and OM and AFM procedures, as well as the results from OM and AFM techniques, 

can be found elsewhere [Laskina et al., Unpublished work]. The procedures and results in this 

section pertain to the SEM. 

4.2.1 Experimental Setup 

4.2.1.1 Sample Generation and Collection 

Particles were generated during the two week phytoplankton bloom synthesized by Olga 

Laskina in collaboration with researchers at UCSD in a Marine Aerosol Reference Tank (MART) 

system during January 2014. The aerosols were generated using the plunging waterfall method 

examined in Section 4.1. The samples were collected using a MOUDI, depositing particles on 
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substrates on every stage, but stage 6 samples were used during this research. Particles collected 

on silicon wafers substrates were used for the SEM analysis. Once collected, one set of substrates 

was kept in a sealed petri dish stored in a cardboard box at ambient conditions, which were 17-

23% RH and 19-21 °C. The second set of samples were stored in a sealed petri dish placed in a 

freezer at -12 °C. Before analysis, samples were allowed to equilibrate at room temperature for 

two hours. 

Furthermore, aerosol samples were made from a solution of 0.1 M NaCl (Fisher Scientific, 

≥99.0%) and malonic acid (Alfa Aesar, 99.0%) (2:1 NaCl to malonic acid molar ratio) using a 

constant output atomizer and dry deposited on silicon wafers attached to stage 6 of a MOUDI. 

Exactly like the samples collected during the MART experiments above, a sample was stored at 

ambient conditions and another sample was stored in a freezer. Additionally, a third sample was 

collected and stored in a desiccator at 0.2±0.1% RH. When getting prepared for SEM analysis, the 

desiccator and freezer samples were allowed to equilibrate at room temperature for approximately 

fifteen minutes and two hours, respectively. One sample was imaged and analyzed right after 

sampling, to provide a baseline for the experiments. After, each sample was imaged and analyzed 

at 3, 5, and 7 weeks after the initial sample collection date. NaCl/malonic acid solution generated 

particles were also collected on Quantomix QX-102 WETSEM capsules (of which are discussed 

further in Section 4.3), in order to image particles under atmospheric conditions while being in the 

vacuum chamber of the SEM. Comparisons to the particles exposed to the vacuum were made. 

4.2.1.2 Sample Analysis 

The research that is described here focuses on the SEM images, which were collected using 

a Hitachi S-4800 Scanning Electron Microscope, with a 5 kV accelerating voltage, a 5 μA beam 

current, and an 8 mm working distance for particles collected on silicon wafers. Images of particles  
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Figure 4.6 SEM images of SSA collected on silicon wafer substrates, taken at 3, 5, and 7 weeks after initial 
collection. (Figure adapted from Laskina et al., 2015). 
 
in WETSEM capsules were taken at a 5 kV accelerating voltage, a 5 μA beam current, and a 10 

mm working distance in order to compensate for the extra height of the capsule. Images were taken 

at a magnification of x10k for these experiments. Once the images were taken, they were analyzed 

in the same manner as described in Section 4.1.1.3. 

4.2.2 Results and Discussion 

The widely used process of storing aerosol samples in a freezer and subjecting the samples 

to multiple thawing and refreezing cycles assumed that there is no change in the chemical and 

physical state of the sample specimen. Figure 4.6 shows SEM images taken of samples collected 

in the January MART biological bloom experiment stored at two different conditions. The top row 

shows images of samples stored at ambient conditions. As can be seen, there does not appear to be 

a large or noticeable change in the size and morphology of the particles over time. On the contrary, 

the second row of images shows that particles stored in the freezer change over time, not only 

when compared to ambient storage conditions, but over the course of several weeks, as well. It  
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Figure 4.7 The projected-area diameter and circularity measured for all particles imaged using the SEM. As shown, 
there is little significant difference between the ambient conditions and frozen conditions. (Figure adapted from 
Laskina et al., 2015). 
 
appears that the samples become more and more fractionated and some particles seem to become 

increasingly irregular in shape. However, when measured for diameter and circularity for 

quantitative analysis, the particles from both samples have nearly the same averages, certainly well 

within one standard deviation of each other, shown in Figure 4.7. This interesting trend is attributed 

to the fact that when the particles stored in the freezer are taken out to thaw and equilibrate, they 

take up water. Particles that are spatially close to each other will aggregate together. When entered 

into the vacuum chamber of the SEM, the particles will dehydrate back to approximately their 

original size, but upon efflorescence (drying out process from a liquid to a solid state), may reform 

the crystal structure to that of which is seen in the images of weeks 5 and 7 in Figure 4.6. As for  
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Figure 4.8 SEM images of aerosols generated from NaCl/malonic acid solution collected on silicon wafer substrates, 
taken at 0, 2, and 4 weeks after initial collection and stored in three different conditions. (Figure adapted from Laskina 
et al., 2015). 
 
the change in morphology of these particles as measured by the circularity parameter, the values 

given in Table 2.1 show that a lot of different shapes can give about the same circularity factor and 

look completely different. Usually rounded, elongated particles and aggregated particles can throw 

off a circularity analysis of a population, of which both types of particles were commonly seen in 

this frozen sample. As a result of a combination of these reasons, Figure 4.7 shows little to no 

quantitative differences, unlike the images from Figure 4.6. While the SEM results on these 

samples were inconclusive by itself, when combined with the results from the Raman optical 

microscope (Olga Laskina) and the AFM (Holly Morris), we were able to show a significant 

increase in diameter of the particles stored in the freezer over the four weeks, but, in regards to 

circularity, were unable to show much of a difference, similar to the results of the SEM, discussed 

above. 
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Figure 4.9 The projected-area diameter and circularity measured for all particles imaged using the SEM. As shown, 
there is little difference between the ambient, frozen, and desiccator conditions in terms of projected area diameter, 
but circularity increases in the frozen samples. (Figure adapted from Laskina et al., 2015). 
 

Furthermore, the results from model system studies, i.e. the samples generated from a 

solution of 2:1 NaCl/malonic acid, are shown in Figures 4.8 and 4.9. The images shown in Figure 

4.8 show fractionated and oddly shaped particles created from the desiccator and freezer. Most 

particles, from both the desiccator and freezer, were observed to contain some water when being 

viewed in the SEM, even though they were under vacuum. These observations were not seen in 

the imaging of the ambient samples. Figure 4.9 shows very little difference from the perspective 

of values determined for particle of desiccator and ambient samples in term of diameter and 

circularity. Additionally, the diameter of the measured particles were in line with those seen for 

the other samples, as discussed above. However, there is a slight, but significant, difference seen 

in the circularity of frozen samples for this model system. This may be due to moderately high 
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hygroscopic properties of malonic acid [Peng et al., 2001], causing the particles to retain more 

water than the other NaCl/malonic acid samples. Additionally, this shows that the SSA particles 

generated from the MART experiment have a less hygroscopic nature than those created from the 

NaCl/malonic acid model system, due to the differences seen in frozen samples when compared 

to the ambient condition samples of both the SSA and model system. 

The results of the SEM analysis on these samples, by itself alone is insufficient to really 

prove anything in terms of storage conditions. However, when combined with analysis from 

Raman OM and AFM, it becomes apparent that storage of aerosol samples at ambient conditions 

(~20% RH, 22 °C) is best and does not show any aging effects in term of size or morphology. 

However, the common practice of storing samples in freezing condition, in most cases, show a 

small but significant change in both size and shape of particles, attributed to the water uptake of 

the particles during the freeze-thaw cycles. It appears that the more cycles, the further the particles 

deviate from the original dimensions. The differences in particles becomes clearer when 

comparing SEM images, as well. Therefore, it was concluded that the best method for aerosol 

sample storage is at ambient conditions. 

4.3 WETSEM Capsules 

As demonstrated in Section 4.2, SEM analysis of aerosol samples is limited due to the 

vacuum conditions of the sample chamber. The vacuum setting of SEMs can cause significant 

shrinkage of particles, up to 20-30% of the original size [Laskina et al., Unpublished work]. There 

are ways to combat this reduction, such as using cryo-capable electron microscopes or 

environmental electron microscopes. Furthermore, environmental electron microscopes often 

producing lower resolution images, due to the introduction of air in the sample chamber, which 

hinders the performance of the electron beam, frequently causing arcing within the instrument if  
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Figure 4.10 Schematic of the Quantomix QX-102 WETSEM capsules used for SEM analysis of particles trapped in 
ambient conditions. 
 
not used properly. Here a technique to study encapsulated aerosol samples in an ambient 

environment while in a vacuum chamber of a scanning electron microscope, Quantomix QX-102 

WETSEM capsules were tested and developed. 

4.3.1 Experimental Setup 

Aerosol particles are formed by atomizing (TSI Inc., Model 3076) solutions in Optima 

water (Fisher Scientific). Sodium chloride (NaCl) and potassium chloride (KCl) are purchased 

from Fisher Scientific (all ≥99.0%); magnesium chloride hexahydrate (MgCl2•6H2O) and calcium 

chloride dihydrate (CaCl2•2H2O) are purchased from Sigma-Aldrich (all ≥99.0%). All chemicals  
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Figure 4.11 SEM Images on the left are NaCl/malonic acid aerosol samples deposited on the lid of a WETSEM 
capsule. On the right, SEM images of the same sample, only exposed to the vacuum environment of the SEM. 
(Figure taken from Laskina et al., 2015). 
 
are used without further purification. Pure NaCl particles are prepared by atomizing solutions 

containing 0.5 wt. % of the salt. Mixture of chlorides are prepared from solution of NaCl, 

MgCl2•6H2O, CaCl2•2H2O and KCl with a ratio of Na+, Mg2+, Ca2+, K+ = 1:0.11:0.02:0.02 wt. %, 

respectively. Upon exiting the atomizer, aerosols with a flow rate of 1.5 lpm are passed through 

diffusion dryer (TSI Inc., Model 3062) to reduce RH to <5% [Laskina et al., 2015]. Aerosol 

samples were collected directly into a Quantomix QX-102 WETSEM capsule, shown in Figure 

4.10, for 3-5 minutes upon exiting the diffusion dryer. WETSEM capsules were originally created 

in order to conduct electron microscopy on liquid samples, however, this work will be the first to 

show that they can be used as a tool in aerosol studies to view particles in a more natural setting, 

as opposed to the vacuum chamber on an SEM. 

SEM images were collected using a Hitachi S-4800 Scanning Electron Microscope, at a 20 

kV accelerating voltage, a 10 μA beam current, and a 10 mm working distance in order to 

compensate for the extra height of the capsule. 
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Figure 4.12 A sample spectra of a pure NaCl sample collected in a WETSEM capsule. The spectra shows no signal 
interference from the capsule, except for a few minor background peaks. 
 

4.3.2 Results and Discussion 

It is often most desirable to study samples in their natural environment. For atmospherically 

relevant aerosol particles, this means in equilibrium with the gas phase that surrounds it. On the 

left hand side of Figure 4.11 are images at two different magnifications of NaCl/malonic acid 

aerosol samples. These particles are contained within the WETSEM capsule. As can be seen, the 

particles are round droplet like particles. The image is somewhat distorted due to a combination of 

the charging of the electron beam on the liquid and the presence of organics, which are also poor 

conductors. To the best of our knowledge, these images are the first images taken of fully hydrated 

particles in a vacuumed SEM chamber. On the right hand side of Figure 4.11, images of the same 

sample, from the same WETSEM capsule, only now the lid has been taken off, therefore exposing 

the aerosols to the vacuum of the SEM sample chamber. The sample was exposed to the vacuum 

for less than 5 minutes, but in that short amount of time, the aerosols have effloresced, i.e. 

undergone crystallization and loss of water, in to the smaller, cubic structures that are normally 

associated with most salt like crystals.  

In addition to imaging, another important complementary technique is EDX. Figure 4.12 

shows an example spectra collected from pure NaCl aerosols collected and entrapped within a  
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Figure 4.13 Two maps of two different particles showing the elemental mapping capabilities of particles in a 
WETSEM capsule. (Figure taken from Laskina et al., 2015). 
 
WETSEM capsule. The spectrum shows some metal background peaks of the sample holder itself 

(Cr, Fe, Ni, and Si). The spectrum also shows carbon and oxygen signals from the polymer film 

that creates the transparent barrier between the inside of the capsule and vacuum environment. 

Although present in some cases, qualitative conclusions can be drawn from these signals based on 

ratios, because, by definition of a polymer, the ratio of carbon to oxygen signal should always be 

about the same, unless there is signal actually coming from the sample. While there should be 

caution used, it is possible to get qualitative measurements of organic components of a sample in 

a WETSEM capsule. Regardless, the peaks from the capsule itself do not interfere with the signal 

from other elements present in the particles of interest. The NaCl aggregate shown gives clear Na 

and Cl signals. Although the Cl:Na is higher than the expected 1:1 ratio, this has been observed 

for larger particles [Laskin et al., 2006]. A correction factor is not needed, because within 

experimental scatter, higher values like this have been measure, but the average measured values 

of Cl/Na over a population will closely match the unity value of 1:1 [Laskin et al., 2012]. 

Figure 4.13 shows two different maps of lab generated particles in a WETSEM capsule. 

The top is an organic mixture of NaCl and malonic acid, showing that Na and Cl show up very 

clearly, in addition to C and O, despite the polymer film of the capsule. The bottom map is an  
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Figure 4.14 Elemental maps of a particle contained within a WETSEM capsule, filled with a sample of sea surface 
microlayer from the IMPACTS experiment. 
 
aerosol generated from a mixture of four different chlorides. It is also important to note that the 

charging seen in the image of this large particle indicates that it was still wet upon mapping.  

Lastly, Figure 4.14 is an elemental map of a particle in a liquid sample of the sea surface 

microlayer from the IMPACTS experiment, described in Chapter 3. The maps indicate the particle 

mostly consists of carbon, oxygen, and magnesium, while being devoid of any chlorine associated 

with the particle. It is possible that this particle is a polymer gel, as in previous work, it has been 

shown that the anionic nature of marine organic matter is bridged together by divalent cations to 

drive a polymer gel coalescence [Wells, 1998]. Interestingly, there also appears to be numerous 

calcium carbonate particles contained within the gel. This is an intriguing because there has been 

very little evidence of calcium carbonate particles reaching the aerosol phase from the wave flume. 

Regardless, the figure demonstrates another aspect of how WETSEM capsules can be used in sea 

spray aerosol research.  

While the technique of using WETSEM capsules to study atmospheric aerosol particles in 

atmospherically relevant conditions, within a vacuum sample chamber, is not yet perfected, this is 
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a huge first step in bridging the gap between the laboratory settings of analysis techniques and real 

world conditions and is an exciting and promising innovation in aerosol research. 
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CHAPTER 5 – CONCLUSION 

This work explored many different aspects of aerosol chemistry and analysis. In particular, sea 

spray aerosol particles were the main focal point of this research. Sea spray particles are one of the 

largest contributors to the atmospheric aerosol population, conservatively estimated at over 1300 

Tg/year reaching the atmosphere [Hinds, 1999]. Despite oceans cover over 71% of the Earth’s 

surface, sea spray aerosols are still considered to be a relative unknown in the extent of their impact 

on the Earth’s atmosphere and radiative budget. This is, at least in part, due to the limited 

availability of pristine samples for analysis because even in the remote portions of the ocean, 

background pollutants are still present [Prather et al., 2013]. Recently, however, Prather, Bertram, 

Grassian, and colleagues were successful in breaking down this barrier by bringing the ocean into 

the laboratory setting, including the proper wave breaking, bubble bursting, sea spray aerosol 

generation mechanism [2013]. While it was an exciting new pathway that progressed the field 

drastically, it brought with it many questions to be answered. In this thesis, we attempted to answer 

some of those questions. 

 In order for support for hypothesis and conclusions to be made for interesting trends seen 

in field samples, first the ground work needed to be laid by using model systems. In Chapter 2, 

model systems consisting of simple carboxylic acids with varying degrees of chain lengths and 

reactive hydroxyl groups, which are common ocean surfactants, were studied in their interaction 

with common NaCl. Malic, hexanoic, nonanoic, and palmitic acids were all studied in three 

different molar concentrations with NaCl; 3:1, 1:1, and 1:3. It was found that the acid and NaCl 

will react and results in a chlorine depletion in the collected particles, evident by a less than 

expected 1:1 level of chlorine to sodium signal detected by energy dispersive x-ray spectroscopy. 

This result was expected, as it has been shown in recent literature that chlorine loss is possible 
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through a simple acid displacement mechanism that created HCl (g) and sodium salts [Laskin et al., 

2012]. However, Laskin et al. attributed this displacement reaction as the result of sea spray 

aerosols reacting with secondary organic aerosol gasses. With this work, we hypothesized another 

reaction pathway for the chloride loss. We hypothesized that chlorine depletion in sea spray 

aerosols could also occur upon the formation of the aerosol, when carboxylic acids and NaCl are 

mixed together in small droplets. Additionally, it was shown that the level of chloride depletion 

has little correlation with the solubility of the modeled carboxylic acids, as even the least soluble 

acid (palmitic) showed similar Cl:Na levels as the more soluble, shorter chained mono-carboxylic 

acids. However, the levels of depletion were drastically different between the monocarboxylic 

acids and the dicarboxylic acids. All the molar concentrations of malic acid showed between a 75-

100% decrease in chlorine levels when compared to sodium, whereas the monocarboxylic acids 

showed around a 20-25% reduction. Lastly, an interesting trend in morphology trends was seen in 

the collected particles. A common trend showed that the more chloride depleted a particle was, the 

more circular the particle became. This morphology change is an interesting finding that could 

have implications on the reactivity and transport of these particles in the atmosphere. In future 

works, in order to further clear up selectivity questions regarding chain length vs. the number of 

carboxylic acids/hydroxyl groups, other ocean surfactants should be studies, such as acetic acid 

(C-2, monocarboxylic), butyric acid (C-4, monocarboxylic), malic acid (C-3, dicarboxylic), and 

succinic acid (C-4, dicarboxylic). Additionally, experiments should be done on how the chloride 

depletion of particles affects their atmospherically relevant properties, such as water uptake 

abilities and optical properties. 

 As mentioned above, some of the findings in Chapter 2 helped lay the foundations for 

helping to explain the trends seen in the studies discussed in Chapter 3. This chapter delved into 
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actual field samples of sea spray aerosol particles, generated by an indoor waveflume in order to 

create background free samples [Prather et al., 2013]. Aerosols were generated and collected for 

over a month in a waveflume during the summer of 2014 at the Scripps Institute of Oceanography 

in La Jolla, CA. Upon offline analysis of these samples, it was shown that the aerosols generated 

during a specific day of the biological bloom were chloride depleted, similar to what was shown 

in the model system from Chapter 2. Interestingly, this drop in chlorine levels in particles 

corresponded to the peak of the biological activity in the waveflume. It is well known that 

biological species tend to produce organic compounds and excrete them into the ocean waters, 

including carboxylic acids [Adams et al., 2013]. With the absence of any secondary organic 

aerosols within the wave channel and little time to react even if there was, these results help to 

support our hypothesis that chlorine depletion in sea spray aerosols can, in fact, become chloride 

depleted upon the formation of the aerosol. While studies are still being conducted on the massive 

IMPACTS experiment and it is not yet known what compounds were on the surface water, this 

finding is critical in learning more about how the sea surface chemistry of the ocean helps dictate 

the chemical complexity of sea spray particles and therefore how it will interact within the 

atmosphere. Once the remaining few questions have been answered, this reaction mechanism 

should be taken into account in aerosol models and how they impact the atmosphere. 

 In the final research chapter, three different advances in the aerosol production, storage, 

and analysis were made. First in Chapter 4, we were able to use microscopy techniques to show 

that the current most popular generation method, via sintered glass filters, does a poor job of 

replicating actually real world sea spray aerosol samples. Instead, it was proven that a plunging 

waterfall method created particles that were more alike to the particles produced by the natural 

wave breaking method seen in ocean’s [Collins et al., 2014]. Secondly, the common practice of 
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storing aerosol samples in freezing conditions in order to preserve the pristine conditions was 

challenged. In this study, samples stored in three different storage conditions (ambient, freezer, 

and desiccator) were analyzed using three different microscopy techniques (SEM, Raman, and 

AFM). Through combined results of all three techniques, it was proven that the popular freezing 

method is not the best way to keep collected field samples in storage. We showed that the best way 

to store samples is in controlled ambient laboratory conditions, around 22 °C and ~20% RH. 

Lastly, in order to overcome the obstacle of analyzing atmospheric particles in a vacuum setting, 

which causes drying out of the particles and evaporation of highly volatile species that may be 

present, we showed that we could collect, image, and obtain chemical data from atmospheric 

particles collected within a WETSEM capsule [Laskina et al., 2015]. This new method allows for 

researchers to be able to study atmospheric particles in atmospherically relevant conditions, 

something that has not been shown in literature before without the use of an expensive 

environmental electron microscope. 

 This work over the past couple years provided a few insights into the study of sea spray 

aerosols. In the beginning, the goal was to help bridge the gap in our lack of understanding of how 

sea spray aerosols play a role in our ever changing atmosphere. In order to fully understand the 

extent these particles play in atmospheric process’, such as global warming and cloud formation, 

more studies must be conducted. However, this work was able to advance the work in the field by 

providing some fundamental answers and advancements in the area of sea spray aerosol chemistry. 
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