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ABSTRACT OF THE DISSERTATION 
 

Insights into Acidity-Driven Surface Chemistry and Kinetics of Aqueous Aerosols 

 

by 

 

Kyle Angle 

 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2022 

Professor Vicki Grassian, Chair 

 
 

Atmospheric aerosols are generated by the millions globally from the bursting of ocean 

bubbles, the action of wind on dust, burning processes, and many other sources. Aerosol 

particles have high surface area to volume ratios and typically contain chemicals in significantly 

greater concentrations compared to the bulk source. From serving as the seeds for clouds to 

promoting multiphase chemistry and interacting with cells, aerosols have profound impacts on 
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the climate and human health. Among the many properties of aerosols, one of the most 

important is pH, a measure of the particle’s acidity. Low pH aerosols have detrimental effects 

on the lungs, and many atmospheric transformations exhibit pH dependence. Although aerosol 

pH is critically important, it is challenging to measure due to the very small volumes individual 

aerosols occupy. As a result, prior to the work presented here, the pH of nascent sea spray 

aerosol (the largest source of aqueous particles globally) was unknown. Here, a novel method 

for the determination of aerosol pH and its application to the measurement of sea spray aerosol 

acidity is presented. It is found that, in just two minutes, these aerosols are acidified to pH levels 

ranging from 2 to 4 depending on particle size. Following this result, several key causes and 

effects of aerosol pH are discussed. Acidity is shown to impact the extent of acceleration of 

S(IV) oxidation in aerosols, an important chemical reaction for the fate of sulfur dioxide 

emissions and air quality. A unique type of buffering to aerosols is presented next, where the 

titration of the particle results in a decrease in the organic content of the aerosol, instead of a 

drop in pH, due to partitioning of acids. Following this, the kinetics of nitrate and chloride 

depletion for single aerosols is shown for the first time. These processes both modulate aerosol 

pH and change particle hygroscopicity, which is a central parameter for atmospheric cloud 

formation. Finally, the link between aerosol acidity and surface chemistry is shown by an 

exploration of the pH-dependent surface propensity of amino acids in aqueous environments. 

Together, these studies shed light on the drivers of aerosol pH and the kinetics of critical 

aerosol-phase reactions. Ultimately, this research improves understanding of the complex 

ocean-climate system and how invisible particles present health challenges for populations 

globally. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Atmospheric Aerosols 

1.1.1 Physical Properties 

Aerosols are suspensions of solids or liquids in a gas phase. In the atmosphere, air is the 

gas phase, and aerosols can vary in size from diameters of a few nanometers to several hundred 

microns. Due to this small size, individual aerosols are invisible to the human eye. Accumulations 

of aerosols, however, can be observed due to their scattering and absorption of radiation, 

particularly solar rays. An observer on the beach facing the ocean may notice that the air in the 

immediate surroundings appears clear, while the air in the distance to the left and right appears 

hazy. This is due in part to the presence of sea spray aerosols (hereafter, SSA). 

SSA are generated when waves break and bubbles burst in the ocean.1,2 When a bubble 

breaks at the sea surface, the energy associated with the surface tension of water can be converted 

to kinetic energy that creates a jet directed up into the atmosphere. In addition, the resulting gap in 

air from the space the bubble formerly occupied is filled by a rush of water, which can reinforce 

the jet. Ultimately, somewhere between one and ten aerosols are usually produced, with smaller 

bubbles producing more aerosols.3 Since these aerosols originate from a jet of water, they have 

been termed “jet drops”. Jet drops can vary in size, producing both supermicron (> 1 μm diameter) 

and submicron (< 1 μm diameter) SSA.4 

The bursting of a bubble film also creates smaller SSA that have been termed “film drops”. 

A proposed mechanism for film drop formation has been described in depth.2 Generally, film drops 

are submicron and are larger in number than jet drops, such that the number concentration of SSA 

peaks near 200 nm. In addition to jet and film drops, when wind speeds are sufficiently high, spume 
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drops can also be produced.5 These are the largest of SSA particles, often > 8 μm in diameter, and 

are the result of the mechanical action of wind on wave crests. It has been shown that the maximum 

number of spume drops may occur between wind speeds of 16 to 22 meters per second, since at 

higher speeds, the spume drops may be scavenged by larger seawater droplets.6  

 Together, jet, film, and spume drops compose SSA. SSA are the largest component of 

marine aerosols and are the largest natural source of aerosols.7,8 It is important to know the size of 

SSA particles, as this will impact their interaction with radiation. In general, aerosols can change 

size in response to relative humidity (hereafter, RH). When SSA are first formed in the marine 

boundary layer, the surrounding RH is high, likely between 70 and 90%.9 When the SSA travel 

through the atmosphere, they may decrease in size as RH decreases.10 At low RH, the viscosity 

can increase and the phase state can transition from liquidlike to semisolid-like and even 

solidlike.11,12 Heterogeneous aerosols can also have varying mixing states, such as a core-shell 

morphology, with a hydrophobic exterior and hydrophilic interior.13 As a final note on physical 

properties, although a still and homogeneous aerosol may be assumed to be spherical, the action 

of wind or presence of hydrophobic components could distort an aerosol’s shape.14,15 

1.1.2 Chemical Properties 

 Although SSA were once called “sea salt aerosols”, they are composed of far more than 

water and salts. In particular, organic molecules are enriched in SSA.16 These include biogenic 

molecules, particularly components of microbial lipids, saccharides, and amino acids.17–19 There 

has even been detection of enzymes that retain activity in SSA.20 In general, molecules with higher 

surface propensity are more likely to be enriched, and ions are more likely to be transferred if they 

are paired with a molecule such as an acid.21,22 Enrichment is often calculated by computing the 

ratio of the analyte to Na+ in both the aerosol phase and bulk seawater.18 It is important to 
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remember that all aerosol components become more concentrated as an aerosol loses water, so in 

another sense, Na+ itself is concentrated in SSA compared to the sea. Due to this concentration, as 

well as substantial enrichment of components such as Mg2+ and particularly Ca2+, the ionic strength 

of SSA can exceed 5 m.23,24 In short, aerosols are highly concentrated environments. 

 Aerosols dynamically exchange chemicals with the surrounding atmosphere. Molecules 

can evaporate from aerosols as gases, and gases can condense onto aerosols. Together, these 

processes are termed “partitioning”. Partitioning is highly important for predicting aerosol 

chemical composition and the formation of new organic aerosols from existing aerosols, which are 

called Secondary Organic Aerosols (SOA).25 At equilibrium, partitioning is controlled by Henry’s 

Law, given in equation 1.1: 

 𝑐 =  𝐻 ∗ 𝑝 (1.1) 

Here, c is the concentration of the analyte in the aqueous phase, H is the constant of proportionality, 

and p is the partial pressure of the analyte in the gas phase. Henry’s Law constants have been 

compiled by Sander, who notes that different conventions are used in various publications (in 

particular, H is sometimes placed on the other side of the equation, so the units must be carefully 

checked).26 While equation 1.1 is simple, the prediction of aerosol concentrations given a 

surrounding atmosphere is not. Gases can be salted in or salted out, and this effect is non-negligible 

for the high ionic strengths of aerosols.27–29 Additionally, for highly viscous aerosols, diffusion 

limitation may prevent aerosols from reaching the analyte concentrations predicted by equation 

1.1.30 

 The nature of chemical reactions within aerosols is discussed later in this chapter. Next, we 

consider one of the most important chemical properties of aerosols, which is pH. 
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1.2 Aerosol Acidity 

1.2.1 Definitions of pH 

 Acidity values span many orders of magnitude in systems of interest. As a result, the pH 

scale is used, where pH is the negative base 10 logarithm of proton concentration. This scale, while 

useful, has led to a number of misconceptions about acidity. For example, some illustrations imply 

pH is restricted to the 0 to 14 range, and misinterpretations of the leveling effect have reinforced 

this incorrect assumption. The fact that pH can be outside this range is particularly relevant to 

aerosol pH, which has repeatedly been calculated to be < 0.31 It is also sometimes assumed that all 

water has a pH of exactly 7. In fact, the pH of water is near 7 at temperatures near 298 K, but the 

dissolution of atmospheric CO2 into water and the subsequent formation of carbonic acid can lower 

the pH of water below 6. Unfortunately, due to the logarithmic nature of the pH scale, the 

importance of small changes in pH units can be overlooked. For example, a decrease in ocean pH 

from 8.2 to 8.1 represents a ca. 23% increase in acidity. Finally, there are a few technical problems 

with the quantification of “acidic proton concentration”. Individual ion activities cannot be 

measured, so they must be defined by a convention (such as the average activity of a cation-anion 

pair e.g. H+ and Cl-), however, the choice of convention becomes unclear when the system has a 

substantial organic fraction.32,33 It may also be misleading to refer to this as “proton” activity, when 

the structure may be an Eigen-type, Zundel-type, or even H13O6
+.34 These last two issues, while 

important to basic science, are beyond the scope of this chapter. 

 Additional confusion around pH calculations stem from different definitions that all use 

the term “pH”. Since the activity of a chemical species is sensitive to ionic strength, it is generally 

agreed that activities, instead of concentrations, should be used. Even within the domain of 

activities, however, at least three definitions are in use.35 
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 𝑝𝐻𝑥 = −log (𝑓𝐻𝑥𝐻) (1.2) 

 𝑝𝐻𝑐 = −log (
𝑦𝐻𝑐𝐻

𝑐𝑜
) (1.3) 

 𝑝𝐻𝑚 = −log (
𝛾𝐻𝑚𝐻

𝑚𝑜
) (1.4) 

In order, these equations represent pH in terms of mole fraction, molarity, and molality. Here, fH 

is the mole fraction activity coefficient, xH is the mole fraction, yH is the molarity-based activity 

coefficient, cH is the molarity, γH is the molality-based activity coefficient, and mH is the molality, 

all pertaining to the acidic proton. The quantities co and mo represent unity molarity and molality, 

respectively, and are used to prevent the log quantity from having units. 

 The differences between equations 1.2 to 1.4 are non-trivial. For example, when water is 

the only solvent, pHm is by definition 1.74 units lower than pHx.
35 Conversion between molality 

and molarity becomes more substantial at higher concentrations, since molarity has the volume of 

the solution in the denominator while molality has the mass of only the solvent in the denominator. 

Therefore, it is highly recommended that the pH definition is specified clearly. In this dissertation, 

except where otherwise indicated, pHm is used. 

1.2.2 Direct Measurement of Aerosol pH 

 Individual aerosol particles have volumes on the order of femtoliters to picoliters, making 

measurement of acidity challenging. Collection of aerosols onto filters and measurement of acidity 

at a later time should be avoided due to the presence of acidic atmospheric species that can interact 

with the sample, as well as potential degassing from the sample. An early measure of SSA pH by 

Winkler involved collecting SSA into a known volume of water and calculating acidity based on 

dilution.36 He found smaller SSA to be more acidic.36,37 In addition to H+ concentration, the 

concentrations of other ions can be obtained when aerosols are collected into controlled amounts 

of water, in a process sometimes termed particle-into-liquid sampling (PILS). While PILS can give 
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a useful measure of the “strong acidity” (i.e. the sum of free H+, sulfuric acid, and bisulfate), the 

original liquid water content of the aerosol is not captured, precluding determination of H+ 

activity.38 

 The influence of pH on indicator dyes has long been used for titrations and pH paper 

measurements of bulk solutions. This same principle was applied to haze, cloud, and fog droplets 

semi-quantitatively, and it was found that smaller aerosols were more acidic.39 The process has 

been improved upon by various investigators.40–43 A discussion of the use of pH paper for pH 

measurement is given in Chapter 2. The interaction of acidic particles with a substrate also occurs 

when aerosols are deposited on a polymer that degrades at low pH. This fact has been combined 

with atomic force microscopy to give another method for aerosol pH measurement.44 

 Spectroscopy can also be used to measure aerosol pH in-situ. The ratio of conjugate acid 

and base peaks in a Raman spectrum can allow calculation of acidity if the pKa is known.45 This 

method was applied to single, levitated particles, illustrating that the pH of an individual aerosol 

can be tracked through coalescence events and hence controlled.46 Due to the high concentration 

of ions in aerosols, it is necessary to go beyond the Debye-Hückel equation and use an approach 

such as Specific Ion Interaction Theory (SIIT) or the Pitzer equations to determine activities of 

water, H+, and the conjugate acid and base. This can be accomplished through the use of models 

which are discussed further in the next section. The total concentration of the aerosol should also 

be known if bulk calibration curves are used for aerosol pH calculations.47 Other uses of 

spectroscopy include surface-enhanced Raman spectroscopy (SERS) in combination with 

nanoparticles and fluorescence spectroscopy with quantum dots.48–50 Different methods span 

different pH ranges, but it is important to note that H+ activity is sensitive to the chemical matrix 

and in particular may be altered by the presence of additional surfaces or ions. Further, any addition 
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to aerosols that changes hygroscopicity will impact the equilibrium water content, which in turn 

can change pH via dilution or concentration. For methods where nanoparticles are added to the 

aerosols, the heat generated at the nanoparticle’s surface can increase evaporation, causing 

additional perturbations to the local chemical environment.51 

1.2.3 Model Calculations of Aerosol pH 

 Various models have been developed to assist in the determination of aerosol pH using gas 

and/or aerosol-phase concentrations as inputs. These models are based on equilibrium, meaning 

that their applicability to metastable aerosols would not be perfect. In addition, there is no explicit 

consideration of the aerosol surface or size effects, so processes such as chloride and nitrate 

depletion (discussed in Chapter 6) are not included. Nevertheless, these models are highly useful 

for predicting activities, water content, and pH in nonideal solutions and aerosols. 

 The simplest model for inferring aerosol pH is to sum up all other cations and anions and 

assume that the missing cations are all H+. This is referred to as the ion balance method, and is 

prone to inaccuracies of several pH units within error propagation of typical measurement 

uncertainties.52 Thermodynamic models that have constraints from gas phase inputs perform 

significantly better.31,52 Among the popular models are the E-AIM, ISORROPIA II, and ACCENT. 

E-AIM (Extended Aerosol Inorganic Model) can perform single or batch calculations for several 

different combinations of common inorganic ions.53–55 Organic species can also be included if the 

appropriate parameters are known. Electrolyte activity coefficients are calculated via the PSC 

(Pitzer, Simonson, and Clegg) equations, and uncharged, dissolved organic activity coefficients 

can be calculated using Raoult’s law, the Redlich-Kister equation, or UNIFAC (UNIQUAC 

Functional group Activity Coefficients).56,57 ISORROPIA II (ISORROPIA is not an acronym, it 

comes from the Greek word for equilibrium) performs calculations to partition nitric acid and 
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ammonia between the aerosol and gas phase, which both impact aerosol pH, and like E-AIM can 

work at varying temperature and RH conditions.58 ACCENT (Atmospheric Composition Change 

the European Network of excellence) calculations can be performed on the same website as E-

AIM and, while fewer options are present, the input of CO3
2- is possible. Various comparisons 

between the performances of the models have been published.31,59,60 Whether great care should be 

taken in selecting one model instead of another depends on whether the precise pH of the system 

needs to be known, but in general, these models highlight the extent to which activity is altered in 

highly concentrated solutions. In the words of George Box, “All models are wrong but some are 

useful.”61 

1.2.4 Aerosol Acidity in the Atmosphere 

 Atmospheric aerosols are typically acidic. Measurements of ambient aerosols include both 

fresh and aged aerosols, making isolation of nascent aerosol pH challenging.62 There are a very 

large number of reports of aged aerosol, however, and these typically span pH -1 to 5.31,63–70 

Atmospheric aerosol lifetimes are sensitive to a number of factors, and are typically longer for 

smaller particles, which can span from days to weeks.71 During this time, acidification occurs via 

titration with acidic gases such as nitric acid, partitioning of ammonia, photochemical reactions, 

and loss of water. One might assume that interaction with atmospheric bases such as ammonia 

would raise aerosol pH. Due to multiphase buffering, however, the ammonia/ammonium system 

actually maintains aerosol pH at acidic levels, in contrast to bulk solutions.70 Anthropogenic 

pollution generally leads to more acidic particles.72 Aerosol pH also can be seasonal with higher 

pH values but also greater sensitivity to nitric acid found in the winter due to changes in water 

content.73 The seasonality is also sensitive to urban heat islands, and temperature changes in 
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general.74 Ultimately, the pH evolution of aerosols is important, as this impacts health, climate, 

and atmospheric chemistry as described in the next three sections. 

1.2.5 Health Impacts of Aerosol Acidity 

 Aerosol particles are inhaled by the thousands and can have significant impacts on lung 

health. In general, smaller aerosols are considered more harmful as they can penetrate further into 

the lungs.75 Once in the lungs, more acidic particles can cause both oxidative stress via metal 

dissolution and toxic effects from aerosol organic components.76,77 Since smaller aerosols are 

generally more acidic, submicron aerosols are particularly harmful. It is difficult to quantify the 

total impact that acidic aerosols have on human health, given that many areas lack sufficient air 

quality data and that data is often reported as PM2.5 (sum of all particles with diameters smaller 

than 2.5 μm). Nevertheless, a study drawing from PM2.5 data estimated that there are over 3 million 

premature deaths each year due to air pollution.78 

 Recently, a great deal of attention has been given to the pH-dependence of virus viability, 

given that aerosols transporting coronaviruses is a major cause of infections. This research is recent 

enough, and pertains to such a sensitive issue, that it should be interpreted with caution. One study 

reported more inactivation of SARS-CoV-2 at pH < 5.79 The extent to which respiratory droplets 

are acidified is under debate, but size and the amount of bicarbonate appear to be important 

factors.80,81 In any case, with pH-dependent side chains on the amino acids that compose the spike 

protein, aerosol acidity is a key parameter for fully understanding this mode of virus transmission. 

Finally, it is worth noting that low pH could change protein folding at the air-water interface, and 

given that aerosols have high surface to volume ratios, this may be an important consideration for 

biological activity in aerosols.82 
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1.2.6 Climate Impacts of Aerosol Acidity 

 The pH of aerosols also impacts the health of the planet. Global radiation balance is 

influenced by the extent of cloud formation in the atmosphere, as clouds can increase albedo and 

decrease the amount of absorbed solar energy. Aerosols serve as the seed for clouds, and the 

particles that do so are termed cloud condensation nuclei, or CCN. When the aerosol serves as the 

formation site for an ice crystal, it is called an ice nucleating particle, or INP. CCN has been 

tentatively positively correlated with aerosol pH, possibly due to the dependence of both of these 

factors on liquid water content.83 For cloud water, neutral pH appears to correspond to the optimal 

INP surface for α-alumina.84 The same may be true for aerosols. Together, these reports imply the 

possibility that a more acidic atmosphere may have less cloud formation, but much more research 

on this topic is warranted. 

 Aerosol pH also impacts the contents and formation of atmospheric aerosols. High acidity 

can promote increased brown carbon formation, and brown carbon can absorb solar radiation 

(including near the UV region).85 Low initial pH also has the potential to increase SOA formation, 

organosulfate products, phase separation, viscosity, and semisolid to solid phase transitions.86,87 It 

has also been recently shown that protonation state is important when new particles are formed 

from acid-base chemistry between sulfuric acid and amines or amino acids.88 In fact, protonation 

state is important for chemistry in general, and several important reactions are detailed in the next 

section.  

1.2.7 Chemical Impacts of Aerosol Acidity 

One key atmospheric process with unique pH sensitivity is the oxidation of S(IV). This 

reaction is described in depth in Chapter 4. Briefly, SO2 (g) or an aqueous form of S(IV) can be 

oxidized into inorganic sulfate, potentially changing the pH and ionic strength of the medium. This 
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process has been the focus of renewed research interest when it was found that established bulk 

kinetics significantly underestimated the amount of sulfate formed during haze events in 

megacities such as Beijing.89 The kinetic order of H+ has been suggested at a variety of values 

(including non-integer values) for different pH ranges; for example, an order of -2 was proposed 

at low ionic strength in the pH range 4.1 to 6.3.90 Another critical pH dependence is whether SO2 

(g) can be oxidized directly at the air-water interface. This pathway is only available below pH 

4.91 More details are given in Chapter 4, but clearly, aerosol pH is key to the fate of SO2 (g). 

Aerosol acidity can also impact the rates of parallel reaction pathways. In the case of 

glycolaldehyde reacting with atmospheric amines and ammonium sulfate, pH controls whether 

sugar-like trimers and hexamers or nitrogen-containing oligomers are the major product.92 For the 

aforementioned sulfate formation process, oxidation by H2O2 appears to be the dominant pathway 

at higher pH, while transition metal ion catalyzed oxidation is more prevalent at low pH.93 

Naturally, acid-catalyzed chemistry such as the hydrolysis of organonitrates is also accelerated by 

acidity.94 Additional examples of pH impacts include the speciation of acids, the solubility or 

insolubility of metals, and the stability of complexes. Undoubtedly, although aerosol acidity is 

challenging to measure and constrain in climate models, it is a parameter of utmost importance for 

atmospheric chemistry.  

1.3 Aerosol Kinetics and Thermodynamics 

1.3.1 Reaction Acceleration 

Aerosols present unique environments for chemistry, particularly with their high surface 

area to volume ratio. While curvature effects are most important for aerosols smaller than 100 nm 

in radius, differences in surface tension between bulk solutions and droplets have been observed 

even for supermicron particles.95 Additionally, molecules in aerosols have much more frequent 
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access to the interface compared to bulk systems. This can be quantified in terms of a characteristic 

length (see Chapter 4), which for aerosols can be the particle diameter while the shortest dimension 

with surface access can be used for a bulk solution (such as height for a small volume in a petri 

dish).96 Increased surface access gives the potential for faster reaction kinetics. For example, the 

activation energy of some reaction steps may be lower in the reduced solvation environment of the 

air-water interface. Alternately, the reaction may be promoted by a concentration of uncharged 

components and radicals near the air water interface while charged inhibitors reside in the aerosol 

core. Finally, chemical gradients may exist in aerosols, enhancing kinetics through different pH or 

reagent concentrations at different positions in the aerosol. These gradients may be caused by a 

differing free energy of surface adsorption in the aerosol, and may be associated with specific 

molecular orientation at the interface.97 

Due to these factors, one may expect aerosols to accelerate certain chemical reactions by a 

few orders of magnitude. Indeed, this has been observed for photochemistry, acid-catalyzed 

degradation, and many more reactions.98,99 However, there have also been reports of reactions 

accelerated by six orders of magnitude, including redox processes which are attributed to a 

spontaneous electric field at the air-water interface.100,101 In some cases, these numbers may be 

artificially high due to factors such as solvent evaporation.102 In addition, while it has been shown 

that up to 104 elementary charges do not impact the degradation of oleic acid in aerosols, other 

reactions, particularly redox reactions, could be quite sensitive to particle charge.103 Therefore, 

care should be taken in comparing rates from electrospray techniques to dilute bulk kinetics. It is 

also worth noting that counterexamples exist, and one set of experiments illustrated that a Diels-

Alder reaction did not proceed in the aerosol in a way comparable to the bulk.104  
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Reaction acceleration has been discussed in terms of green chemistry, as faster kinetics and 

minimal use of solvent seem useful for efficient industry production of chemicals. It may also be 

tempting to connect reaction acceleration to origin of life hypotheses. In both applications, it 

should be remembered that aerosols generated in labs likely will not match the bulk solution from 

which they are generated, neither in terms of total concentration nor molar ratio of components. 

An additional point, particularly pertinent to this dissertation, is that the acidity of the microdroplet 

surface as well as the pH evolution of evaporating aerosols has not been fully established. Further 

understanding of fundamental surface science and the behavior of molecules near interfaces is 

necessary to support progress in research of reaction acceleration. 

1.3.2 Surface Propensity 

A final important property pertinent to particles is surface propensity. An aerosol that is a 

homogeneous mixture of fatty acids and water would interact with the surrounding atmosphere 

differently from one covered with a hydrophobic fatty acid shell. In addition to the usual bulk-

phase factors that influence surface propensity, the high salt content of aerosols can further impact 

surface composition. For nonanoic acid, it was shown that both the protonated and deprotonated 

forms were more stabilized at the air-water interface by NaCl, with a greater stabilization observed 

for the anion (deprotonated form) compared to the neutral acid.105 Since the pKa of an acid can be 

calculated from the concentrations of these two forms along with [H+], this could be taken as a 

“surface pKa” that was lower than the bulk pKa. It is important to distinguish that this does not 

necessarily mean that nonanoic acid is more likely to give up an acidic proton at the air-water 

interface, but instead this parameter can be used to characterize the ratio of acid and base present 

at this boundary. Indeed, some evidence shows that acids and bases can cooperatively enhance 

total surface concentration.106 
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An important question for many areas of science is whether the air-water interface is more 

acidic or more alkaline than bulk water. The full discussion is beyond the scope of this dissertation. 

However, one important idea is to avoid a false dichotomy. It is possible that water’s dissociation 

products are both enhanced at the air-water interface, making the surface acidity and alkalinity 

both stronger (i.e. lower pH and pOH). Whether acid-associated cations (such as H3O
+) and/or the 

hydroxide anion have strong surface propensity for the air-water interface likely depends on the 

composition of the solution and what other species are competing for hydration and/or surface 

access. This would partly explain apparently conflicting results in the literature.107–112 

1.4 Description of Dissertation Chapters 

 This chapter has been a brief overview of several key areas of scientific research related to 

aerosol acidity with a particular emphasis on recent work. The following chapters show research 

advances this author has made in this field. Chapter 2 covers major experimental methods used in 

subsequent chapters. Chapter 3 presents results from a sampling intensive that show the pH of 

fresh SSA. Chapter 4 discusses the isolation of a particular S(IV) oxidation pathway and the pH-

dependence of its aerosol-phase acceleration. Chapter 5 illustrates a unique type of buffering that 

can occur via evaporation of organic acids. Chapter 6 expands and applies this idea to the depletion 

of nitrate and chloride. Chapter 7 highlights the pH- and salt-dependent propensity of amino acids 

to reside at the air-water interface, which has implications for heterogeneous atmospheric 

chemistry. Finally, Chapter 8 summarizes these findings and gives recommendations for future 

research. A schematic depicting the organization of research ideas is given in Figure 1.1. 
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Figure 1.1: Relationships between research projects discussed in this dissertation. As the 

dominant source of atmospheric aqueous aerosols, SSA were the ideal candidate for studying 

pH changes early in a particle’s lifetime. The subsequent projects helped explain this acidity 

and/or highlighted important pH-dependent processes in aerosols; some projects, such as the 

S(IV) work, involved elements of both. In addition, moving from left to right in the figure, the 

focus moves from largely kinetic to additionally incorporating thermodynamics. Major 

products of each chapter are written in bold. 
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CHAPTER 2 EXPERIMENTAL METHODOLOGY 

 

2.1 Sample Preparation 

Aqueous solutions were prepared using ultrapure (“milli-Q”) water with resistivity ≥ 18.1 

MΩ.  Solutions were prepared by mass and recorded in molality units (m), as these units are 

independent of solution temperature. As an example, for the preparation of a 1 m NaCl solution, 

an empty scintillation vial would first be labeled and weighed on an analytical balance that reports 

mass to the nearest 0.1 mg. The vial would be removed, the desired amount of NaCl would be 

added, and the vial would be weighed again (if a highly hygroscopic material such as CaCl2 was 

weighed, an immediate reading was used to prevent an artificially high reading from condensing 

water). The vial would then be removed a second time for the addition of water and weighed a 

final time to determine the mass of water that had been added. Additional time for equilibration of 

the sealed vial or bottle to lab temperature (ca. 23 °C) was allowed in cases where the vial would 

become cold (such as from NaNO3) or hot (such as from MgCl2) from the dissolution of solid. In 

all cases, the final concentration would be calculated from the mass measurements, and the 

resulting concentration would be used for all analysis. For example, in preparation of a 1 m NaCl 

solution, the final concentration may be 1.04 m. The value of 1.04 m would thus be used in plotting 

figures, performing calculations, and reporting data in data packages. 

For use in experiments sensitive to the presence of organics, salts such as NaCl and Na2SO4 

were first baked in an oven at 200 °C for at least 24 hours before use. For experiments requiring 

knowledge of solution pH, pH was measured using either a Corning 430 pH meter or an Oakton 

700 pH meter. The pH meter would be calibrated by two buffers bracketing the anticipated pH of 
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the solution, unless the pH was < 1.68 or > 10, in which case the two nearest available buffers 

were used.  

2.2 Measurements of Levitated Droplets 

Individual aerosols can be suspended in a substrate-free environment through use of optical 

tweezing. There are a variety of tweezing techniques, but here we focus on the case where a laser 

beam with a Gaussian intensity profile is directed upward at a single aqueous particle. There has 

been discussion on whether light exerts a push or pull on dielectric media, but it can be helpful to 

conceptualize the interaction of light with single particles via two forces.1 One is the scattering 

force, Fs, which results from the backscattering of photons at the base of the particle. The other is 

the gradient force, Fg, resulting from the gradient of intensity across the beam profile. Photons 

exiting the droplet effectively exert a force on the droplet in the opposite direction of their final 

exit velocity. Since a Gaussian beam has greater intensity at the beam center, if the aerosol drifts 

laterally away from the beam center, photons originating closer to the center of the beam exert 

greater force than those originating from the edge of the beam, which creates a restoring force 

pushing the aerosol back to the beam center.2 A stable droplet requires that Fg > Fs, and these 

forces sum to a net force, Fn, depicted in Figure 2.1. From the figure, one can deduce that both the 

 
Figure 2.1: Artistic representation of forces on an aerosol in an optical trap (not to scale). The 

orange arrows crossing the aerosol depict the paths of photons from the laser. The thicker line 

for the right of these two arrows indicates the greater intensity of the photon originating closer 

to the center of the Gaussian-profile laser. The net force restores the aerosol to an equilibrium 

position in the laser, just above the laser’s focal point. 
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power of the laser and the refractive index of the aerosol impact the velocity of photons exiting 

the aerosol, which impacts Fg, indicating that the appropriate laser power should be used for an 

aerosol of a given refractive index. The profiles of these forces have been calculated analytically 

and numerically in the literature.3 For an approximation, Equation 2.1 can be used.4 

 Fn = Fg + Fs ≈
α

2
∇E2 + (np − nm)2 ∗ r6 ∗ I (2.1) 

Here, α is the polarizability of the particle, E is the incident electric field, np and nm are the 

refractive indices of the particle and medium, respectively, r is the particle radius, and I is the 

intensity of the laser beam. In Equation 2.1, the spin-curl force is omitted, which is appropriate as 

it is small compared to the other forces in most cases.5 

A Biral Inc. Aerosol Optical Tweezers 100 (hereafter, AOT) was used to perform 

experiments on individual aerosols. A 532 nm laser was used to suspend the aerosol, create Mie 

resonances (termed Whispering Gallery Modes, hereafter WGM’s), and excite the chemicals 

within the aerosol to virtual states resulting in Raman spectra upon molecular relaxation. The 

WGM’s are useful as the spacing between them allows calculation of the aerosol’s radius, r, and 

refractive index, np, as given in Equation 2.2.6 

 2π ∗ np ∗ r = λ ∗ m (2.2) 

Here, λ is the wavelength of the light circling within the optical cavity and constructively 

interfering with itself, and m is an integer relating to the number of number of wave maxima in 

one internal cycle through the aerosol. Given multiple WGM’s, therefore, np and r can 

simultaneously determined with precision set by the uncertainty in WGM position. WGM’s change 

in response to aerosol size and thus can be observed to move across the Raman spectrum as the 

aerosol equilibrates to the cell relative humidity (RH), growing or shrinking. The RH around the 

aerosol can be controlled and aerosol heating from the laser is expected to be on the order of 10-
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100 mK.7 The radius of the trapped aerosol can range from ca. 2 to 8 μm. The aerosols were 

typically most stable when high RH (> 75%) and high ionic strength (> 2 m) were used. In order 

to safely perform experiments with highly acidic aerosols, an additional attachment was created 

for the AOT (Figure 2.2).  

When an aerosol is trapped in the AOT, it can be coalesced with another aerosol to change 

its composition, including change in pH. This method is described extensively in Coddens, Angle, 

and Grassian 2019.8 Briefly, a mouthpiece is added to the nebulizer (MicroAIR U22, OMRON) to 

increase the probability of the coalescing aerosol being smaller than the existing aerosol. A video 

recording of the CCD camera feed that tracks the trapped aerosol is turned on. The vacuum 

 
Figure 2.2: Schematic of  additional safety attachment designed for the AOT feature. The 

vacuum cleaner hose feeds into an airline that is ventilated to chemical waste. 
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attached to the AOT is powered on, and new aerosols are nebulized into the trapping chamber until 

a coalescence occurs. The occurrence of the coalescence can be confirmed by both the video and 

by comparing the radius of the aerosol before and after coalescence.  

The Raman data from the AOT is reported as a series of separate, ordered text files of 

wavelength, intensity, and time. Since analysis frequently involved thousands of these files, a 

MATLAB script written with contributions from Michael Alves was employed. The MATLAB 

code is available in Appendix A. Briefly, the program collects all of the data, converts the 

wavelengths to wavenumbers, performs background subtraction and baseline correction based on 

user inputs, and allows averaging of consecutive windows of spectra for analysis of reaction 

kinetics. Data from this program was frequently used with the peak fitting algorithms in Igor 

(Wavemetrics) to enable calculation of peak area over time. Separate MATLAB programs were 

also written to assist in the extraction of refractive index and radius data from WGM peaks (used 

for spectra of the water band with the instrument using 1200 grooves per mm centered at 645 nm) 

as well as detection and removal of interfering WGM peaks (used for spectra of useful peaks such 

as sulfate or nitrate bands). Additional details on calculations involving WGM’s are given in the 

Methods section of Chapter 4. 

2.3 Measurements with Confocal Raman Spectrometer 

For comparison to optically levitated aerosols, it is often useful to compare results to bulk 

solutions and/or substrate-deposited aerosols. The confocal Raman spectrometer (Horiba) was 

used with the LabSpec 8 software suite. A custom MATLAB script was used to automate the 

periodic collection of spectra. Experiments were performed with the 1800 grooves per mm grating 

setting to maximize resolution.  
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For bulk experiments, the desired solution was added to a petri dish. Two independent 

methods could be used to focus the laser on the sample. The real time display feature could be 

used to collect spectra every second, with the spectra centered on a peak known to be intense (such 

as the water band or the nitrate peak). The stage holding the petri dish could then be raised or 

lowered incrementally to obtain the maximum signal. Alternatively, a video feed could be used to 

focus the microscope on a Kimwipe fiber on the sample surface. Either method could be 

appropriate depending on the duration of the experiment. For long experiments, either periodic 

refocusing of the laser or use of large amounts of sample are preferred to prevent the Raman 

intensities from decreasing excessively due to evaporation. 

For substrate-deposited experiments, aerosols were deposited on hydrophobic substrates 

(such as a glass slide coated with Rain-X). The substrate with the aerosol was then placed in an 

environmental cell, initially set to 50% RH and 298 K, which could then be varied as previously 

described.9 A live video was then used to locate an aerosol of the appropriate size for measurement. 

Similarly to AOT data analysis, a custom MATLAB script (available in the Appendix) was used 

to compile data for processing.  

2.4 Measurements of Acidity with pH Paper 

The acidity of aerosols and bulk solutions can be measured with pH paper. Often, the pH 

paper is designed to measure bulk volumes of buffered, moderate ionic strength solutions. To apply 

this method to aerosols, sufficient volume must be used (see Chapter 3 for many additional details). 

In addition, because the pH paper is made from dyes that may have equilibrium constants sensitive 

to ionic strength, calibrations and control experiments were used to compare the reading of pH 

paper and pH probes for high ionic strength bulk solutions. Once correction factors were known, 

the method could be applied to aerosols. These aerosols could be generated from the nebulizer 
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used for AOT experiments in which case the measurements were performed to estimate the initial 

acidity of the levitated particles. The aerosols could alternately be obtained from a Micro Orifice 

Uniform Deposit Impactor (MOUDI) as described in Chapter 3. 

In either case, the pH paper was photographed with a smartphone and the images were 

processed in Fuji (an updated version of ImageJ) to extract R, G, and B values for desired locations 

on the pH paper and the color scale included in the photograph.10 These RGB values were then 

used to calculate pH as described in the corresponding MATLAB code (see Appendix A). There 

have been various proposals for the optimal combination of pH paper and calibration curve to 

precisely determine acidity.11–13 Ultimately, the choice of pH paper depends on the identity of the 

analyte as well as the quantity available. When pH paper requires more mass loading for an 

accurate reading, it will be less sensitive to trace gases and contaminants, but also take longer for 

a reading from an accumulation of aerosols, during which the color may fade. In addition, 

calibration curves can be calculated directly from RGB values, linear combinations of RBG values, 

or the hue value. When no light box is available to standardize lighting, a calibration curve based 

on the difference between two different values among R, G, and B has the advantage of subtracting 

out differences in lighting. Finally, since pH is a logarithmic measure of proton concentration, it 

is not advised to force a linear relationship between pH and image color. 

2.5 Infrared Reflection Absorption Spectroscopy 

 Infrared Reflection Absorption Spectroscopy (IRRAS), also termed Reflection Absorption 

Infrared Spectroscopy (RAIRS), refers to the process of bouncing an infrared beam off of an 

interface and quantifying the small fraction of radiation that reaches a detector. This information 

can be used to make inferences about surface composition. Importantly, however, recent work has 

cautioned against using IRRAS peaks for linear calibration curves, since intensity can be lost in 
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the baseline.14 With this in mind, IRRAS is better employed for qualitative comparisons. For 

aqueous samples, it is also important to subtract out contributions of water, as small fluctuations 

in water vapor can dominate the spectrum. 

 The IRRAS apparatus employed has been described previously.15 Briefly, an IR beam from 

a Bruker Tensor 37 spectrometer is reflected off of two gold mirrors onto a petri dish containing 

an aqueous solution at an optimized height. The entire system is inside a box that can be purged to 

minimize water vapor interference. Purge times longer than 30 minutes were used for both a 

background spectrum and the spectrum of the desired solution. Typically, IRRAS data is presented 

as Reflectance-Absorbance, RA, versus wavenumber, where RA is defined in Equation 2.3.16 

 RA =  −log (
R

R0
) 

 
(2.3) 

Here, R is the reflectance of the sample of interest and R0 is the reflectance of the subphase (in this 

case, an aqueous solution at given salt and pH conditions) in the absence of the surfactant (in this 

case, the amino acid). For the work described in this dissertation, peaks of interest were in higher 

wavenumber ranges, so baseline correction was performed by creating a linear baseline from 2831 

to 2981 cm-1, extrapolating across the spectrum and subtracting from the data. 

2.6 Surface Tension Measurements 

 Surface tension, γ, was measured using an AquaPi tensiometer (Kibron) with Teflon 

sample cups. The dyne rod was periodically cleaned with ethanol, water, and the flame of a butane 

torch. The tensiometer was calibrated for milliQ water to have a reading of 72.8 mN/m at lab 

temperature. When γ, rather than surface pressure, is measured, temperature correction at typical 

lab temperatures can be achieved by linear interpolation of the two bracketing (Temperature, γ) 

data points between (18 °C, 73.0 mN/m), (20 °C, 72.8 mN/m), and (25 °C, 72.0 mN/m). The first 

reading of the tensiometer is intended to be discarded, and additional readings were taken until 
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readings agreed (instrumental precision is 0.1 mN/m). When a series of solutions were measured, 

they were measured in order of increasing concentration. In between measurements, the sample 

cup was rinsed with the next solution to be measured, not milliQ water, to minimize dilution.  

Surface tension data can be used to calculate surface pressure, defined in Equation 2.4 

 π =  γ0 − γ (2.4) 

Here, π is surface pressure, γ0 is the surface tension of a sample without a given analyte, and γ is 

the surface tension of a sample with an analyte. Thus, if π is positive, then the analyte lowered the 

surface tension, as is the case for surfactants. If π is negative, the analyte raised the surface tension, 

which frequently occurs for solutes. An advantage to the calculation of π is that factors that 

contribute equally to γ0 and γ subtract out. As an example, consider the case where the analyte is 

an amino acid and the matrix is an aqueous salt solution. Many organic trace contaminants are 

removed from the salts used to make the aqueous solution during the baking pre-treatment process, 

but those that are not will make an approximately equal contribution to γ0 and γ. The contribution 

may not be identical if the analyte strongly concentrates at the air-water interface, as the 

contaminants could potentially compete for surface adsorption sites; for amino acids, surface 

adsorption is relatively sparse (see Chapter 7) and this is less of a concern.  

2.7 Refractive Index Measurements 

 The refractive index of aerosols can be calculated from WGM data as discussed previously. 

Due to software misidentification of reagent peaks as WGM’s, refractive index data from the AOT 

often contains numerous data points that do not correspond to the refractive index of the aerosol. 

These data are sometimes obviously identified, as all the correct data falls along a predictable line 

while misidentifications are far from this line. Once these data are removed, the refractive index 
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at a given point can be calculated by averaging several values in the area of interest. For an aqueous 

sample, the refractive index can then be converted to concentrations using Equation 2.5. 

 Rw + x(Rs − Rw) =  
n2 − 1

n2 + 2
∗ x(Mw + (Ms − Mw)) ∗

1

d0 + ∑ Ai ∗ xi
i

 (2.5) 

Here, n is the refractive index, x is the mole fraction of the solute, Rw, Rs, Mw, and Ms are the 

refractivities and molar masses of water and the average solute, respectively, d0 is the density of 

pure water and Ai are density polynomial coefficients for the solute.18,19 This equation has no 

analytical solution, so instead a series of possible concentrations can be tested until the solution 

producing the least difference between the left and right sides of the equation (while still being 

physically realistic i.e. 0 < x < 1) is identified. Further details regarding this calculation are given 

in Chapter 4 and the MATLAB script that performs this calculation can be found in Appendix A. 

 
Figure 2.3: Example refractometer reading. The red line (bottom horizontal line) is drawn to 

determine the number of pixels in 0.03 refractive index units. The number of pixels in the 

fuchsia (top horizontal line) can then be used to determine the number of refractive index units 

to add to 1.320 to get the sample refractive index. 
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 For bulk solutions, an ABBE-3L refractometer (Bausch & Lomb) was used. For this 

instrument, small volumes of solution are pipetted onto a prism and illuminated with a sodium 

lamp. The sample can then be aligned with a scale for a reading of refractive index. To minimize 

error, this process was made more quantitative by the dissertation author by taking pictures of the 

illuminated image with a smartphone camera. The images were then processed in Inkscape, where 

the pixels per refractive index unit could be determined. An example is given in Figure 2.3. 
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CHAPTER 3 ACIDITY ACROSS THE INTERFACE FROM THE OCEAN SURFACE TO SEA SPRAY 

AEROSOL 

 

3.1 Abstract 

Aerosols impact climate, human health and the chemistry of the atmosphere and aerosol 

pH plays a major role in the physicochemical properties of the aerosol. However, there remains 

uncertainty as to whether aerosols are acidic, neutral, or basic. In this research, we show that the 

pH of freshly emitted (nascent) sea spray aerosols is significantly lower than that of sea water 

(approximately four pH units, with pH being a log scale value) and that smaller aerosol particles 

below 1 micron in diameter have pH values that are even lower. These measurements of nascent 

sea spray aerosol pH, performed in a unique ocean-atmosphere facility, provide convincing data 

to show that acidification occurs "across the interface" within minutes, when aerosols form from 

ocean surface waters and become airborne. We also show there is a correlation between aerosol 

acidity and dissolved carbon dioxide but no correlation with marine biology within the seawater. 

We discuss the mechanisms and contributing factors to this acidity and its implications on 

atmospheric chemistry. 

3.2 Introduction 

Sea spray aerosol (SSA) profoundly impact climate; however, aerosol-cloud interactions 

currently remain the largest source of uncertainty in climate modeling.1 With oceans covering 

approximately 71% of Earth’s surface, SSA significantly affect cloud properties and lifetime. 

Particle acidity has been shown to impact radiative forcing.2 Aerosol pH impacts the rates of 

multiphase reactions, including the oxidation of aqueous SO2 by ozone and the formation of 

isoprene-derived secondary organic aerosol.3,4 Furthermore, highly acidic aerosols can increase 
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lung oxidative stress and adversely impact health.5,6 Aerosol pH is difficult to measure, due to its 

dynamic nature and rapid response to changing environmental conditions such as relative humidity 

(RH). As such there have been very few direct measurements of nascent SSA pH.  

Atmospheric submicron SSA pH was first reported by Winkler, who collected ambient 

aerosols in water, diluted, measured pH and conductivity, and extrapolated to airborne aerosol pH 

assuming 90% RH.7 Depending on the extent of buffering, the resulting pH values fell between 1 

and 3. Since this early study, there have been very few studies that directly measured SSA pH. 

This is likely due to the increasing use of thermodynamic models to calculate acidity from other 

measurements, as well as the difficulty of directly probing aerosol pH.8–10 However, models 

predict a wide range of aerosol pH values and can be highly sensitive to experimental uncertainties 

such as the error associated with ammonium measurements.11,12 For example, reports applying 

model calculations to field data have reported SSA pH ranging from greater than 8 to below 0 

depending on the location, meteorological conditions, and assumptions used in the model.13,14 

Furthermore, ambient aerosols are a mixture of nascent and aged particles. Thus, the acidity of 

nascent aerosols is unknown, and direct measurements are needed. Specifically, size-resolved 

measurements of SSA pH are needed, since averaging pH in different particle size-fractions can 

lead to pH variations of up to 3 pH units.6,15 

It is often assumed that sea spray aerosol has the same pH as seawater (~8)16,17 and then 

can become acidified via mechanisms such as the uptake of acidic gases, water loss, and 

atmospheric aging reactions with sulfur dioxide (SO2). Each of these processes proceeds on 

different timescales, with water loss occurring in seconds whereas some aging processes can take 

days.18,19 Therefore, measuring the pH of nascent SSA is important since composition and pH vary 

with age. Here, we operationally define “nSSA” (nascent SSA) as SSA that has been airborne for 
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less than 2 minutes. To our knowledge, this is the first investigation into nSSA, and as such our 

study will give insight into the acidity of particles freshly emitted from the ocean. 

Colorimetric pH strips have been successfully employed to sample aerosol pH but results 

for ambient measurements have typically been semi-quantitative at best. Ganor et al. (1993) were 

limited to the resolution of 0.5 pH units provided by the pH paper manufacturer.20 Craig et al. 

(2018) improved the method by using quantitative image analysis, although paper color for some 

field samples was incompatible with their analysis script.21 We optimized and thoroughly validated 

pH paper as a method to determine real world aerosol pH, and applied this technique to a sampling 

intensive called SeaSCAPE (Sea Spray Chemistry and Particle Evolution) where isolated sea spray 

aerosols were produced in a unique ocean-atmosphere facility. This study was carried out at the 

Hydraulics Laboratory at the Scripps Institution of Oceanography, using a sealed wave flume filled 

with coastal Pacific Ocean seawater obtained at 2 meters of depth from the end of the Scripps pier. 

A paddle mechanically generates waves that break on a simulated beach within the flume, and it 

has been shown this process produces a bubble size-distribution similar to that of the real ocean.22 

This facility allows for measurements of realistic nSSA in a clean and controlled environment 

devoid of other aerosols produced from pollution sources. Using a Micro-Orifice Uniform Deposit 

Impactor (MOUDI) and filters to aerodynamically distinguish aerosols in different size ranges and 

impacting the aerosols onto pH strips, the size-resolved acidity of nSSA has been, for the first 

time, directly assessed. 

3.3 Methods 

For size-resolved measurements, pH strips (Hydrion) were attached to aluminum foil discs 

with double-sided tape, then affixed to 110-R MOUDI (MSP) pucks using the associated metal 

rings. The MOUDI was connected to the wave channel (Hydraulics Laboratory, La Jolla CA) and 
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operated with rotation at 30 liters per minute. The wave channel generated nSSA. Collection of 

these SSA into the MOUDI typically proceeded for 1-2 hours. After collection, the MOUDI was 

disassembled and photographs of the pH strips were taken immediately. Images were processed 

using calibration curves (see Figure 3.4). For TSP measurements, the procedure was the same 

except filter holders were used in place of a MOUDI, a flow rate of 5.5 liters per minute was used, 

and collection times typically ranged 30 to 60 minutes. Sea surface microlayer pH was measured 

by both pH paper and a pH probe using samples obtained by dipping a glass plate in the wave 

channel. A suite of sensors were used to measure SSW properties including Temperature, Salinity, 

Chlorophyll-A (SeaBird Scientific SBE16 with Eco-Triplet BBFL2); pH (Honeywell Durafet), 

dissolved oxygen (Aanderaa Data Instruments 3835 Optode), pCO2 and total dissolved inorganic 

carbon (“Burke-o-lator” custom IR analyzer). A high-resolution time-of-flight aerosol mass 

spectrometer (AMS) provided bulk speciated aerosol mass concentrations.23 The AMS was 

operated in V ion path (m/ Δm) = 2500) in mass spectra (MS) and particle time of flight (PTOF) 

modes. 

3.4 Results and Analysis 

3.4.1 Results 

The size dependence of nSSA pH is shown in Figure 3.1. These data are based on 106 

measurements and show the general relationship of pH with aerosol aerodynamic diameter. The 

four leftmost bars are the results from MOUDI-separated nSSA collected at RH = 83 ± 5%, where 

particles from 0.1 to 1.0 microns in diameter were found to have pH values between 1.5 and 2.6. 

The bar labeled “TSP” (Total Suspended Particles) is the average result from filter-based 

measurements that collected all SSA sizes at RH = 86 ± 6%. Although strictly speaking this is a 

measurement of the entire SSA ensemble pH, the results are far more reflective of supermicron 
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pH than submicron pH since for this intensive TSP was ca. 88% supermicron nSSA by mass. 

Therefore, we refer to TSP as supermicron. Note that the error bars in this figure represent one 

standard deviation for each type of respective measurement pooled across the sampling intensive. 

For example, for TSP measurements, the error bar shows the standard deviation calculated from 

the set of all TSP measurements. Even though these are not truly replicate measurements, since 

the flume water composition evolved over time, showing the error bars this way gives a visual 

representation of the range of values obtained over the course of the intensive. 

For this study, extensive control experiments were performed to verify that the pH readings 

from the intensive were representative of nSSA, rather than a result of experimental artifacts (e.g. 

Figure 3.5). Factors tested include the impact of variable salt concentration on pH paper color, the 

fading of pH paper color over time, the influence of gases on pH paper color, the mass loading 

needed for a pH reading, and the response of pH paper to various control aerosols. Notably, we 

 
Figure 3.1: Relationship between size and pH for SSA that is then compared to the SSML and 

bulk SSW. Error bars and the SSW uncertainty represent 1 SD for the respective measurements 

across the duration of the intensive. Note that TSP is predominantly a measure of supermicron 

SSA pH. 
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found that even a 6 M change in NaCl concentration only changes the calculated submicron pH by 

at most 0.25 units, which is important considering that SSA of different sizes can have substantially 

different salt fractions.24 Excluding this factor, the precision of the technique is ± 0.17 pH units.  

Although variation of pH with size is small between the submicron size bins, the difference 

between supermicron and submicron pH is significant (p = 7 x 10-8, 1-tailed t-test). Since 

submicron and supermicron SSA can have different salt concentrations, the t-test was repeated 

assuming the maximum possible error by adding 0.7 pH units to every submicron value and 

subtracting 0.7 pH units from every supermicron value. The p value resulting from the t-test is 

0.001, indicating a statistically significant difference at 98%. 

The pH of the sea surface microlayer (SSML) was also measured throughout the sampling 

intensive. The average pH was 7.8 with a standard deviation of 0.1 pH units. These results are 

generally consistent with past literature on SSML pH with a slight decrease versus the SSW pH of  

8.1 ± 0.1, which was attributed to contact with atmospheric CO2.
25 Calculating a paired t-test for 

SSML pH and SSW pH averaged during the time of SSML collection (8:30-10:30 A.M. PT) gives 

a p value of 3 x 10-8, showing the SSML is more acidic than the SSW. Given the air velocity in 

the wave flume and the distance from breaking waves to sampling ports in this study, and given 

the controls performed to account for paper color change after deposition, for these conditions, 

acidification of SSA appears to occur in less than two minutes. Thus, considering that the pH of 

the SSML is 7.8, substantial acidification occurs rapidly to increase the activity of H+ in these 

aerosols by nearly 6 orders of magnitude in this short timescale. 
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A notable relationship is the correlation of SSA pH with SSW partial pressure of CO2 

(pCO2) and pH (Figure 3.2). This correlation is logical, since bulk water acidity is determined by 

the dissolved inorganic carbonate system, and given that there were not significant changes in 

temperature or salinity, the similarity in R2 values is unsurprising. However, the slope of 4.5 pH 

units in SSA pH per unit change in SSW pH indicates that the relationship must be controlled by 

acid-base systems other than carbonic acid. The correlation is likely indicative of how both SSA 

and SSW pH change in response to an underlying factor. In addition, this relationship is only 

obtained using data points from the beginning of a phytoplankton bloom up until the flume was 

inoculated by the addition of separate, biologically dense water that had been obtained by the same 

method but kept out in sunlight to help induce biological activity. This inoculation turned the flume 

water greener and had a substantial impact on SSW chemical composition including a SSW [H+] 

decrease of over 30% from the average pre-inoculation levels. When data points from this 

perturbation are included, the R2 correlation coefficients of nSSA pH with pCO2 and SSW pH 

become 0.03 and 0.04, respectively. Therefore, we tentatively hypothesize that nSSA pH is more 

 
Figure 3.2: (A) Inverse correlation between SSA pH and pCO2; (B) correlation between SSA 

pH and seawater pH as calculated from pCO2, dissolved inorganic carbon, temperature, and 

salinity. Data span from the addition of new seawater to the flume to perturbation by external 

inoculation. Horizontal error bars show 1 SD from minute averages during the corresponding 

MOUDI sampling time. Vertical error bars show 1 SD in nSSA pH calculated from different 

spots on the same pH strip.  
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predictable from CO2 levels and ion concentrations when biological activity is minimal, while 

water with dense biological activity features more complicated pH relationships. Furthermore, as 

CO2 levels increase in the atmosphere, these data show for the first time the potential for aerosols 

produced from ocean waters to be even more acidic.   

At this time, we have not identified a single biological parameter that is predictive of nSSA 

pH. Further, while the microbial loop may impact aerosol pH, the impact is relatively small, as 

shown by the general stability of nSSA pH across substantial changes in phytoplankton and 

microbial activity as estimated by chlorophyll-a concentrations (Figure 3.3).  

 
Figure 3.3: Time series of pH and chlorophyll a (Chl-a) measurements. Bulk seawater (SSW) 

pH, SSML pH, and nSSA pH from MOUDI stage 7 are plotted on the left-hand axis, and Chl-

a concentration is plotted on the right-hand axis. The SSW and Chl-a traces reflect averages 

over every minute and 2 h, respectively, while symbols denote SSML and nSSA 

measurements.  
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3.4.2 Acidity Across the Interface 

The results obtained here indicate that submicron aerosols obtain low pH rapidly after 

ejection from the ocean into the atmosphere. It has been suggest that this acidity in remote marine 

areas occurs in less than 15 minutes and perhaps even as fast as seconds.26–28 Here using a unique 

ocean-wave facility, we can definitively conclude that nSSA is acidic within the timescale of two-

minute and that the acidity is volume (size) dependent. 

The large change in acidity from supermicron to submicron SSA has been previously 

discussed. Fridlind and Jacobson (2000) calculated for a model marine boundary layer that 

submicron SSA comes to equilibrium with acidic gases within seconds, while hours are required 

for equilibrium with bases; for supermicron SSA, the opposite is true.29 The difference in acidity 

also follows from consideration of the surface area to volume (SA:V) ratios of these SSA. The 

buffering capacity of a single SSA is proportional to its volume, while the rate of acid uptake 

(assuming a constant accommodation coefficient) is related to its surface area. Therefore, the 

buffering capacity is overwhelmed more rapidly for high SA:V and hence submicron SSA are 

more quickly acidified. The different mechanisms of formation also likely contribute to the acidity 

difference. Supermicron SSA are mainly formed from jet drops, while submicron are mainly 

formed from both film and jet drops, with film drops having a greater enrichment of organic 

acids.30 It is possible that the submicron SSA collected here were an external mixture of low pH 

(0-2) film drops and higher pH (2-4) jet drops, but future studies are needed to isolate these 

phenomena.31 We also emphasize that higher pH values would be observed in regions where dust 

or ammonia make a substantial contribution and neutralizes SSA acidity.32,33 

It is worth noting that all submicron size bins had similar pH averages. Although Figure 

3.1 shows an apparent trend of slightly decreasing pH with diameter, the differences are not 
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statistically significant at 95% confidence. Past investigators have found that at pH = 2, the rates 

of acid uptake and HCl release are nearly equal for SSA, effectively buffering the aerosols at this 

pH.29 These results were obtained from a model of a remote marine boundary layer, removing the 

effects of further acidifying pollution and neutralizing mineral dust, and hence are similar to the 

conditions created here.13,14,26 It has also recently been shown by Zheng et al. (2020) that the 

sulfate/bisulfate system buffers at pH ~2 in aqueous solutions as well as aerosols, which could 

further contribute to buffering at this level.33  

Quantification of SSA pH is key to understanding various atmospheric chemical 

transformations. For example, hydrolysis of organic nitrates also occurs faster at lower pH.34 By 

contrast, the brown-carbon-forming reaction of glyoxal with amines is influenced by the 

proportion of unprotonated amines, leading to slower rates at lower pH.35 Many other examples 

exist, and it is clear that reactions that are important at the basic pH of seawater may be negligible 

at the highly acidic pH of submicron nSSA, and vice versa.12 For example, one particularly 

important atmospheric process with pH-dependence is the oxidation of SO2. This reaction 

produces sulfate and hence is important for predicting radiative forcing, and the fate of SO2 

depends strongly on the acidity of its environment. First, the effective Henry’s law coefficient of 

SO2 is over 6 orders of magnitude larger (in units of M/atm) at pH 8 vs pH 2, indicating it will 

partition into submicron nSSA to a significantly lesser extent than previously thought.19 

Combining Henry’s law coefficient variability with kinetic parameters, Liang and Jacobson (1999) 

calculated that for pH = 8 SSA, 100 times more sulfate would be formed in the aqueous phase than 

the gas phase; for the same liquid water content at pH = 2, more sulfate would be formed in the 

gas phase instead.36 Second, the aqueous-phase oxidation of SO2 has a highly-complex pH 

dependence, proceeding by entirely different mechanisms for pH < 5 than for pH > 5.37 
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Additionally, a rapid pathway of interfacial oxidation of SO2 has been identified for aerosols with 

pH < 3.5.38 Our data thus indicates this pathway is possible for submicron nSSA within minutes 

after its formation. Therefore, given the substantial contribution of SSA to atmospheric particulate 

mass and the pH-dependence of the key SO2 oxidation reaction, knowledge of the high acidity of 

nSSA is critical to accurately calculating the pathway and extent of sulfate formation and the 

subsequent impact on climate properties. 

A compilation of pH ranges for marine aerosols is given in Table 3.1.  

Table 3.1: Compilation of selected submicron and supermicron marine aerosol pH values. 

Description Sub-µm pH Super-µm pH Ref. 

Aerosol leeching solutions from Hamburg, 

measured after dilution 
1-3 4-8 7 

Southern Ocean, calculated by an equilibrium 

model 
0-2 2-5 29 

Moderately polluted Bermuda, measured with 

minimal dilution 
-1.1-3.2 1.2 to ≥ 5.6 14 

Hawaiian marine boundary layer, inferred from 

phase partitioning 
2.6-5.3 4.5-5.4 28 

Hawaiian after volcanic plume, measurement-

constrained ISORROPIA 
-0.8-3.0 N/A 39 

Eastern Mediterranean, calculated from 

measurement of LWC 
-0.2-1.1 ~7† 13 

Various Southern Ocean locations, PM2.5, 

calculated by ISORROPIA 
N/A 0.5-4.1 40 

This work 1.5-2.6 3.5-4.7 41 

† = PM10; reported as less quantitative than the corresponding sub-µm measurement.  

 

These values span similar ranges to our findings, however, these other results are obtained 

from mixtures of nascent, atmospherically aged, and secondary marine aerosols. The low pH of 

aged SSA is often attributed to anthropogenic pollution, radicals,  and oxidation of dimethyl sulfide 

to sulfur dioxide and sulfuric acid,13,14,16,42 but those factors do not contribute to conditions here. 

Instead, the results shown here indicate acidification happens much more quickly. The prior 

studies, from field measurements, were not able to isolate nascent SSA due to the nature of the 
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measurements whereas here we measured real world samples in a controlled environment by 

bringing the “ocean into the lab” as described in Prather et al.22 This allows for the determination 

that there are most likely several contributing mechanisms to the observed acidity of nSSA. 

3.4.3 Factors Contributing to Low nSSA pH 

Relative humidity is an important factor in assessing aerosol pH. Using readings from RH 

sensors before the MOUDI inlet and near the TSP filters, it was found that measured RH does not 

correlate (R2 = 0.01) with submicron pH. By contrast, the pH of supermicron SSA does correlate 

(R2 = 0.65) with RH. Past calculations have indicated that submicron marine boundary layer 

aerosol pH only weakly corresponds to RH, where supermicron aerosol pH has a stronger 

dependence, which is in agreement with the findings here.29 This does not necessarily mean that 

RH plays no role in submicron aerosol pH, but rather, that there are additional factors impacting 

pH.43,44 It is also worth noting that the RH range in question as measured at the MOUDI only spans 

72-89%, so at much lower RH, clearer trends of submicron SSA pH with water loss may be 

observed. The average RH values for the MOUDI, filters, and flume near particle generation were 

83%, 86%, and 93% respectively. Based on a typical growth factor curve for sodium chloride, the 

pH impact due to water loss moving from the site of generation to sampling was calculated. For 

the MOUDI and TSP filters, the pH of the measured nSSA before decreasing due to water loss 

would have been 0.3 and 0.2 units higher, respectively.45 Since RH data were only available for 

approximately half of the pH data points, and because this change is small, this correction was not 

applied to the data shown in Figure 3.1 for consistency. However, for SSA over the real ocean, 

this factor may be more significant, as some of the lowest pH values (0 to -4) have been reported 

for conditions of low RH and high sulfate or organic concentrations.12,13 
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A second cause of acidic pH for nSSA to consider is the lowering of droplet pH by acidic 

gases. The headspace air used for SeaSCAPE was passed through chemical and particulate filters 

designed to scrub volatile organic compounds, nitrogen oxides, and particulates including non-

nSSA aerosols, however they were unable to remove these species entirely (averaged over MOUDI 

collection times, the concentrations of NOx and O3 were 0.9±0.8 and 20±7 ppbv, respectively). It 

has been shown from model calculations that levels of HCl in the hundreds of part per trillion 

range can acidify SSA pH by several units at 95% RH.29 Acidic gases at typical coastal 

concentrations could quickly bring nSSA to pH ~2-4, and the timescales associated with these 

processes are generally on the order of seconds to minutes for submicron SSA.19,26,29,32,46,47 

Calculations show that 3-4 ppb total acidic gases would be sufficient to account for the pH values 

reported in this study. Due to logistical limitations, nitric acid and HCl concentrations were not 

measured, so the extent that acidic gases (or N2O5 converted to HNO3) contributed to nSSA pH 

remains unknown. Additionally, controls were performed to rule out the changing of pH paper 

color due to direct interactions between the paper and the gases from the flume. 

Another source of acidity that may be particularly relevant to submicron aerosol pH is the 

dissociation of organic acids.24,31 Surface active species, particularly organics, are enriched in the 

aerosol phase, predominately in smaller particles.48 For a 200 nm diameter SSA with a surface 

layer of palmitic acid with a mean molecular area of 22 Å2, only 4.4% acid dissociation is required 

to lower pH from 8 to 2. Although weak fatty acids typically dissociate only ~1% on their own, 

high concentrations of NaCl can shift acid pKa values and increase dissociation as Na+ ions 

compete with H+ for binding.49,50 Since SSA often have higher concentrations of salt than the SSW 

and SSML, this cation-assisted dissociation becomes more important as the molecules are 

transferred across the ocean-air interface.51 Further, as water is lost after the SSA are emitted from 
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the ocean, the resulting simultaneous concentration of organic acids and NaCl could enhance this 

phenomenon and lead to deprotonation that significantly impacts SSA pH. Given that it is known 

that surface active species are enriched at and across the air/water interface,48 it is reasonable that 

this enrichment impacts the change in pH across this interface upon aerosol formation.49 

Finally, as a point of comparison, we applied the Extended Aerosol Inorganics Model (E-

AIM) to data from a High-Resolution Aerosol Mass Spectrometer (HR-AMS) to estimate aerosol 

pH.23 We used Inorganic Model II, which uses concentrations of H+, NH4
+, SO4

2-, NO3
- and H2O 

as inputs.43,52,53 The observed NH4
+ was low and near the limit of detection, and the AMS is unable 

to quantitatively measure refractory components (i.e. NaCl). To this end, we performed two set of 

calculations. First, we used the observed values, which gave calculated aerosol pH -0.62 ± 0.07. 

Separately, we enhanced NH4
+ to neutralize SO4

2- (to act as a proxy for the unobserved cations; 

on average this increased the NH4
+ input by a factor of 2.1) which gave calculated aerosol pH -0.1 

± 0.3. These pH values should not be taken as the quantitative equilibrium acidity of these particles: 

using E-AIM without gas-phase inputs can yield highly variable results,8 and we acknowledge that 

the enhancing NH4
+ to approximate unmeasured cations is imperfect. Additionally, these pH 

values may be low because all sulfate is assumed to be inorganic when a fraction may instead 

originate from organosulfur compounds.54 Even so, these results emphasize that the AMS 

observations and associated calculations do support the major conclusion of this work that 

submicron nSSA are highly acidic. 

Combining the sudden drop in pH with the substantial increase in concentration that these 

aerosols undergo due to water loss, nSSA could serve as micro-reactors for chemical reactions that 

do not occur in SSW. Further, considering the lifespan of submicron SSA is on the order of days, 

these aerosols are only alkaline for a nearly negligible portion of their existence immediately after 
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ejection from the ocean, and subsequently remain highly acidic until further processing such as 

coalescence or deposition.55 Therefore, models of submicron SSA should treat nSSA as acidic, 

rather than pH ca. 8, since the former is a far better representation of the chemical environment 

inside these aerosols for the vast majority of their atmospheric lifetimes. This in turn will impact 

the chemical composition both inside the aerosols and in the atmosphere, as particle pH influences 

aerosol/gas partitioning and the fate of pollutants such as SO2.
38 

Overall, the pH of isolated nSSA has been directly measured for the first time under 

controlled conditions. The aerosol is highly acidic, showing that even freshly emitted sea spray 

aerosol has a substantially lower pH than the bulk seawater. Additionally, these findings show that 

size-resolved submicron aerosol pH can be measured within hours to help capture variations in pH 

as other conditions evolve. From seawater to the sea surface microlayer to super and sub-micron 

aerosol, a trend with pH and volume becomes clear. The increasing acidity with decreasing volume 

may be due to a variety of phenomena, such enrichment of acidic organic species. Regardless of 

the cause, this abrupt and clear decrease in pH across the ocean-air interface has important 

implications for various processes, including acid-catalyzed chemical reactions, S(IV) oxidation, 

and surface partitioning of gases in the aerosol.  Most importantly, these results show nSSA is 

acidified within minutes of aerosol formation without interaction with high levels of pollution that 

are typically considered to be important for aerosol acidification. These measurements of nSSA 

acidity inform models calculating the rate of critical atmospheric chemical transformations.  
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Figure 3.4: Representative calibration curves. Plots (a), (b), and (c) are created from pH papers 

spanning the pH 1-2.5, 3-5.5, and 6-8 ranges, respectively. A calibration curve of one of these 

types was created for every image of pH paper using the color scale included in the photograph. 

Plot (d) is a correction from pH paper reading to true pH as measured for bulk Pacific seawater 

adjusted to various pH levels. 
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CHAPTER 4 ENHANCED RATES OF TRANSITION METAL ION CATALYZED OXIDATION OF S(IV) IN 

AQUEOUS AEROSOLS: INSIGHTS INTO SULFATE AEROSOL FORMATION IN THE ATMOSPHERE 
 

4.1 Abstract 

The oxidation of S(IV) is a critical step in the fate of sulfur dioxide emissions that 

determines the amount of sulfate aerosol in the atmosphere. Herein, we measured accelerated 

S(IV) oxidation rates in micron-sized aqueous aerosols compared to bulk solutions. We have 

investigated both buffered and unbuffered systems across a range of pH values in the presence of 

atmospherically relevant transition metal ions and salts and consistently found the oxidation rate 

to be accelerated by ca. 1-2 orders of magnitude in the aerosol. This enhancement is greater than 

can be explained by enrichment of species in the aerosol compared to the bulk and indicates that 

surface effects and potentially aerosol pH gradients play important roles in the S(IV) oxidation 

process in the aqueous aerosol. In addition, our experiments were performed with dissolved S(IV) 

ions (SO3
2-/HSO3

-), allowing us to demonstrate that acceleration occurs in the condensed phase 

showing that enhanced sulfate formation is not exclusively due to gas-aerosol partitioning or 

interfacial SO2 oxidation. Our findings are an important step forward in understanding larger than 

expected sulfate concentrations observed in the atmosphere and show that inorganic oxidation 

processes can be accelerated in micron-sized aqueous droplets compared to bulk solution. 

4.2 Introduction 

The oxidation of S(IV) is a key reaction in atmospheric chemistry. Sulfur dioxide (SO2) is 

emitted from individual sources at rates as large as 4000 kilotons per year.1 The continental 

background concentration of SO2 is up to 1 part per billion (ppb) and polluted regions can have 

levels of several hundred ppb.2 In the atmosphere, SO2 dissolves into aqueous systems including 

aerosols and cloud droplets to form one of several aqueous S(IV) species, including bisulfite 
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(HSO3
-), sulfite (SO3

2-), and metabisulfite (S2O5
2-), which hereafter will be collectively termed 

S(IV)aq. These species are oxidized by a variety of pathways into sulfate (SO4
2-). For example, for 

bisulfite, the oxidation reaction with oxygen can be written as: 

 𝐻𝑆𝑂3
− +  

1

2
𝑂2 →  𝑆𝑂4

2− + 𝐻+ (4.1) 

This reaction can impact the composition and acidity of atmospheric aerosols. Although the 

oxidation of S(IV) is relatively slow, this is critically important to environmental chemistry, as the 

pH of aerosols and cloud droplets influences the rate of acid-catalyzed chemical transformations, 

the impact of aerosols on human health, and even the ability of aerosols to act as cloud 

condensation nuclei.3–5  

The oxidation of S(IV)aq is overall quite complex and notoriously sensitive to reaction 

conditions. In addition, recent measurements have shown more formation of sulfate during severe 

pollution events than can be accounted for by current models.6,7 The process is highly pH-

dependent, with different rate laws and mechanisms operative for different pH regimes (acidic, 

neutral and basic).8 The reaction is also inhibited by many different chemical species, including 

organic compounds, ammonia, and even S(IV) itself.9,10 These all vary with ionic strength, μ, and 

depending on the exact conditions, higher µ can either accelerate or inhibit the reaction kinetics.10–

12 Furthermore, the reaction can be catalyzed by transition metal ions (TMIs).10,13 TMI-catalyzed 

oxidation can, under some circumstances, be the dominant pathway of sulfate formation in the 

atmosphere.14 Indeed, one study found the reaction is seven times faster in distilled water versus 

milli-Q water due to the presence of TMIs in distilled water, despite the fact that these are present 

in sub-micromolar concentrations.15  

Since the reaction rate depends on the exact nature of the solution matrix, and more sulfate 

is being observed in haze events than can be explained by current kinetics data, the current study 
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focuses on high ionic strengths (μ > 2 M) found in aerosols to help fulfil the need for solute 

strength-dependent kinetics in this regime.12,16,17 We also worked in the 0.1-1.5 m S(IV)aq range 

since the majority of studies on S(IV) oxidation have utilized concentrations on the order of 0.01 

m or less (note: “m” refers to molality throughout this report).10,18,19 Even higher concentrations 

are not practical since the saturation concentration of Na2SO3 is 2.1 M.20 We employed an Aerosol 

Optical Tweezers (AOT) to suspend individual droplets in surface-free environments and 

continuously monitor their composition, size, and refractive index via Raman spectroscopy and 

Whispering Gallery Modes (WGMs).21 We used confocal Raman spectroscopy to monitor the 

same systems in the bulk phase. This allowed us to use our single-aerosol measurements to 

determine the extent to which oxidation of S(IV)aq catalyzed by transition metal ions and common 

salts is accelerated in aerosols as well as the pH dependence of this process. 

4.3 Methods 

All solutions were prepared using milliQ water with a resistivity > 18.1 MΩ. Sodium 

chloride (Fisher Lot 188772 and 186819) and sodium sulfate (Fisher Lot 161950) were baked at 

200 °C for at least 48 hours to remove organic impurities. Buffers were prepared from sodium 

acetate (Macron Batch 0000227236), imidazole (Sigma-Aldrich Lot WXBC9930V), glacial acetic 

acid (Fisher Lot 200447) and 1 and 6 N HCl (Fisher Lot 195295 and 183144). The pH of solutions 

was measured with a pH meter (OAKTON Instruments) and ranged from pH 5.4 to 9.4 ± 0.3 for 

unbuffered experiments and was either 7.0 or 3.8 ± 0.1 for buffered experiments. For experiments 

with added Fe and Mn, FeCl3•6H2O (Aldrich Lot MKBC9551V) and MnCl2•4H2O (Fisher Lot 

162637) were used, respectively. Various sources of S(IV), including NaHSO3
- (bisulfite), 

Na2S2O5 (metabisulfite), and Na2SO3 (sulfite) were used to verify that aerosol phase acceleration 

was not unique to one lot number. Additional reagents included sodium nitrate (Sigma-Aldrich 
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Lot MKBW8240V) and sodium perchlorate (Sigma-Aldrich 0401080). Except where otherwise 

noted, salts were used to adjust the ionic strength to 2.45 m. 

For bulk experiments, a confocal Raman spectrometer (Horiba) was used with the LabSpec 

8 software suite. Solutions were prepared by first weighing the S(IV) source and any salts such as 

NaCl into a scintillation vial, then adding milliQ water and acid or buffer as needed to obtain the 

appropriate pH. Solutions were agitated vigorously to quickly dissolve the solids, and this likely 

resulted in solutions with dissolved O2 at saturation for the given temperature (23.5 ± 0.5 °C) and 

ionic strength. 5 mL of solution was pipetted into a glass petri dish, and Kimwipe (Kimberly-

Clark) fibers were gently dusted onto the surface of the solution to aid in laser focusing. Spectra 

were obtained with 10 second acquisition times and 5 accumulations, typically every 3 minutes 

for an average of 67 minutes total, using 1800 grooves/millimeter for optimal resolution. For 

reaction times greater than an hour, the laser occasionally was refocused on the solution surface 

due to water evaporation. For experiments with sodium nitrate, the nitrate peak was used as an 

internal standard to track the relative intensity of the spectra over time. By focusing the laser 

slightly past the surface, the intensity of the signal remains relatively constant for over an hour as 

the evaporation causes the laser focus to pass through the optimal position and then signal begins 

to decrease with further evaporation. 

For experiments in the aerosol phase, a commercial Aerosol Optical Tweezers 100 (Biral 

Inc.) was used. Solutions were prepared the same as for the bulk and then aerosolized by an 

ultrasonic nebulizer (MicroAIR U22, OMRON) resulting in aerosols 3 ± 1 microns in radius. The 

aerosols were trapped by a laser (532 nm, 50 mW power). Except where stated otherwise, the RH 

was maintained at 90 ± 8% by controlled flow of wet and dry nitrogen gas (total flow 30 sccm). 

The amount of O2 present in the chamber was less than ambient conditions due to the N2 flow. 
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Raman spectra were acquired every second at 1200 g/millimeter and averaged in sets of eleven for 

analysis. Temperature probe readings were 24.6 ± 0.1 °C, and additional heating of the aerosol by 

the laser is expected to be on the order of 100 mK.22 The Raman spectrometer wavenumbers were 

calibrated using standard emission lines from a Hg and Ne/Ar USB light source (Princeton 

Instruments). Average experiments included 12 minutes of S(IV) containing aerosol data, followed 

by external standard(s). Calibration of intensity was performed by trapping a ca. 1 m sodium 

sulfate and/or nitrate aerosol for the acquisition of at least 100 spectra at the end of every 

experiment and quantifying the aerosol-phase concentration by obtaining refractive index. This 

allowed determination of the concentration of sulfate in other samples from that experiment via 

comparison of the integrated area of the sulfate peak (982 cm-1) or nitrate peak (1049 cm-1).  

Details of other measurements are given in the SI of the publication associated with this 

chapter (see Appendix). Briefly, TMI concentrations were quantified using a Thermo Fisher iCAP 

RQ ICP-MS analyzer. Bulk-phase refractive index measurements were performed using an ABBE-

3L refractometer (Bausch & Lomb). Finally, enrichment factors (EFs) were measured by AOT, 

conductivity probe, and ICP-MS methods. 

4.4 Results and Analysis 

4.4.1 Spectral Evidence of Acceleration 

Representative Raman spectra of the oxidation reaction at acidic pH are given in Figure 

4.1. The sulfate band is located at 982 cm-1 and has the same location within spectral resolution 

for both phases. In addition, HSO3
- and S2O5

2- peaks are present at higher wavenumbers, 1025 and 

1052 cm-1. At high pH (≥7) for bulk spectra there are broad, overlapping SO3
2- bands at 953 and 

967 cm-1. By contrast, for aerosol-phase spectra at all pH values, the S(IV) bands have low 

intensity. This is consistent with our previous work with the SO4
2-/HSO4

- system, where the latter 
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had substantially lower intensity relative to sulfate in the aerosol compared to the bulk.23 The S(IV) 

bands do appear  when sufficient S(IV) is dissolved in the bulk solution and aerosols with high 

S(IV) concentrations generated from these solutions are trapped.  

Figure 4.1 also shows that sulfate peaks are present in the AOT spectra as soon as the 

micron-sized aerosol is trapped in the optical tweezer and grow in intensity faster than that seen in 

the bulk phase spectra. The aerosol is prepared by nebulization of a bulk solution and is trapped 

within five minutes of beginning the experiment. Fewer than 30 seconds pass between aerosol 

trapping and spectral acquisition. It is clear that some of this sulfate formation is occurring during 

the trapping process. The rate of sulfate formation is then determined using only data after the 

aerosol is stabilized in the AOT. For example, for the AOT data shown in Figure 4.1, the first data 

point used in computing rate is obtained from the first spectrum, not from [sulfate] = 0. Likewise, 

for calculating bulk phase rates, the first data point used is obtained from the first spectrum where 

sulfate peak area can be calculated by Gaussian curve fitting. The advantage of this method is that 

 
Figure 4.1: Representative sulfate ion spectra as a function of time. Each trace shows Raman 

spectra following the formation of sulfate in aerosol and bulk phases at pH 5.6. The solutions 

contained 1.0 m S(IV) and 0.2 m NaNO3. The aerosol was 4.0 μm in radius, and the bulk 

solution was 5 mL in a glass Petri dish (d = 55 mm) exposed to ambient O2. 
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it makes the results less sensitive to any sulfate already present in the S(IV) source and it excludes 

interference from an induction period.10,24,25  

4.4.2 Quantifying Apparent Acceleration Factors for Various Conditions 

For both bulk and aerosol spectra, sulfate concentrations were calculated using calibration 

curves. We found that sulfate formation is significantly faster in the aerosol phase than the bulk. 

To quantify this acceleration, we defined an Apparent Acceleration Factor (AAF) as given in 

Equation 4.2:  

 𝐴𝐴𝐹 =  
𝑟𝑎

𝑟𝑏
 (4.2) 

Here, ra and rb are the rates (in m/min) observed in the aerosol and bulk phases, 

respectively, where sulfate formation was linear with time. The data included in our rates began 

with the first spectrum containing a stable, quantifiable sulfate peak and ended after sufficient data 

was obtained. Representative linear fits are given in Figure 4.2. 

A summary of AAFs for different experimental conditions is given in Table 4.1.  
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Table 4.1: Summary of AAFs for S(IV) oxidation in the aerosol versus bulk phase under different 

pH conditions. 

pH conditions 
Number of 

data sets 
[S(IV)] (m) Avg AAF AAF range AAFE range 

Acidic unbuffered 18 1.0 19 4-45 7-57 

Neutral unbuffered 5 1.0 33 10-55 12-96 

Basic unbuffered 10 1.0 41 15-92 21-153 

pH 3.8 acetate 

buffer 
4 0.5-1.4 55 41-78 48-89 

pH 7.0 imidazole 

buffer 
10 0.2-0.4 33 14-76 16-163 

  

 
Figure 4.2: Sample sulfate formation data for the aerosol and bulk phases. The data are from 

pH 9.4 samples with 1 m Na2SO3 and 0.95 m NaNO3 as the internal standard. AOT data show 

consecutive averages of 11 spectra (e.g., circles show spectra 1−11, 2−12, 3−13, etc.). Gaps in 

AOT data correspond to interference from WGMs. The aerosol data was collected for longer 

than a typical experiment to demonstrate the extent of linearity of sulfate formation, and initial 

data corresponding to aerosol stabilization (red circles) as well as data departing from linearity 

(black circles) are not included in rate computation. AOT data error bars are not shown for 

clarity and are ca. ± 0.02 m. Bulk error bars show the error in the sulfate or nitrate band area 

from peak fitting. 
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Here, a “data set” is the result from one bulk phase experiment compared to the average of 

multiple aerosol phase experiments with all parameters held constant. We tested a wide variety of 

pH conditions to determine the impact of this parameter on the AAF, with particular emphasis on 

acidic conditions since the majority of atmospheric aerosols are acidic.3,26 Even for unbuffered 

experiments, changes in pH during the reaction are expected to be small (< 0.1 pH unit) since the 

large concentrations of SO3
2- would absorb the majority of protons produced from the oxidation.27 

Ionic strength was controlled using either NaCl or NaNO3, two relevant salts for atmospheric 

aerosols.3,12,16 AAFs show the reaction is at least an order of magnitude faster in the aerosol phase. 

Additionally, we computed an Apparent Acceleration Factor corrected for Enrichment (AAFE) to 

account for the increased ionic strength and reagent concentrations in the aerosol. In all cases, 

AAFEs are larger than AAFs by 19 to 477 percent. 

For our systems, since we worked at high concentrations of S(IV) and salts, there was 

sufficient TMI present to catalyze the oxidation as the salt samples contained non-negligible 

concentrations of TMI. In order to quantify TMI concentrations, Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) was employed to measure iron, manganese, copper, and cobalt amounts 

in our samples. To further probe the nature of TMI catalysis, we performed experiments with 

explicitly added Fe3+ or Mn2+ (Figure 4.6). In both cases, S(IV) oxidation remained faster in the 

aerosol phase than the bulk across the pH range we studied (5.4 to 9.3). It is noteworthy that iron 

speciation changes considerably over this range, and therefore our results show that S(IV) 

oxidation acceleration occurs with different TMI species present.28,29 Table 4.1 also shows that 

AAFs generally increase with pH for unbuffered systems. 

For buffered experiments, pH was maintained constant at either 3.8 or 7.0 with an acetate 

or imidazole buffer, respectively, and [S(IV)]aq was varied. For the imidazole systems, AAFs went 
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through a maximum at ca. 0.3 m S(IV). At relatively high S(IV) concentrations (0.4 m), additional 

S(IV) increases the rate to a lesser extent due to self-inhibition. For the acetate systems, it was 

necessary to work at higher concentrations so the sulfate Raman band could be used to obtain 

multiple data points before acetic acid evaporation from the aerosol compromised the buffer pH. 

At these concentrations, any trend between AAF and [S(IV)] is less obvious. This may also be due 

to the complexity of the factors involved, namely, acid catalysis and inhibition by acetate.9,30 Even 

so, consistent acceleration in the aerosol versus the bulk is observed over a wide range of 

conditions.  

4.4.3 Measurement of Aerosol-Phase Concentrations 

Aerosol concentrations were measured by using the refractive index (n) of optically trapped 

aerosols to calculate their total solute content as has been previously demonstrated.31 From the 

position and spacing of WGMs (Figure 4.3), n can be precisely obtained.21 This enables calculation 

of molal refractivity (R), and hence mole fraction of solute x as shown in Equations 4.3-4.5 

 𝑅 =  𝑅𝑤 + 𝑥(𝑅𝑠 − 𝑅𝑤) (4.3) 

 𝑅 =
𝑛2 − 1

𝑛2 + 2
∗ 𝑥(𝑀𝑤 + (𝑀𝑠 − 𝑀𝑤)) ∗

1

𝑑
 (4.4) 

 𝑑 =  𝑑0 + ∑ 𝐴𝑖 ∗ 𝑥𝑖

𝑖

 (4.5) 

 

Here, Rw, Rs, Mw, and Ms are the refractivities and molar masses of water and the average 

solute, respectively, d is the density of the solution, d0 is the density of pure water and Ai are density 

polynomial coefficients. Refractivities were determined using a refractometer and Ai values were 

taken from literature.32,33 When the solute is a salt, the Ms is the weighted average molar mass of 

its ions. When Eqn. 4.3 and 4.4 are set equal to solve for x, an algebraic solution does not exist. 

Thus, calculations were performed by checking every possible x in small increments across a 
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physically realistic range and keeping the solution with the least difference between Equations 4.3 

and 4.4.  

For a given n, there is one possible x, allowing calculation of aerosol-phase concentration 

for systems containing one binary salt. When multiple salts are present, however, these equations 

do not have a single solution since the enrichments of the salts may be different and hence the salts 

may be present in different ratios in the aerosol than as prepared in the bulk. Therefore, 

independent measurements of the concentrations of all but one salt are necessary to uniquely 

determine the concentration of all species in the aerosol phase. For our work, we used NaCl, 

Na2SO4, and NaNO3, the latter two of which have distinct Raman bands allowing concentration to 

be determined via calibration curves. From aerosol concentration, an enrichment factor (EF) can 

 
Figure 4.3: (A) sample Na2SO4 AOT spectra taken at 1200 grooves/mm in the sulfate region 

showing the concentration-dependence of the prominent sulfate peak at 982 cm–1; (B) same 

aerosols as “A” taken at 300 grooves/mm to show the entire spectral range (A,B both show 

averages of 11 spectra, so WGMs are not visible); (C) single spectrum taken at 1200 

grooves/millimeter in the water O–H stretching region showing the WGMs, used to calculate 

aerosol size and refractive index, that appear on the broader water peak; and (D) calibration 

curve relating Raman peak area to sulfate ion concentration calculated by refractive index. The 

fit line has a set intercept of (0, 0). 
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be calculated, which here we simply define as the aerosol-phase concentration of a species divided 

by the concentration in the bulk from which the aerosol was generated. EFs were also calculated 

by ICP-MS and conductivity experiments. 

4.4.4 Impact of Ionic Strength 

Both NaCl and NaNO3 were found to be enriched into the aerosol phase, so it is important 

to account for the impact this has on the oxidation rate. To this end, we performed several series 

of bulk phase experiments where salt concentration could be precisely controlled, and the results 

are given in Figure 4.4. It is clear that increasing [NaCl] or [NaNO3] would not increase the 

oxidation rate, and in fact their enrichment actually slows the oxidation down. The difference in 

intercepts for the linear fits is not a concern, since the NaCl experiments used 0.2 m NaNO3 as an 

internal standard while the NaNO3 experiments used no NaCl. The experiments with NaCl and 

NaNO3 were also performed in the aerosol phase and indicate the same trend. To determine if this 

effect was simply due to increased ionic strength, we also tested the impact of sodium perchlorate 

(NaClO4) on the rate, as this ion is generally considered inert toward these type of reactions.34 

Figure 4.4c shows that NaClO4 has the most negative impact on the rate out of the three salts, with 

a less linear relationship. Taking the same data and plotting the log of the rate versus an ionic 

strength parameter defined as µ1/2/(1+ µ1/2), a more linear result is obtained in Figure 4.4d; this is 

consistent with previous work on the impact of ionic strength on aqueous TMI-catalyzed S(IV) 

oxidation.30  
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4.4.5 Enrichment 

Recent studies have shown the acceleration of reactions in aerosols. This has been the 

subject of a great deal of interest.35,36 For reasons that remain not fully understood, the environment 

of picoliter droplets greatly enhances the kinetics of many chemical transformations.37 Clarke and 

Radojevic showed that S(IV) oxidation could be substantially faster in sea spray aerosols than 

seawater due to catalysis by ions such as Cl-, although whether this was attributable to the aerosol 

environment was unclear since the concentrations of Cl- and H+ were orders of magnitude larger 

in their aerosols compared to the bulk.38 Liu et al. used an aerosol flow tube reactor to find that 

deliquesced, submicron aerosol droplets enhance the rate of S(IV) oxidation by hydrogen peroxide 

(and by TMIs at pH 2.8, although this effect is inhibited by increasing ionic strength).30 Zhang et 

 
Figure 4.4: Impact of various anions on sulfur oxidation rates in bulk aqueous solutions of (A) 

[NaCl]; (B) [NaNO3]; and (C,D) [NaClO4]. All solutions were prepared at pH 5.6. Solutions 

were composed of 1 m S(IV), the salt indicated by the x-axis, and for all data except (B), 0.2 

m NaNO3 was used as an internal standard. (C,D) reflect the same data plotted differently. 

Error bars show 95% confidence intervals from linear regression of [SO4
2–] vs time. 
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al. measured SO2 oxidation by Mn2+ and Fe3+ using a smog chamber and calculated the reaction 

to be two orders of magnitude faster for oxidation by Mn2+ assuming the rate law is the same in 

the bulk and aerosol phases.11 The studies by both Liu et al. and Zhang et al. were performed under 

conditions using SO2 as the S(IV) source, so it is unknown whether the accelerated reaction is 

S(IV)aq oxidation, interfacial SO2 (g) oxidation, or both. Indeed, experiments with SO2 (g) are 

complicated by the solubility of the gas into aerosols, which depends on pH and µ. Therefore, here 

we used aqueous S(IV) sources at higher pH levels where formation of SO2 does not occur and 

S(IV)aq oxidation can be isolated. There is also a recent report by Wang et al. demonstrating 

aerosol phase acceleration for the Mn-catalyzed pathway via chamber studies up to pH 7.39 We 

hope to contribute further to understanding of S(IV) reaction acceleration by studying the reaction 

on a single aerosol particle basis. 

Although aerosol-phase acceleration is more easily explained for highly charged droplets 

created from electrospray ionization, acceleration has been shown for uncharged aqueous droplets 

as well.36 We note that differences in rates between the bulk phase and the aerosol observed here 

are not due to diffusion limitations in the bulk and therefore other mechanisms are needed to 

explain accelerated sulfate formation. As discussed in more detail, three relevant factors are 

considered. The first is enrichment of species from the bulk to the aerosol phase. This is quantified 

by EFs. Second, we will consider the implications of the fact that molecules in the aerosol phase 

have more access to the surface relative to bulk phase. Third, we will discuss the impact of pH on 

the oxidation rate. Finally, we briefly describe how the approach used here for these types of 

reaction acceleration studies is consistent with some recent recommendations.40 

The increase in oxidation rate could theoretically be due to increased concentrations in the 

aerosol phase. First, we consider this possibility for the NaCl and NaNO3 salts we used. The 



75 

 

implication of Figure 4.4 is that the inhibiting effect of increasing [NaCl] or [NaNO3] is mainly 

inhibiting due to increasing µ, but slightly less inhibiting than a totally inert ion due to the weakly 

catalyzing nature of NaCl and NaNO3. This can be seen by comparing the slopes of Figure 4.4a 

and 4.4b to Figure 4.4c. However, the overall effect for both ions is still inhibiting, and therefore 

enrichment of these ions into the aerosol phase would not accelerate the reaction. We performed a 

similar analysis on the enrichment of S(IV) and TMI’s and found that, combined, their enrichment 

would not even double the reaction rate, far below what is found in Table 4.1. Therefore, other 

factors must be the main cause of acceleration. 

4.4.6 Surface Access 

In droplets, molecules have greater access to the interface than in bulk solutions. This is 

quantified by two characteristic lengths. The first is the length of the compartment in which the 

molecules are confined, Lcom, and the second is the average distance a molecule travels before 

reacting, Lrxn.
41  

 𝐿𝑟𝑥𝑛 =  √𝐷 ∗ 𝑡 (4.6) 

Here, D is the diffusion coefficient and t is the chemical lifetime (the product of the concentration 

and the inverse of the rate). Using representative values for our system and the diffusion coefficient 

of sulfite,42 we found Lrxn and Lcom to be 600 and 8 µm, respectively, for aerosols and 6,200 and 

55,000 µm for the bulk. This indicates that molecular species present in the aerosols sample the 

surface several times before reacting, while in the bulk phase they do not. For this reaction, surface 

access could accelerate the oxidation process by increasing interaction with ambient O2 diffusing 

at the air/water interface. Since the reaction steps proceed at different rates depending on the form 

of S(IV), surface access could also enhance the process by altering S(IV) speciation.43 It has been 

shown that molecules can have distinct surface and bulk pKa values, so it is reasonable to infer 
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that various S(IV) equilibria can be different at the interface.27,44 Generally, the more highly 

charged an ion is, the greater the energy cost to move it to the air-water interface.45 For our systems, 

this indicates that SO3
•- is more likely to be at the surface than SO4

2-. Given that SO3
•- needs to 

react with O2 for the oxidation to proceed while sulfate is an inhibitor of S(IV) oxidation, this 

relative surface propensity of the radical anion creates more favorable reaction conditions at the 

surface compared to the bulk.9 Additionally, it has been noted that TMIs themselves can be 

oxidized or undergo complexation during the S(IV) oxidation process, which would slow down 

sulfate formation.19 Since Fe3+ and Mn2+ are more highly charged than the radicals that propagate 

the reaction, it is possible that TMIs initiate the process from the core of the aerosol and then an 

accelerated propagation happens with radicals and O2 at the aerosol surface. However, the authors 

emphasize that the complexity of urban aerosols, including very high ionic strengths (> 10 M) and 

the presence of inhibiting organics may create conditions favoring a different mechanism in the 

real world. 

Another key aspect of surface access is interaction with spontaneously generated hydrogen 

peroxide. Lee et al. showed that supermicron pure water droplets generated ca. 30 µM H2O2 

without application of an external catalyst or voltage, which they attribute to OH radical action at 

the interface.46 Since H2O2 is a powerful oxidizer of the S(IV) reaction, even these low 

concentrations could contribute toward reaction acceleration, especially over timescales of minutes 

if H2O2 is continuously generated. Using H2O2 production data from Lee et al.,46 literature S(IV) 

oxidation rate data at our ionic strength, 47 and assuming the rate law from dilute solutions holds 

for concentrated S(IV) samples, an oxidation rate of 0.043 m/min could be obtained.  Further, the 

production of H2O2 at the interface could be enhanced by the presence of radical intermediates 

involved in S(IV) oxidation, and the hypothesis that the OH radical plays a role in this H2O2 
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generation is consistent with our observation that AAFs are higher at higher pH since it is proposed 

that OH radicals can be generated from hydroxide ions.46 

4.4.7 Aerosol pH 

We confirmed the pH of the generated aerosols utilizing substrate deposition onto pH paper 

as described in previous studies (Figure 4.7),26,48,49 however, the individual environments within 

these aerosols may be varied. Indeed, it is possible that a pH gradient exists inside aerosols, 

creating droplets with more basic cores and more acidic surfaces.50 Although gradients as large as 

3.6 pH units have been reported, given how sensitive the reaction is to changes in pH, even a 

gradient of less than 1 pH unit could explain aerosol-phase acceleration for S(IV)aq oxidation.10,50 

This is partly due to the greatly enhanced reactivity of Fe(H2O)5(OH)2+ compared to Fe(H2O)6
+3, 

key complexes for the iron-catalyzed reaction, with the former more present at higher pH.44 Thus, 

if a gradient does exist in aerosols, then aerosols are ideal reactors for S(IV) oxidation, since the 

process at interfaces is faster at low pH, while the process in the bulk is potentially faster at high 

pH (although conflicting kinetic orders for H+ at pH above 4 have been reported).9–11,51 

The existence of an aerosol pH gradient is still under debate,50,52 but it is worth noting that 

the investigators who proposed it were working with alkaline aerosols, and here we observe larger 

AAFs for more basic droplets. It is possible that the gradient is an absolute proton concentration 

difference between the droplet core and surface. In that case, since pH is a logarithmic scale, the 

pH gradient would be larger at lower proton concentrations. If protons have an inherent surface 

propensity, then at lower concentrations a greater fraction of the protons would be able to 
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accumulate at the surface.41,53 A visual representation for our hypotheses for aerosol-phase 

acceleration is given in Figure 4.5. 

 

4.4.8 Control of Experimental Variables 

There are several precautions that should be taken in reporting droplet-phase reaction 

acceleration. A recent report by Rovelli et al. provided six recommendation for such studies.40 Our 

work was consistent with these recommendations as follows. We controlled solvent evaporation 

by maintaining the relative humidity (RH) in the AOT. Our droplet sizes and reagent 

concentrations were precisely known by radius and refractive index data derived from the spectral 

WGMs (which allowed us to determine when enrichment occurred, see Figure 4.8). We performed 

 
Figure 4.5: Visual representation of the various factors that contribute to aerosol-phase reaction 

acceleration. H2O2 generation is enhanced at the interface. A pH gradient creates a more acidic 

surface and more basic core, which favors faster reaction conditions (for example, the reaction 

at the bottom of the aerosol requires a proton to proceed). Highly charged TMIs and inhibiting 

products are spatially co-located in the aerosol core while lower charged TMIs, radicals and 

O2 concentrate and react at the interface. Detailed mechanistic steps are omitted from this 

conceptual image. 
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experiments on varying concentrations within the range of instrumental detection. The reaction 

timescale was controlled because the reaction was slow enough that nebulization time was 

negligible. Online detection of products was obtained by collecting Raman spectra every second. 

Finally, by working at high pH and not using ionizing nebulizers, we avoided competing gas phase 

SO2 reactions. Therefore, while our experimental design does require use of relatively high reagent 

concentrations, we are able to effectively measure acceleration by obtaining kinetics data for 

individual droplets in well-controlled environments and circumvent several complications that are 

more common in electrospray experiments. De Haan et al. has shown kinetic enhancement in 

uncharged drying droplets, and most other studies of reaction acceleration use charged 

droplets.35,54 Our results are thus unique in that they demonstrate aerosol-phase rate enhancement 

in single uncharged droplets maintained at constant, high RH where concentration of reagents over 

time does not contribute to reaction acceleration. 

4.4.9 Atmospheric Implications 

S(IV) oxidation has become a topic of renewed interest due to observations of severe haze 

events that cannot be explained based on current knowledge from bulk phase kinetics 

parameters.6,7  Laboratory experiments to explain these field observations are now being reported 

in the literature.  For example, Zhang et al. performed smog chamber studies and found that SO2 

oxidation is 2 orders of magnitude faster in aerosol water than the bulk,11 which is in agreement 

with the AAFs we report here. Their studies were performed at lower pH values than we used (0.4 

to 5.0), using much higher TMI concentrations and ppb level SO2 concentrations. Therefore, their 

data reflects a combination of both the interface-driven oxidation of SO2, which is highly efficient 

at low pH, and the aqueous phase process.51 Our data thus confirms that droplet-phase acceleration 
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occurs for the aqueous phase process in the absence of SO2 even at high S(IV) concentrations and 

at the low TMI concentrations found in the atmosphere.  

Furthermore, while most previous studies have been performed at low pH, our data for 

alkaline and neutral droplets shows that accelerated S(IV) oxidation is expected for higher pH 

aerosols found in some portions of the world.3,24 By demonstrating that our AAFs exceed what can 

be obtained from aerosol-phase enrichment alone, we have shown that distinct surface-driven 

mechanisms may dominate in aerosols and control of surface area to volume ratios is essential in 

investigating the kinetics of this process. On a more fundamental level, our results show that 

inorganic oxidation processes can be accelerated in uncharged aerosols. This complements the 

many recent findings of organic accelerated reactions measured in electrospray experiments and 

encourages the use of aerosols in green synthesis and industrial catalysis. 

We have shown that TMI-catalyzed S(IV) oxidation is significantly accelerated in the 

aerosol phase. This is a key step forward in understanding the process of atmospheric S(IV) 

oxidation, as we have decoupled the interfacial and aqueous reactions and definitively shown the 

latter to be enhanced in the aerosol phase beyond what can be explained by the salting-in of gases. 

In addition, we have shown how to quantify chemical reaction acceleration in uncharged droplets 

of constant size measured on a single aerosol particle basis. 
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4.6 Appendix 

Supporting discussions, methods, calculations, figures, and tables can be found free of 

charge in the Supporting Information of the publication corresponding to this chapter.55  

 
Figure 4.6: Results for bulk-phase experiments determining the impact of (A) Fe3+ and (B) 

Mn2+ concentrations on S(IV) oxidation rate for 1 m S(IV) samples. For Mn2+, no trend is 

apparent, indicating only a catalytic amount is required. For Fe3+, at most there is a weak 

postitive correlation, so enrichment of Fe3+ into the aerosol phase may partly contribute to 

reaction acceleration. (C) shows the results of increasing S(IV) concentration, which also 

increased ionic strength. (D) reflects experiments where the concentration of NaClO4 was 

decreased as the concentration of S(IV) increased to maintain constant ionic strength. In both 

cases, to maintain a constant pH of 5.6, it was necessary to use more HCl, which in turn 

increased TMI concentration. For all four panels, error bars show 95% confidence intervals 

derived from the linear fit of sulfate concentration versus time. 
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Figure 4.7: Comparison of pH for 1 m S(IV)aq solutions. Each pair shows measurements of the 

same sample, with the bulk on the left and aerosol on the right. Bulk solutions were prepared 

from sodium sulfite and acidified with 1 M HCl solution, then measured with both a pH probe 

and pH paper, with consistent results. Aerosols were impacted onto pH papers in triplicate. 

Error bars show one standard deviation. It can be seen that these pH values between bulk and 

aerosol phase are identical for most pH values, but in a few cases, there is slight acidification 

upon nebulization of the bulk solution to form the aerosol. 

 
Figure 4.8: Distribution of aerosol-phase concentrations of sulfate when the same solution of 

1 m Na2SO4 was nebulized into the optical tweezers and aerosols were trapped 50 times with 

the same laser power of 50 mW. Concentrations were calculated by refractive index as outlined 

in the Discussion. From this data, EF = 1.5 ± 0.3. 
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CHAPTER 5 ORGANIC ACID EVAPORATION KINETICS FROM AQUEOUS AEROSOLS: IMPLICATIONS 

FOR AEROSOL BUFFERING CAPACITY IN THE ATMOSPHERE 

 

5.1 Abstract 

The acidity of atmospheric aerosols controls their impacts on heterogeneous and 

multiphase reactions, cloud formation, and human health. Recently, it has been shown that 

multiphase buffering can shift aerosol pH substantially compared to bulk solutions. Here, we 

highlight a unique type of multiphase buffering for aerosols that occurs when organic acids 

partition from aqueous salt aerosols upon acidification with a strong acid. In this case, rather than 

lowering the pH of the aerosol, titration with strong acids lowers the organic fraction within the 

aerosol while maintaining constant pH. We investigate evaporation rate for the model system lactic 

acid as well as other atmospherically-relevant species such as acetic, butyric, and methacrylic 

acids. We demonstrate that the timescales for evaporation of organic acids from aerosols are on 

the order of minutes, comparable to acidification rates in the atmosphere. The organic acid 

evaporation we observe for lactic acid in salt aerosols is enhanced compared to bulk measurements 

within what is expected based on differences in surface to volume ratios, indicating surface effects 

are important. In addition, we show that a salting-out effect drives small organic molecules to the 

surface, where they quickly evaporate, removing acidity and causing a “superbuffering” effect. 

Our results can explain why aerosols in the acidic pH range from 2 to 4 are able to resist further 

acidification by strong acids in the atmosphere. Overall, this work highlights unique properties of 

concentrated aerosols and demonstrates how inorganic ions and organic compounds together 

control multiphase buffering in the atmosphere. 
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5.2 Introduction 

Aerosol pH is a critical parameter for atmospheric chemistry. The pH of a particle impacts 

the surface propensity of fatty1 and amino acids,2 multiphase chemical reactions,3,4 and even the 

likelihood of the aerosol to seed a cloud.5,6 In addition, highly acidic aerosols have detrimental 

effects on human health.7,8 Since it is challenging to directly measure the pH of aerosols, which 

can have volumes smaller than one femtoliter, aerosol pH is commonly calculated by 

thermodynamic models which take aerosol and/or gas phase concentrations as inputs.9,10 These 

models can be useful, but they assume the aerosol is at equilibrium. Limitations of this assumption 

can potentially lead to erroneous results. Direct measurements of aerosol pH indicate that particles 

can be rapidly acidified to pH values of 2 to 4 depending on particle size,11 and several studies 

show that atmospherically aged aerosols can become very acidic with pH values < 0 while others 

remain in the pH 1 to 4 range.9,12 

Another key aerosol parameter is organic fraction. For example, water-soluble organic 

compounds impact hygroscopicity of aerosols and in turn cloud condensation nuclei activity.13 

Aerosols with a significant organic fraction can adopt a morphology of a highly viscous outer layer 

enclosing an aqueous core, which impacts aerosol reactivity.14 The identity of the organics as 

speciated by mass spectrometry has frequently been used for source apportionment to give insight 

into the origin of aerosols from pollution events and natural emissions.15 It is also important to 

track what organics partition from aerosols back into the atmosphere, as these species can then 

serve as gas-phase precursors for reactions producing additional secondary organic aerosols.8 

The partitioning of organic acids influences both aerosol pH and organic fraction. While 

many studies have been conducted on the uptake of organics by aerosols, the loss of organics 

through partitioning from the aerosol into the gas phase has received much less attention. A study 
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by Meng et al. used thermodynamic data to show that formic and acetic acids should be found 

overwhelmingly in the gas phase and are negligible in the aerosol phase.16 Some data indicates 

that these acids may be formed by aging aerosols, and thus, we would expect these acids to 

partition out of the aerosol.17 This process reduces the organic fraction and increases the pH of the 

system toward neutral pH by removing the organic acid. 

Figure 5.1 illustrates the differences in the titration of a bulk solution and an aerosol. For 

both phases, the initial system is 1 m sodium acetate. Strong acid is then added to neutralize this 

conjugate base, according to Equation 5.1.  

 A−(aq) + H+ →  HA (aq) (5.1) 

For the bulk solution, the pH of the system follows a simple titration curve via the Henderson-

Hasselbalch equation, shown by the dark line. The aerosol could follow this same pH profile. 

However, given that the acetic acid that is formed partitions out of the system, the particle could 

actually remain neutral if all of the formed acetic acid evaporates, as in Equation 5.2. 

 
Figure 5.1: Comparison of theoretical titration for bulk solution and aerosol. 
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 HA (aq) → HA (g) (5.2) 

In fact, the pH of the aerosol could lie anywhere in the shaded area during the titration 

depending on the rate at which the acetic acid evaporates and the concentration of acetic acid in 

the gas phase. For example, at 50% acid equivalent added, the pH could be as low as 4.75 (the pKa 

of acetic acid) or as high as 7 if all the acidic protons have been taken up by acetate that has then 

evaporated as acetic acid if the concentration of acetic acid in the surrounding air is low.  

Aerosols therefore have potential for a greater buffering capacity than a corresponding bulk 

solution of identical composition due to the greater importance of Equation 5.2. The difference 

between bulk and aerosol buffering has previously been highlighted by Zheng et al. who showed 

that the ammonia/ammonium conjugate pair, which buffers bulk solutions at an alkaline pH, has a 

more acidic peak buffering capacity in aerosols.18 This assessment was made on the assumption 

of aerosol equilibrium, but given Figure 5.1, it is also important to consider the kinetics of 

partitioning as well. Recently, Li et al. quantified the kinetics of ammonia depletion for substrate-

deposited aerosols mixed with nanoparticles to monitor droplet pH.19 They found evaporation to 

take ca. 10 minutes for 20-micron aerosols, showing that the process can be monitored on 

reasonable timescales with Raman spectroscopy. Kohli et al. measured the evaporation of aerosols 

containing various ethylene glycols and found evaporation on timescales of minutes to hours 

depending on the conditions.20 It is also known that small organics such as ethanol evaporate in 

seconds from single aerosols, and while this can be useful in introducing new species (dissolved 

in ethanol) to a levitated aerosol and then allowing the ethanol to evaporate, this process is too fast 

for a detailed kinetics study of organic evaporation.21  

 In this study, we report measurements of the evaporation of organic acids from single, 

optically levitated micron-sized aqueous salt aerosols. Our aim is to provide insight into the 
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timescales of processes controlling aerosol pH and aerosol organic mass fraction by studying 

atmospherically relevant acids. Specifically, we have investigated the evaporation of acetic, 

butyric and methacrylic acids.22 We also extensively studied lactic acid as a model system for a 

more viscous organic acid. Overall, we find that when organic acids volatilize quickly, aerosols 

exhibit what we have termed a “superbuffering” capacity, where more acidity is removed from the 

particle (via Equation 5.2) than would occur for a bulk solution.  

5.3 Methods 

Solutions were prepared using milliQ water with resistivity > 18.1 MΩ. NaCl (Fisher, 

Certified ACS) and Na2SO4 (Fisher, Certified ACS) were baked at 200 °C for at least 48 h to 

remove organic impurities. Sodium nitrate (Sigma-Aldrich, ReagentPlus), hydrochloric acid 

(Fisher, Certified 5.95-6.05 N), methacrylic acid (Thermo Scientific, 99+%), acetic acid (Fisher, 

glacial, Certified ACS), lactic acid (Fisher, 85% w/w in H2O, Certified ACS), butyric acid (Fisher, 

>99%), and dimethylamine (Aldrich, 40 wt. % in H2O) were used without further purification. 

Samples were created by weighing the solids into a 20 mL scintillation vial with a Teflon cap, then 

adding the appropriate volume of solvents and dissolving the solids via agitation. Measurements 

of pH were carried out with a pH meter (OAKTON Instruments) calibrated with pH 4 and 7 

buffers.  

For aerosol-phase experiments, single micron-sized aerosols were trapped using a 

commercial Aerosol Optical Tweezers 100 (Biral Inc.). Solutions were nebulized using an 

ultrasonic nebulizer (MicroAIR U22, OMRON) and self-coalesced in the optical trap to obtain a 

particle of the appropriate size, typically with a radius of 4 ± 1 μm. Precise control of aerosol size 

was not necessary since curvature effects have little importance in this micrometer size regime and 

past studies have indicated evaporation processes to be nearly size-independent even for 
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submicron aerosols.23 Relative humidity (RH) was maintained at 80 ± 3% by a 30 sccm flow of a 

mixture of wet and dry N2 gas. A faster flow rate was avoided to prevent unnecessary convection, 

which has previously been recognized as a potential source of degassing acceleration.19 We also 

acknowledge that any RH flow (which is necessary to prevent the particle from drying out) may 

lead to continuous condensation of water onto the aerosol particle, which could have a plasticizing 

effect, decreasing the time needed for the aerosol to reach equilibrium.24 Nebulized aqueous  salt 

aerosols are emitted at ca. 100% RH, so water equilibration times to an 80% RH environment are 

theoretically on the order of milliseconds.25 Temperature was typically 24.6 ± 0.1 °C and minimal 

heating from the 532 nm laser is expected.26 Once aerosols were trapped, Raman spectra were 

collected every second on the 1200 g/mm setting, with the spectrum centered on either 570 nm to 

obtain kinetically useful bands or 645 nm to obtain Whispering Gallery Mode (WGM) data for the 

calculation of aerosol size and refractive index. Raman frequencies were calibrated with standard 

emission lines from a Ne/Ar and Hg light source (Princeton Instruments). Raman frequencies are 

labeled for convenience only, and peaks may shift by ca. ± 4 cm-1 depending on pH, solute 

concentrations, and phase. For some experiments, aerosols were coalesced with HCl to lower the 

pH as has been previously described.27 

For bulk-phase experiments, a confocal Raman spectrometer (HORIBA, LabRam HR 

Evolution) was used with the LabSpec 8 software. 6 mL of the given solution was transferred into 

a glass petri dish (d = 49 mm) and placed on the stage under the microscope. Real time spectra 

centered at 3400 cm-1 were acquired as the height of the stage was adjusted until the maximum 

signal from the broad water band was observed, and then the stage was moved slightly past this 

point to maintain optimal signal for as long as possible, as previously discussed.4 7 second 

acquisition times with 5 co-added scans were used on the 1800 g/mm setting, allowing the range 
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of 400 to 4000 cm-1 to be analyzed in less than 10 minutes. Temperature was typically 23 ± 1 °C. 

A custom MATLAB script was written to initiate spectral collection precisely every 10 minutes 

until enough data was obtained. 

For both types of experiments, spectral data were analyzed with the Multipeak Fitting 

package from Igor Pro (Wavemetrics). Area versus time data for the internal standard, if not 

constant, was first analyzed to remove influence from WGM by eliminating positive outliers. It 

was visually confirmed in several cases that these outliers corresponded to WGM by using the 

Lara Offline software (Biral Inc.). (The use of an internal standard is necessary in the aerosol phase 

because the aerosol can change size during the experiment, and in the bulk phase because the 

required timescale of hours results in water evaporation.) The internal standard data were then fit 

to a linear equation to allow interpolation for missing data points from the removal of WGMs. 

Then, the kinetics data from the Raman band of interest (usually the C–C stretch, specifically the 

C–COOH peak, between 800 and 930 cm-1) was normalized to this fit. The WGM interference 

from the kinetics data was also removed, and then the resulting dataset was fit to a ln(A/A0) vs 

time function, where A is the peak area at a given time and A0 is the initial peak area. We note that 

spectral frequencies labeled on figures are provided for convenience and may shift by a few 

wavenumbers between experiments due to differences in ionic strength, solution composition, or 

bulk vs aerosol phase. All post-Igor processing was carried out using custom MATLAB scripts. 

 The refractive index of solutions was measured with an ABBE-3L refractometer (Bausch 

& Lomb). About 0.5 mL of each solution was pipetted onto the refractometer prism and a sodium 

lamp was used to illuminate each sample for alignment. Pictures of the illuminated images were 

taken with a smartphone camera and processed in Inkscape to count the pixels per refractive index 

unit and calculate refractive index. In the AOT, refractive index was measured from the WGM 
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bands on the water O-H stretch at 650 nm. Since bulk measurements were performed at the 

standard 589 nm, the AOT refractive index was converted to this wavelength using Equation 5.3.28 

 na = nb +  D1 (
1

λa
−

1

λb
) +  D2 (

1

λa
−

1

λb
)

2

 5.3 

Here, n is refractive index, λ is wavelength, and D1 and D2 are the first and second dispersion 

terms, which are also measured by the AOT. 

Surface tension data was obtained with an AquaPi tensiometer (Kibron) with Teflon 

sample cups. The tensiometer was calibrated with milliQ water to 72.8 ± 0.1 mN/m. Each pair of 

salt solution and salt solution + organic acid was measured repeatedly until measurements agreed, 

and the tensiometer was cleaned with milliQ water and a butane torch between measurements. 

5.4 Results and Analysis 

5.4.1 Experimental Results and Analysis 

In order to quantify organic acid evaporation from aerosols, we first determined which 

Raman peaks were sensitive to the presence of the acid, the conjugate base, and both species. Peak 

assignments are given primarily based on previous studies.29 In the case of lactic acid, which we 

consider first, the stretching mode of the carbon-carbon single bond adjacent to the carboxylic acid 

group (i.e. the C–COOH stretching mode) is strong in the Raman spectra.  Its frequency is 830 

cm-1 which is useful as it is well-resolved and there is a clear shift for the corresponding peak for 

the base (i.e. the C–COO- stretching mode) at 856 cm-1
 (see Figure 5.2a). Therefore, this was the 

peak used for monitoring the presence of lactic acid in the aerosol without interference from 

lactate.29 The 1730 cm-1 peak due to the protonated C=O in the carboxylic acid group (-COOH) is 
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broad and weak in the Raman spectrum and therefore difficult to use for kinetic analysis. 

Nevertheless it is qualitatively useful to corroborate lactic acid evaporation from the aerosol (see 

Figure 5.2b). We used sodium sulfate as our internal standard (980 cm-1 band), which in our pH 

range (≥ 3.2) is non-volatile as a dianion and works well as a standard.27 

Lactic acid evaporates very slowly from bulk solutions which is unsurprising given its 

boiling point is greater than that of water. Spectra were collected over a 13 hour timescale. After 

ca. 11 hours of evaporation, lactic acid begins to crystallize, complicating the kinetics. In addition, 

 
Figure 5.2: Lactic acid evaporation. (a) Comparison of aerosol (top traces) and bulk (bottom 

traces) Raman spectra. Bulk solutions were 1 m lactic acid, neutralized with KOH if lactate 

was needed, and aerosol solutions were created by nebulizing these solutions. Useful 

frequencies are labeled. (b) Aerosol spectra, where lactic acid evaporates in 150 s as indicated 

by the 830 cm-1 C-COOH peak. Sulfate (980 cm-1) was used as the internal standard. Sharp 

frequencies in the bottom spectrum correspond to WGMs. (c) First-order kinetic fit to the loss 

of the C-COOH peak area in lactic acid at 830 cm-1. The fit has a slope of -0.016 s-1 and an R2 

of 0.97.    
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water evaporation is significant on this timescale, which would increase the lactic acid 

concentration and hence the lactic acid signal. To account for this, we tracked the peak area of the 

C-COOH 830 cm-1 band normalized to the sulfate internal standard. By evaluating only data before 

lactic acid crystallization, the bulk evaporation rate for 1.5 m lactic acid in a 1.5 m NaCl solution 

was determined to be 4.8 ± 0.3 * 10-6 s-1. 

Next, we performed experiments on the same solution but for micron-sized aerosol. 

Representative spectra are given in Figure 5.2b. The loss of the C-C peak area versus the internal 

standard peak area fit first-order kinetics well (Figure 5.2c). The slope of this graph gives a rate 

constant k for the initial loss of lactic acid. From replicate experiments, k was found to be 1.2 ± 

0.3 * 10-2 s-1, which is 2.6 * 103 faster than the corresponding bulk evaporation. The surface area 

to volume (hereafter S:V) ratio  for the bulk system is ca. 3.1 cm-1. The S:V ratio for a 4 micron 

aerosol is 7500 cm-1. Thus, the aerosol S:V ratio is greater by a factor of 2.4 * 103. This number is 

within the evaporation rate ratio of 2.6 ± 0.7 * 103 with propagated error. 

To gain insight into the factors controlling the rate of organic evaporation from aerosols, 

we performed experiments varying the concentration of lactic acid and sodium chloride in the bulk 

solutions used to prepare the aerosols. The results are shown in Figure 5.3a. At a given [NaCl], 

when we decrease [lactic acid], the rate constant increases. This may seem surprising, given that 

first-order rate constants are insensitive to concentration. However, here, a large decrease in lactic 

acid substantially decreases the viscosity of the aerosol, which decreases the resistance 

experienced by a molecule moving through the aerosol and to the aerosol surface to evaporate. 

Our finding highlights an important feature of aerosol chemistry for atmospheric kinetics. The 

viscosity of aerosols can vary by orders of magnitude depending on the RH,30,31 and viscosity can 
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be sensitive to different parameters including biological activity in the ocean for sea spray 

aerosols.32 Therefore, where possible, atmospheric kinetics modeling for partitioning processes 

should incorporate viscosity. We focused on aerosols at 80% RH, but future investigations could 

target lower RH conditions where viscosity is orders of magnitude larger and evaporation kinetics 

would be considerably slower. As an additional note, the viscosity analysis reveals that caution 

should be taken in comparing aerosol- and bulk-phase rates. For aerosols, as evaporation of a 

viscous organic occurs, the aerosol viscosity decreases, accelerating further evaporation. For the 

bulk, as water evaporates faster than the organic, viscosity increases, slowing further evaporation. 

Therefore, a comparison of the two is only semi-quantitative and should not be over interpreted as 

 
Figure 5.3: Impact of aerosol composition on reaction rate. (a) When [lactic acid] is 

increased, the rate decreases due to an increase in viscosity (vide infra). When NaCl is added 

there is a rate increase, due to a “salting-out” effect on lactic acid. (b) Surface tension and 

surface pressure of 1 m lactic acid (LA) solutions. The surface pressure data show the 

difference between the surface tension of NaCl solutions and NaCl solutions with added 

lactic acid (see Equation 4). The surface pressure fit shows how NaCl can drive lactic acid 

to the air-water interface for bulk solutions. The non-zero intercept of the surface pressure fit 

at 13.8 mN/m is expected because lactic acid has surface activity even in the absence of salt. 

The slope is 2.96 (mN/m)/mNaCl and R2 is 0.997. Error bars, smaller than the symbols, show 

standard deviation of replicates. 
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evidence of unique surface effects of aerosols. Instead, multiple processes are occurring 

simultaneously which need to be taken into account. 

Figure 5.3a also shows the changes in the rate of lactic acid evaporation from the aqueous 

aerosol as a function of sodium chloride concentration. Faster rates are found for higher 

concentrations of NaCl. This likely has to do with a “salting-out” effect where inorganic ions and 

organic molecules compete for hydration and organics are thus more easily lost from the aqueous 

phase.33,34 The literature on salting out effects is complex. For NaCl, salting out has been observed 

for a wide range of molecules.33,35 For pure acetic acid aerosols, however, it has been found that 

adding NaCl does not impact the rate of organic evaporation, probably due to the already very high 

volatility of acetic acid.36 Theoretically, the equilibrium behavior caused by salting out can be 

quantified by Sechenov coefficients, but unfortunately these coefficients are scarce in the literature 

and not available for lactic acid.37 To determine if salting out was occurring here, we measured the 

surface pressure, π, for a series of solutions of 1 m lactic acid with increasing [NaCl] (Figure 5.3b). 

Equation 5.4 provides a definition of π: 

 π =  γ0 − γ 5.4 

where, γ0 is the surface tension of an NaCl solution and γ is the surface tension of the same solution 

with 1 m lactic acid. The data show that NaCl increases the surface activity of lactic acid. In 

particular, in a solution with 4 m NaCl, the surface activity of lactic acid doubles compared to a 

solution with no NaCl. With this increased surface activity, the lactic acid is more likely to reside 

at the interface where it can readily evaporate from an aerosol. Furthermore, the increase in 

viscosity due to added NaCl is completely negated by the salting-out effect. Indeed, a 4 m NaCl 

solution has a viscosity of 1.35 cP,38 while a 2 m lactic acid solution has a viscosity of ca. 1.31 

cP.39 Despite this substantial increase in viscosity, the rate of evaporation nevertheless increases 
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with increasing [NaCl], indicating that salting-out is a key factor for the prediction of organic 

partitioning. 

 To determine whether salting-out by NaCl is enhanced in the aerosol phase, ideally, the 

kinetics of bulk solutions and aerosols free of NaCl should be compared. In practice, we found 

NaCl-free lactic acid aerosols to be too unstable to provide reliable data. Instead, we extrapolated 

the 2 m lactic acid data shown in Figure 5.3a to a 0 m NaCl concentration and obtained a k of 1.8 

± 0.5 * 10-3 s-1. The corresponding bulk kinetics experiment with 2 m lactic acid and no NaCl gave 

a k of 2.0 ± 0.7* 10-6 s-1. This corresponds to an aerosol-phase enhancement of 900. Therefore, at 

least for the case of NaCl, salting-out appears to be enhanced in the aerosol phase and accelerates 

evaporation kinetics. 

One of our goals was to determine timescales for this superbuffering effect of salt aerosols. 

To do this, we needed to show whether the acidification process of organic bases significantly 

contributes to the total time needed for organic acids to evaporate. Although acid-base chemistry 

is known to be very fast, phenomena such as concentration gradients could impact reaction rates.4 

To test this, we performed some experiments by trapping aerosols composed of lactic acid and 

others by trapping sodium lactate and acidifying the aerosol with HCl. For these acidification 

experiments, the same approach was applied as described above, and the rate at 95% confidence 

is 1.6 ± 0.6 * 10-2 s-1. The large confidence interval is due to variability between experiments, since 

enrichment factors apply to both the initial aerosol and the coalescing aerosol, as well as variability 

in the size of the aerosol that coalesces with the trapped aerosol. Nevertheless, the titration (initial 

lactate aerosol) 95% confidence interval encompasses the non-titration (initial lactic acid aerosol) 

95% confidence interval of 1.2 ± 0.3 * 10-2 s-1
. This is a key point because it indicates that the 

titration step does not impact the evaporation rate. The utility of this result is that other experiments 
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can be performed by trapping an aerosol that initially contains an acid and omitting the 

acidification step, which reduces sources of experimental variability.  

The behavior of methacrylic acid was found to be similar to lactic acid. Unfortunately, due 

to solubility limitations and the requirement of high concentrations in the aerosol phase to obtain 

quantitative data with Raman spectroscopy, it was not practical to carry out concentration- or salt-

dependent studies for methacrylic acid. However, we were able to obtain reproducible data for 

aerosols generated from bulk solutions of 0.67 m methacrylic acid and 0.67 m sodium sulfate at 

pH 2.9. Representative spectra are given in Figure 5.4, where the loss of the 808 cm-1 peak 

corresponds to the loss of methacrylic acid. From replicate experiments we obtained a first order 

rate constant of 0.029 ± 0.014 s-1. The corresponding rate constant for a bulk solution is 3.69 ± 

0.06 * 10-5 s-1. This represents an aerosol-phase acceleration factor of ca. 800, which is fully 

accounted for by the difference in the S:V ratios. 

 
Figure 5.4: Raman spectra of aqueous salt aerosols containing 0.67 m methacrylic acid and 0.67 

m sodium sulfate. The methacrylic acid evaporation over a 60 s time span is seen by the 

decrease in the 808 cm-1 peak, due to the C–COOH stretching mode. Traces show averages of 

the co-addition of 11 consecutive 1 second spectra each. 
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We anticipate salting-out to be less important for methacrylic acid. Based on surface 

tension measurements, methacrylic acid has a higher π than lactic acid for the same concentration 

of sodium chloride. However, the slope of the π vs. [NaCl] plot is smaller, showing that 

methacrylic acid is less sensitive to salting out as [NaCl] increases. This illustrates the possibility 

that molecules which are more surface active on their own will be less sensitive to salting-out, 

which makes sense because more of the molecules would already have limited hydration spheres 

at the air-water interface. 

Next, we consider aerosol evaporation data from two other carboxylic acids, namely acetic 

and butyric acid. The bulk Raman spectra for butyric acid is given in Figure 5.5a. The carbon-

carbon symmetric stretch peaks observed for the C–COOH and C–COO- groups in butyric acid 

and butyrate are at 868 and 878 cm-1, respectively. There are also several peaks due to the 

symmetric and asymmetric bending modes of CH2 and CH3 groups in the 1400 to 1480 cm-1 range. 

Rather than resolve them individually, we simply note the ratio of the maxima at 1414 and 1453 

 
Figure 5.5: Raman spectra of butyric acid. (a) Confocal spectra with insets showing spectral 

differences at various pH levels. The broad boxed COOH band at 1715 cm-1 also shows pH-

dependence. From top to bottom, the pH values are 5.60, 5.07, 4.82, 4.77, 4.64, 4.27, 4.07. and 

3.41. The uncertainty for each is ± 0.04 pH units. (b) Aerosol phase traces (averages of 11 

spectra each) showing butyric acid evaporation and pH increase. The sharp features correspond 

to WGMs. 
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cm-1 is sensitive to pH as shown in Figure 5.5a. An additional note for these experiments is that 

we chose sodium nitrate as the internal standard due to its very strong Raman band at 1050 cm-1 

which is useful for experiments involving coalescence. 

The C–COOH and C–COO- stretching mode peaks at 868 and 878 cm-1, respectively, can 

be resolved by peak fitting in confocal spectroscopy, but due to lower resolution of the Raman 

spectrometer in the aerosol optical tweezers, these peaks are found to be less reliable for 

quantitative analysis. The presence of butyric acid can be qualitatively seen by the 868 cm-1 

shoulder which decreases in subsequent spectra as the acid evaporates. This phenomenon can be 

more clearly seen in the ratio of the 1414 and 1453 cm-1 maxima. When the aerosol is first trapped, 

the 1453 cm-1 peak has greater intensity, indicating the system contains more butyric acid than 

butyrate. After 70 seconds, the peaks have nearly equal intensity. At this point, there is a gap in 

the spectral data as the instrument grating was shifted to obtain the size and refractive index of the 

aerosol. Upon returning at 250 seconds, the 1414 cm-1 peak is now more intense, indicating an 

increase in pH.  

There is significant uncertainty associated with the shoulder at 868 cm-1 due to peak 

overlap. There is also no guarantee that the 1414 to 1453 cm-1 peak ratio corresponds to the same 

numerical butyric acid to butyrate relationship as the bulk. Indeed, we have previously observed 

differences in broad peaks for bulk- and aerosol-phase Raman spectra,27 which may be due to 

heterogeneous broadening.40 For a 4-micron radius aerosol, at any moment in time, ca. 7.3% of 

the molecules are within 100 nm of the interface, while for the bulk phase in our conditions, only 

0.003% are. This leads to more variations for bond environments in the aerosol phase. A clear 

example of the varying peak prominence between phases can be seen in Figure 5.5 in the 1715 

cm-1 COOH peak, corresponding to butyric acid, which is only visible in the bulk phase. 
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Nevertheless, in order to determine a lower bound rate constant, we assumed the ratio of the peaks 

corresponded to the same acid to base ratio as the bulk and calculated a rate constant of 0.02 s-1, 

with the understanding that the real-world rate could be an order of magnitude faster or more 

depending on the conditions. Comparing this to the bulk rate of 2.70 ± 0.05 * 10-5 s-1, the aerosol 

evaporation rate is faster by a factor of ca. 103. 

Acetic acid was found to evaporate even faster than butyric acid. We were unable to obtain 

individual spectra giving evidence that acetic acid was present in the aerosol phase, and the 

acidification of sodium acetate led to loss of all organic signal faster than the time required for the 

aerosol to stabilize (ca. 3 seconds). We therefore conclude that acetic acid evaporation likely 

occurs on the timescale of milliseconds or faster and that it is unlikely to be detected in atmospheric 

aerosols, consistent with predictions.16 Acetic acid may be detected in aerosols with higher organic 

fractions and at lower RH conditions.41 

To demonstrate that the observed evaporation was not a function of other experimental 

variables and conditions such as surrounding water vapor slowly replacing organics in the aerosol, 

we performed experiments with the dimethylammonium cation, DMAH, a charged protonated 

 
Figure 5.6: Aerosol spectra of dimethylammonium cation. Spectral bands do not significantly 

change over 110 minutes. Traces show an average of 70 spectra each to show peaks more 

clearly, which creates the oscillation-like artifact in the 110 min spectrum due to movement 

of WMGs. 
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species that does not evaporate from the aerosol or bulk solution, as a control experiment. 

Dimethylamine, DMA, has been observed as a significant component of particles and cloud 

water.42,43 Given that the pKa of DMA is ca. 10.7, it is expected to exist almost exclusively as 

DMAH in atmospheric aerosols.9 We aerosolized a 2 m DMA/DMAH solution with an initial pH 

of 10.6, corresponding to slightly more DMAH than DMA in the initial solution. By comparison 

to the bulk spectrum of this mixture, it can be seen that DMAH but not DMA is present in the 

aerosol. We infer that DMA partitioned away during the nebulization process, leaving only DMAH 

in the aerosol phase. Over 110 minutes, the DMAH signal does not significantly change, indicating 

that this ion does not partition into the gas phase, nor does transient DMA (from the dynamic 

equilibrium of DMAH with DMA) escape at a fast enough rate to slowly deplete the aerosol of 

DMAH. Our finding is therefore consistent with the observation of DMAH in real atmospheres 

and cloud water.  

5.4.2 Calculations 

We have shown here that organic acids can partition from aerosols on fast timescales, often 

on the order of minutes, potentially contributing to multiphase buffering. To put this timescale in 

context, we calculated a theoretical rate of acidification for a 4-micron radius aqueous aerosol. We 

considered only ambient concentrations of the strong acids HCl at 1 ppb,44 HNO3 at 1 μg/m3,45 and 

H2SO4 at 106 molecules/cm3.46 We used a wind speed of 15 km/hr, just above the minimum 

associated with the formation of waves and hence e.g. sea spray aerosols.47 This allowed the 

calculation of the number of acidic molecules the aerosol would collide with as it travels through 

a volume equal to the cylinder swept out by its area. Assuming no buffering, this creates an aerosol 

at pH 4.4 in 1 second and pH 2.3 in 2 minutes. This means that acidification can be slow enough 

that the evaporation of newly-protonated organic acids from aerosols can help buffer pH. Of 
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course, there may also be neutralization by bases such as ammonia, which ranges in concentration 

from < 0.2 to > 24 ppbv.48 Using a value of 1.1 ppbv and assuming instant neutralization, we 

calculated a 1 second pH of 5.7 and a 2 minute pH of 3.7. We assumed accommodation coefficients 

of unity for this calculation, but if smaller coefficients were used, which have been observed even 

for strong acids,49 then acidification would be even slower and organic evaporation would have 

more time to occur.  

 To gain further insight into the behavior of molecules evaporating from confinement in 

aerosol micro-compartments, we performed calculations on the rate of diffusion of lactic acid 

molecules. A convenient mathematical result is that, in spherical coordinates when only radial 

diffusion needs consideration, the mathematics are the same as for a one-dimension system.50 We 

calculated the diffusion coefficient by extrapolating literature measurements,51 resulting in a value 

of 7.3 to 7.6 * 10-6 cm2/s for the concentration range of 1 to 2 m lactic acid. We calculated that for 

a single-point concentration allowed to diffuse outward, in just 1 second, the concentration at a 

distance of 4 microns is only 0.5% different than that at the origin.50 Therefore, mixing occurs on 

the millisecond timescale, and would only be slow enough to limit the evaporation rate at a very 

low mole fraction of water, with a particle composed essentially entirely of lactic acid.52  

We also performed calculations with a system of 105 particles randomly distributed across 

a 4 micron 1-dimensional distance. At each time step, the movement of each particle was carried 

out by multiplying a diffusion rate by the cosine of a randomly generated number between 0 and 

2 pi (see Data Package for the MATLAB code). Particles that passed into a negative x-coordinate 

were reflected to the absolute value of their current location, and particles that passed the 4 micron 

threshold were irreversibly removed from the system and designated as evaporated. Using the 

diffusion coefficient as the diffusion rate, we initially obtained a first-order evaporation rate of 20 
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s-1. For a real aerosol, as evaporation progresses, competing effects would start to impact the 

evaporation rate. Namely, evaporation rate would increase as the viscosity of the system decreased, 

but the evaporation rate would also decrease as the pH increased and a greater percentage of the 

lactic acid molecules became lactate. These effects are less important for our experiments, as we 

could only track lactic acid evaporation to the limit of quantitation, 0.36 m. At this point, for a 

system that started with 1.5 m lactic acid, the pH only would increase by 0.3 units and the 

percentage of lactic acid molecules in the form of lactate would only increase from 1.0 to 2.1%. 

Based on a sensitivity analysis (Figure 5.7), the diffusion rate needs to be lower by a factor 

of ca. 50 in order to match our fastest experimental evaporation rate. This is partly due to the fact 

that real aerosols can have organic vapors condense back onto the aerosol. In addition, the energy 

barrier at the air-water interface must be overcome by the molecule before it evaporates, and thus 

this barrier reduces the probability of lactic acid exiting the aqueous phase. Mathematically this 

could be quantified by an evaporation coefficient (describing a decrease from the maximum 

 
Figure 5.7: Sensitivity analysis for calculated evaporation rate constant at different diffusion 

rates. The top right data point corresponds to a rate equal to the diffusion coefficient with a 

100% probability of escaping the aerosol upon arriving at the aerosol-air interface. 

Simulations were performed using 105 particles, as it was found that increasing the particles 

to 106 only changed k by 0.12% while greatly increasing computing cost. Data points fit y = 

(30.3 ± 0.6)x2 + (2.8 ± 0.5)x + (0.08 ± 0.07) with R2 = 0.999. 
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theoretical evaporation rate).53 Calculations agree with experiments for an evaporation coefficient 

of 0.003, slightly below what is probable, indicating that salting-out or other factors contribute to 

accelerated evaporation.54 The energy barrier itself is the enthalpy of vaporization (ΔHv) which 

has been reported ranging from 58 to 69 kJ/mol for lactic acid.55,56 Since a gas molecule always 

has a higher entropy in the gas phase compared to the condensed-phase, ΔHv thermodynamically 

justifies why all aerosol components do not immediately become individual gases. Using a semi-

empirical correlation, this ΔHv value corresponds to a saturation concentration of 2.8 * 105 μg/m3, 

which follows from the fact that lactic acid is both volatile (b.p. = 122 °C) and miscible in 

water.57,58 

To highlight the importance of enhanced partitioning, we next compared our experimental 

findings to predictions from E-AIM Model III.59–61 We used the ratio of moles from each bulk 

solution and an RH of 80%. Lactic acid was input as a singly dissociating acid using a pKa of 3.86 

and a Henry’s Law constant of 7.1 * 107 mol/(kg*atm).62,63 For our systems, E-AIM predicted 

(molality-based) pH values ranging from 1.43 to 1.71. This is striking, given that this is an 

equilibrium model, and our data indicates that the majority of lactic acid partitions away by the 

time the aerosol reaches equilibrium. Even assuming no further lactic acid evaporates past our 

limit of detection (which is unlikely), the aerosol pH would be at least as high as 2.4 and could 

theoretically even be neutral. The situation is similar for methacrylic acid, with an E-AIM 

predicted pH of 2.5 and a minimum experimental pH of 2.8. This demonstrates that 

thermodynamic models can underestimate pH when Henry’s Law and volatility are both high. 

While E-AIM is likely predicting a pH close to what would be observed in a bulk solution with 

the majority of lactic acid remaining in the aqueous phase, we have found that lactic acid can be 

efficiently salted out of aerosols and therefore is primarily present in the gas phase. Thus, care 
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should be taken when assessing the final composition of aerosols with large fractions of volatile 

components. Indeed, while equilibrium partitioning may describe the formation of organic-

containing aerosols well, the properties of the formed aerosol can be quite different from 

equilibrium predictions.64 

5.5 Conclusions and Implications 

We have shown that small organic acids evaporate rapidly from aqueous salt aerosols in 

conditions of low gas phase concentrations over timescales ranging from milliseconds to minutes 

depending on the specific organic acid. Evaporation rate can be slowed by increases in viscosity 

but, despite the fact that increases in NaCl increase viscosity, evaporation rate is accelerated by 

NaCl due to salting-out effects. Given the lifetime of typical atmospheric particles, small organic 

acids leave very quickly.65 This illustrates the possibility of a distinct type of titration that can 

occur for aqueous aerosols. In a typical aqueous solution bulk-phase titration of a conjugate base, 

as acid is added, the pH decreases and the organic fraction remains constant. For an aerosol 

composed of conjugate base, however, the pH actually remains constant as the organic fraction 

decreases since the organic acid partitions rapidly into the gas phase. The released organic acids 

could then react with atmospheric amines to form secondary organic aerosols.43 

 Using our data, we can categorize the lifetime of an aerosol based on its pH. Using sea 

spray aerosols as an example, these particles are rapidly acidified to pH 2-4 within minutes.11,12 At 

this point, the aerosol pH drops below the pKa value of many organic acids and their volatilization 

causes multiphase buffering, preventing the aerosol pH from dropping further. Buffering from 

nonvolatile species such as charged amino acids may help maintain the aerosol pH of ca. 2.66,67 

This can explain how both fresh and aged sea spray aerosols have similar pH levels. Neutralization 

by ammonia may also occur, although depending on the aerosol liquid water content, due to 



110 

 

partitioning, the peak buffering capacity of the ammonia/ammonium system may be at an acidic 

pH.18 Over many days, the multiphase buffering capacity may eventually be exhausted, allowing 

aerosols to equilibrate with strong acids in the atmosphere and reach pH < 0.9 Thus, for areas 

producing aerosols with a high fraction of small organic acid molecules, the pH can be expected 

to remain near the average pKa of these acids for most of the aerosol’s lifetime since organic 

partitioning is so fast that the process will rarely be kinetically limited. For aerosols with a low 

fraction of these organic acids or their conjugate bases, the particle will more quickly drop to a 

very acidic pH and have more harmful effects on human health. 

Our findings give some additional insights into experimental methods that utilize small 

organic molecules. Some mass spectrometry and liquid jet methods rely on organics as solvents 

for analytes.68 The fast evaporation of these organics, and the resulting concentration of the 

analytes, should be accounted for when considering the data. Recently, the phenomenon of 

reaction acceleration in the aerosol phase has been a topic of considerable interest.68,69 We have 

shown that organic acids can evaporate from aqueous salt aerosols faster than would be predicted 

from a S:V or viscosity analysis alone, with salting-out likely contributing to this enhancement. 

Therefore, salting-out effects should be quantified when comparing reaction rates in aerosols or 

liquid jets to bulk solutions. 
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CHAPTER 6 DIRECT QUANTIFICATION OF NITRATE AND CHLORIDE DEPLETION KINETICS FROM 

SINGLE LEVITATED AEROSOLS 

 

6.1 Abstract 

The hygroscopicity and pH of aerosols control their impacts on human health and the 

climate. Nitrate and chloride depletion are processes that appear to be unique to the aerosol phase 

and influence both hygroscopicity and pH. Despite many field observations and laboratory tests, 

uncertainties remain about these processes. While acid evaporation has been observed during 

dehydration there is a question as to the rate of acid evaporation and whether this occurs in fully 

hydrated particles. Here, we analyze Raman spectra from single, levitated aerosols to directly 

elucidate the kinetics of nitrate and chloride depletion. Using glycine as a novel in-situ pH probe, 

we are able to measure nitrate and chloride depletion over timescales of hours in fully hydrated 

particles at 80% RH. We find, in agreement with previous studies, that chloride depletion is faster 

than nitrate depletion. In addition, from the calculated rate constants, we infer depletion is limited 

by the formation of HCl/HNO3 at the air-water interface. 

6.2 Introduction 

Aerosols are ubiquitous in the atmosphere and have profound effects on global climate and 

human health. The chemical content of an aerosol, including organic fraction and salts such as 

nitrates and sulfates, determine its hygroscopicity, which in turn controls aerosol size.1,2 Another 

parameter, aerosol acidity, can influence cloud condensation nucleus activity, aerosol surface 

chemistry, and particle interactions with the lungs.3–5 Aerosol pH and chemical composition are 

both sensitive to multiphase buffering, as acids and bases can partition out of aerosol into the 

surrounding environment.6 
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Two particular types of acid evaporation that are highly important to aerosol pH are nitrate 

and chloride depletion, which are shown in Equations 6.1 through 6.4. 

 HA (aq) + NO3
−(aq) →  HNO3(aq) + A− (aq) (6.1) 

 HA (aq) +  Cl−(aq) → HCl (aq) + A−(aq) (6.2) 

 HNO3(aq) → HNO3(g) (6.3) 

 HCl (aq) → HCl (g) (6.4) 

In the first two reactions, HA is generally used to refer to other acid molecules, often organic acids. 

These processes, hereafter termed “depletion”, are typically not thermodynamically favorable in 

bulk solutions since HNO3 and HCl are strong acids. However, both of these acids are highly 

volatile, and therefore likely to partition into the surrounding atmosphere once formed if they are 

able to access the solution-air interface. While the equilibria of Equations 6.3 and 6.4 are controlled 

by Henry’s Law, the kinetics of aerosol and acid evaporation can vary substantially depending on 

factors such as concentration.7 

Depletion has been observed in various field and laboratory studies, and occurs to a great 

enough extent to impact hygroscopicity and source apportionment considerations.2,8–11 Several 

aspects of the depletion process remain unclear. Since HNO3 or HCl must form at or diffuse to the 

surface in order to partition into the atmosphere, one might assume that depletion would be greater 

for smaller aerosols with higher surface area to volume ratios. Indeed, differences in depletion 

between fine and coarse aerosols have been observed.12 Two reports from the Laskin group, 

however, have shown no statistically-significant size-dependence for substrate-deposited 

aerosols.13,14 While most studies have focused on aerosols, there has also been observation of 

larger rainwater droplets containing less chloride than corresponding bulk solutions.15 One 

important consideration for the size-dependence of depletion is that depletion can create a negative 



119 

 

feedback loop. As depletion occurs, aerosol pH is increased and fewer nitrate or chloride ions 

remain in the aerosol, presumably decreasing the probability of further HNO3 or HCl from 

forming. Therefore, the extent of depletion observed in field studies may vary depending on the 

initial amount of nitrate or chloride salts contained in the particle, which would vary with aerosol 

size. Further, organic coatings on aerosols could inhibit depletion, preventing complete depletion 

from occurring even for long atmospheric lifetimes.11,16 Detailed studies on the kinetics of 

depletion could resolve complications relating to size-dependence. 

An additional area of ongoing investigation is the cause of depletion. In some studies, 

depletion is attributed to inorganic acids such as sulfuric acid (i.e. chloride or nitrate are replaced 

by sulfate).17 Other reports have indicated that dicarboxylic acids can account for a significant 

fraction of depletion.18,19 Acetic acid, by contrast, has been associated with little depletion.9 

Another mechanism involves joint loss with ammonia.20 A further complication is that chloride 

depletion can be caused by other chemical reactions including reactions with ozone and the OH 

radical.21 In general, atmospheric aerosols contain numerous components, making identification 

of the drivers of depletion challenging. For field studies, coalescence and agglutination of droplets 

adds yet another degree of complexity to tracking chloride or nitrate depletion.8 For laboratory-

generated aerosols that are deposited for days before analysis, the volatilization of aerosol 

components or the action of dehydration could convolute the analysis of the same processes.  

To provide insight on nitrate and chloride depletion, we performed experiments with 

optically levitated single aerosols. The absence of a substrate allows HNO3 or HCl to escape from 

any portion of the full surface area of the aerosol, more environmentally realistic in contrast with 

substrate-deposited aerosols. The technique we used also allows monitoring of aerosol size and 

relative humidity. Most importantly, we are able to obtain Raman spectra every second, giving 
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insights into the kinetics of depletion from an aerosol over time on seconds to hours timescales. 

By comparing our results to past studies and theoretical considerations, we highlight several key 

aspects necessary for depletion to occur and illustrate a method for future investigations of 

depletion. 

6.3 Methods 

All samples were created using milliQ water with resistivity > 18.1 MΩ. Sodium chloride 

and sodium sulfate were baked at 200 °C in an oven for at least 48 hours to help remove organic 

impurities. Glycine (> 98.5%) and sodium nitrate (> 99.0%) were used without additional 

purification. Adjustments to pH were made with concentrated sulfuric acid, and the pH of bulk 

solutions was measured with a pH meter (OAKTON Instruments).  

A commercial Aerosol Optical Tweezers 100 (Biral Inc.) was used as previously 

described.22 Briefly, samples were aerosolized by an ultrasonic nebulizer (MicroAIR U22, 

OMRON) resulting in aerosols ca. 3.5 ± 1 microns in radius. We note that this aerosol distribution 

contains particles with a variety of concentrations, probably due to the action of the vibrating mesh 

and water loss between particle generation and laser trapping. The trapping laser had a wavelength 

of 532 nm and was operated at 50 mW. Relative humidity (RH) was maintained at 80 ± 8% by 

controlled flow of wet and dry nitrogen gas (total flow 30 sccm). Raman spectra were acquired 

every second at 1200 g/millimeter setting, with the grating centered either at 570 nm to track the 

glycine, sulfate, and nitrate peaks, or at 645 nm to track size and refractive index. Each Raman 

peak location is reported as the same number between different experiments to minimize 

confusion; Raman maxima for a given experiment can shift by a few wavenumbers (± 4 cm-1) due 

to differences in the chemical matrix. Bulk-phase refractive index measurements were performed 
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using an ABBE-3L refractometer (Bausch & Lomb) as described in Chapter 2 of this thesis, and 

the refractive indices of glycine solutions are given in Figure 6.5. 

Calculations required parameters from the E-AIM model.23,24 For these model runs, 

malonic acid was used in place of glycine. This is because these molecules have similar pKa1 

values and calculations with glycine are not feasible. If glycine is input as an acid, the protonated 

form is uncharged and the deprotonated form is an anion, which makes correct ion balance 

impossible. If glycine is input as an amine, there are no significant issues from the viewpoint of 

charge balance, but the first pKa of glycine falls outside the possible range of amine dissociation 

constants permissible by E-AIM. Other than this substitution, the E-AIM model is run with default 

settings. 

6.4 Results and Analysis 

6.4.1 Glycine as a Probe of Aerosol pH  

Conjugate acid/base pairs can be used to monitor aerosol pH via Raman spectral peaks. 

Previously, Craig et al. employed various conjugate acid/base pairs for pH measurement in 

substrate-deposited aerosols.25 Among the possibilities given at acidic pH were acetic acid, oxalic 

acid, bisulfate, and nitric acid itself. The nitric acid and nitrate conjugate pair should be avoided 

for long term pH measurements since the nitric acid can deplete over time. In past work, we have 

seen only weak, diffuse spectral signatures of bisulfate in our AOT spectra.26 Oxalic acid generates 

significantly overlapping Raman peaks and has relatively poor solubility despite its small size.25,27 

Finally, acetic acid is highly volatile and likely to evaporate from aerosols.28 To avoid these issues, 

we used glycine, an organic molecule with high solubility, distinct Raman peaks, and that would 

be charged in both its protonated and deprotonated forms so that it would not partition from the 

aerosol.  
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 We prepared an AOT calibration curve of glycine aerosols at various pH levels as shown 

in Figure 6.1. The annotated spectra list pH values corresponding to the bulk solutions from which 

the glycine aerosols were generated. We anticipate that these pH values are very similar to the pH 

of the aerosols as we have previously seen minimal acidification upon nebulization for acidic 

aerosols.22 This is likely due to the fact that these aerosols are already at an acidic pH, eliminating 

titration by CO2, and airborne for a short enough time for acidification by other trace gases to be 

 

 
Figure 6.1: (a) Spectra of aerosols produced from bulk solutions of varying pH. Minimal 

acidification is expected upon nebulization as the solutions are already more acidic than CO2, 

are buffered by 1 m glycine, and do not contain volatile acids. As pH increases, the C-COOH 

peak (878 cm-1) decreases and the C-COO- peak (898 cm-1) increases. Bulk solutions were 

acidified by adding the appropriate amount of H2SO4, so the sulfate peak (980 cm-1) is more 

intense at lower pH. Traces show the averages of 100 spectra each. (b) Calibration curve 

relating the peak intensity ratio of the C-C stretch for the protonated to deprotonated form, C-

COOH to C-COO-, to determine the aerosol H+ concentration. (c) Speciation diagram of 

glycine showing the relative abundance of the cation (red), the zwitterion (teal), and the anion 

(blue). 



123 

 

minimal. In addition, an increase in pH is often associated with the water loss that aerosols 

experience. Here, we maintained RH just above 85% to minimize water loss while still having a 

relative humidity reading with reasonable precision. Finally, although individual traces are shown, 

triplicate experiments were performed at each pH to verify the peak ratios were similar, with 

variability between aerosols shown in Figure 6.1b.  

The spectra in Figure 6.1a show that the ratio of the 878 and 898 cm-1 peaks can be used 

to monitor aerosol acidity. These peaks correspond to the C-C stretch of the only two carbon atoms 

in glycine molecules, and due to the small size of glycine, the change in protonation state shifts 

the peak enough that they are reasonably well-resolved.29 The appearance of the 1336 cm-1 (NH3
+ 

and CH2 twist) and 1420 cm-1 (NH3
+ wag) peaks can independently give a qualitative indication 

of a pH increase, which is useful in the aerosol phase since WGMs can temporarily obscure the 

878 and/or 898 cm-1 peaks. Figure 6.1b shows how the ratio of these peaks can be quantitatively 

converted to pH and was used for calculation of AOT aerosol acidity elsewhere in this chapter. 

Finally, Figure 6.1c shows a speciation diagram of glycine. 

6.4.2 Analysis of Depletion from Single Aerosols via Raman Spectroscopy 

With the pH-dependence of the glycine peaks as a direct probe of changes of pH within the 

aerosol, we now consider Raman spectra from single aerosols containing a mixture of nitrate, 

glycine, and sulfate (as an internal standard). The nitrate (NO3
-) ion has a strong Raman signal at 

1050 cm-1 assigned to the symmetric stretch, while sulfate (SO4
2-) has a peak at ca. 980 cm-1 also 

assigned to the symmetric stretch. The sulfate peak is not expected to deplete over time, since it is 

in equilibrium with HSO4
-, which is also charged. Sulfuric acid itself is highly acidic, more soluble, 

and is less volatile than HCl and HNO3.
30 The sulfate peak could increase in intensity, however, if 

the starting pH were below 3 and pH increases, as bisulfate converts to sulfate. This pH increase 
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could come from nitrate depletion, which would lead to a decrease in the nitrate peak relative to 

the sulfate peak. We note that the loss of bisulfate in a bulk solution would lead to a decrease in 

intensity in the 1050 cm-1 region, however, for the AOT we have observed bisulfate signal to be 

weak and diffuse and therefore only a minor contributor to the overall peak area in that spectral 

region.26  

  

 
Figure 6.2: (a) An aerosol was trapped from a solution of 2 m glycine and 0.1 m NaNO3 titrated 

to pH 1.8 with sulfuric acid. Spectra show via the glycine COOH:COO- ratio that the pH of the 

aerosol increases over time while the nitrate peak (1050 cm-1) decreases. (b) Intensity values 

from this aerosol plotted over time. Note that separate y-axes are used to show the changes in 

the glycine (cation and zwitterion) peaks compared to the inorganic ion peaks. Error bars are 

omitted for visual clarity and are typically less than 10% of the data point value. (c) An aerosol 

was trapped from a solution of 1 m NaNO3 and 1 m Na2SO4. The change in the nitrate peak 

area over time matched the change in the internal standard (sulfate), indicating no nitrate 

depletion occurred in this aerosol (acidity unadjusted). Traces show averages of 100 spectra 

each and are offset for clarity. (d) Intensity values for the aerosol in (c), with no net change for 

nitrate compared to sulfate over time. WGM data is included to show WGM relative intensity. 
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Sample spectra from a glycine, nitrate, and sulfate aerosol as a function of time are given 

in Figure 6.2a. A substantial pH change can be observed from the glycine peaks in just 82 minutes 

due to a pH change from ca. 1.6 to 2.4. In addition, the nitrate peak decreases by 33% while the 

sulfate peak increases by 9.4% (the intensities are plotted in Figure 6.2b). The change for the nitrate 

peak is expected to be smaller than the sulfate peak, since it has a substantially smaller 

concentration and therefore experiences a larger percent change from a given concentration change 

in molality units. To verify this pH change is due to nitrate depletion and not occurring due to 

dilution of the droplet by the surrounding RH flow, we trapped a separate aerosol composed only 

of sodium sulfate and sodium nitrate (pH unadjusted). For over 44 hours, the peaks did not change 

relative to each other as shown in Figure 6.2c and 6.2d. We note that the pH of the aerosol was not 

measured, so the lack of depletion may be due to the higher starting pH (likely close to the bulk 

solution value of 5.4). We also performed a nitrate depletion experiment with an aerosol containing 

only sulfate and nitrate generated from a bulk solution at pH 1.7, and this aerosol did exhibit nitrate 

depletion (see Figure 6.7). Therefore, we conclude that the total amount of acidity, rather than the 

presence of an organic acid, likely drives depletion. In general, either inorganic or organic acids 

can serve as HA in Equations 6.1 and 6.2, and future work with advanced aerosol pH measurement 

could target differences in depletion rate for organic-containing and organic-free aerosols at the 

same level of total acidity. 

The nitrate depletion results demonstrate that either a Raman intensity directly 

corresponding to the species of interest (such as NO3
-) or the pH of the aerosol can be used to 

measure depletion. The latter is convenient because the chloride ion cannot be detected with 

Raman spectroscopy. Therefore, the non-evaporating glycine pH indicator is used to track chloride 

depletion in individual aerosols. A sample result is given in Figure 6.3a. As before, the initially 
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acidic aerosol increases in pH over time as indicated by the glycine peak ratio. The process is also 

faster compared to nitrate depletion, so the spectra were averaged in smaller batches making the 

Whispering Gallery Modes (WGM’s) are more apparent. 

Since we rely on the pH change shown by the glycine peaks to infer chloride depletion, it 

is important to verify that these changes do not occur due to other experimental factors. We tested 

this by trapping an aerosol containing only glycine and sodium sulfate, with Raman spectra shown 

in Figure 6.3b. No pH change is observed over ca. 2 hours, which is as expected since there is no 

chloride or nitrate available for depletion (initial aerosol pH was controlled with sulfuric acid). We 

note that no pH change is expected when RH is maintained constant as in the AOT; for substrate-

deposited aerosols in environments of changing pH, the glycine peak ratio may be impacted by 

concentration or dilution even in the absence of depletion. To further demonstrate the utility of the 

  
Figure 6.3: (a) An aerosol was trapped from a solution of 2 m glycine and 1 m NaCl titrated to 

pH 1.7 using H2SO4. The ratio of the COOH (878 cm-1) and COO- (898 cm-1) peaks quickly 

changes, illustrating an increase in pH that corresponds to chloride depletion. The small, 

unmarked peaks are WGM’s, characteristically identifiable by their changing locations in 

between spectra. Traces shown here are averages of 11 spectra each. (b) Control AOT 

experiment using an aerosol created from a 1 m glycine 2 m Na2SO4 bulk solution acidified to 

pH 2 with sulfuric acid. No pH increase was observed (no COO- Gly peak grows in at 898 

cm-1) since no inorganic species depletes from the aerosol over time. Traces are offset for 

clarity, show averages of 120 spectra each, and small unmarked peaks correspond to WGM’s. 
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glycine peaks in measuring chloride depletion, we performed an experiment with an initially 

neutral aerosol, coalesced in HCl to lower the pH, and observed a return to a higher pH. The spectra 

are given in the Appendix in Figure 6.6. 

These experiments were all carried out at 80% RH. Previous work on nitrate and chloride 

depletion has emphasized results for dehydrating aerosols.31 Thermodynamically, depletion is 

driven by volatility and the partial pressure of HNO3 or HCl in the surrounding environment, so 

there is not a strict theoretical requirement for dehydration.32 Even so, multiple factors promote 

more depletion when there is dehydration. These include acidification of the aerosol, making the 

formation of HNO3 or HCl more likely, as well as changes in gas phase properties such as the 

decreasing uptake coefficient of HNO3 with increasing RH above 45% RH.21 Given these 

considerations, we now highlight a contrasting example where depletion is observed even as the 

aerosol increases in size. Since radius data requires different grating settings, simultaneous radius 

  
Figure 6.4: Results from an experiment at 80% RH with a growing aerosol. (a) Sample spectra 

show a decrease in the nitrate peak and a pH change is indicated by the glycine peak ratio. 

Traces show averages of 100 spectra each and are offset for clarity. (b) Scatter of peak area 

and radius data from the same experiment. The nitrate and cation glycine (GlyH+) peak areas 

trend down over time, while the glycine peak (Gly) increases. Data near the beginning of the 

experiment indicate the aerosol started at a radius of ca. 4.3 μm and data at the end measure at 

ca. 4.8 μm. It is expected that the aerosol was increasing in size in between these sets of 

measurements due to the hygroscopicity of this particular particle. 



128 

 

and nitrate peak data was not possible to obtain. Instead, we were able to size the aerosol early in 

the experiment, track nitrate depletion, and then size again at the end of the experiment. Results 

are shown in Figure 6.4. Nitrate depletion is clearly seen in the spectra and the peak intensity 

trends, which illustrate that this process can occur even for a particle that is not dehydrating and 

losing water. 

A summary of AOT nitrate and chloride experiments is given in Table 6.1. After outliers 

corresponding to WGM’s were removed (the impact of WGM’s on intensity can be seen in Figure 

6.2d), peak intensity over time was fit to first-order kinetics in order to obtain rate constants, k, as 

previously described.22 The k values for chloride depletion are an order of magnitude larger than 

those of nitrate depletion. This is consistent with previous attributions of chloride depletion to 

nitric acid.33 In addition, HCl is smaller than HNO3, so once transient HCl is formed, it may be 

able to translate more quickly to the interface and evaporate before dissociating again. Finally, 

there is evidence that Cl- is enriched at the interface of aerosols compared to the core, which would 

also make transient formation of HCl more likely.34 A larger absolute uncertainty in the k values 

for chloride depletion comes in part from the fact that two glycine peaks, which exhibit overlap, 

must both be fit precisely to correctly track pH and calculate a rate, with each additional step 

adding to propagated error (see Appendix section 6.7.2).35 

Table 6.1: Summary of single aerosol depletion experiments and first-order rate constants k. 

Experiment type # trials k (s-1) Chemicals present [Initial pH] 

NO3
- depletion (with glycine) 5 1.3 ± 0.4 * 10-4 NaNO3, Gly, Na2SO4

 [1.3-1.7] 

NO3
- depletion (no glycine) 1 1.9 ± 0.1 * 10-4 NaNO3, Na2SO4 [1.7*] 

Cl- depletion 3 1.0 ± 0.1 * 10-3 NaCl, Gly, Na2SO4 [1.4-1.7] 

NO3
- control 1 N/A NaNO3, Na2SO4 [5.4*] 

Cl- control 1 N/A Gly, Na2SO4 [1.3] 

* The pH of the bulk solution, used since this aerosol had no glycine for pH measurement. 
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6.4.3 Comparison of Results to Models and Experiments 

The kinetics of depletion have recently been discussed at a theoretical level by Chen et al.32 

They assumed that all of the depleting species (HNO3 or HCl) is instantly formed and then 

calculated characteristic depletion times from a diffusion-limited mass-transfer equation.36 The 

characteristic time, t*, and an associated constant, k, are given in Equations 6.5 and 6.6 

 t∗ =
r0

2

k
 6.5 

 k =  
D ∗ P

R ∗ T ∗ C
(1 +

Vn

Vd
) 6.6 

Here, D is diffusion coefficient, P is the partial pressure at the aerosol surface, and C is the 

concentration of HCl or HNO3 in a droplet containing only the depleting solute. The Vn and Vd 

variables refer to the initial volume taken up by the nonvolatile and depleting species, respectively, 

while R is the gas constant, T is the temperature, and r0 is the initial radius. A thermodynamic 

model such as E-AIM is used to calculate P, Vn and Vd for a given system. 

While this formulation yields useful insights on the upper limit rate at which these 

processes can occur, these reactions will likely proceed more slowly for real aerosols. It has been 

previously shown that, while HNO3 is 20% more stable near the air-water interface compared to 

the bulk, it will still dissociate in approximately 0.3 nanoseconds.37 Therefore, rather than forming 

instantly in large quantities that diffuse to the surface for evaporation, it is likely HNO3 or HCl 

occasionally forms transiently in the solution, and deplete only when they form in the interfacial 

region where then at the air/water interface evaporation into the gas phase occurs before 

dissociation.  

To put our results in context with this upper limit, we performed calculations with the 

model of Chen et al. and E-AIM using malonic acid in place of glycine (see Methods).32 We found 
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that a 4 μm radius aerosol has a characteristic depletion time of ca. 200 seconds. This is 

significantly faster than our rate constants, indicating that the kinetics we observed are not 

diffusion limited but are instead due to the probability of the depleting species associating near the 

interface. Our timescales also make more intuitive sense considering aerosol lifetime. Atmospheric 

particles can remain airborne across a wide range of times, depending on size and wind among 

other factors, but often have lifetimes on the order of days.38,39 Given that total depletion is rarely 

observed for environmental aerosols, characteristic times of hours seem more reasonable than a 

few minutes. 

Very recently, Jing et al. showed an approach for tracking pH change and hence chloride 

depletion in mixed sodium chloride and oxalic acid droplets.34 Their data were reported as pH 

change over time, so in order to make a direct comparison, we analyzed their 80% RH data with 

first-order kinetics and obtained a chloride depletion rate constant of 7.0 ± 0.9 s-1 at 95% 

confidence for substrate-deposited aerosols with radii of ca. 9 μm. This rate is below what we 

found for both chloride and nitrate depletion, which we attribute to differences in the partial 

pressure of gases maintained above the droplets and the fact that their droplets were substrate-

deposited, giving less surface area from which HCl could escape. More importantly, however, 

their findings are considerably slower than the theoretical rates discussed above, which they also 

attribute to differences in partial pressures. Thus, this comparison highlights both the differences 

in depletion rates that can be obtained by different techniques and the importance of using 

experiments to demonstrate the extent to which theoretical predictions are representative of real 

particles. 

Rate measurements have also been recently reported for the depletion of ammonium.40 For 

this process, the pH of the solution decreases over time as NH4
+ dissociates to release acidic 
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protons and NH3, which can escape as a gas. In this case, the data were analyzed in terms of a 

characteristic lifetime τ using Equation 6.7. 

 
pH(t) − pH∞

pH0 − pH∞
= e(

−t
τ

)
 (6.7) 

Here, pH(t) is the pH at a given time, pH∞ is the pH value the experiment approaches for long 

reaction times, pH0 is the initial pH, and t is time. At 80% RH, values of τ for malonic or succinic 

acid droplets ranged ca. 10 to 20 minutes for nanoparticle-containing droplets with average radii 

of μm.40 Using a similar analysis on an experiment where we kept an aerosol suspended for a 

protracted period of time, we calculated a τ of 8.6 minutes for chloride depletion. Once again, this 

comparison illustrates that the reactions proceed more slowly than the maximum diffusion-limited 

speed predicted by Chen et al., but fast enough to occur at rates relevant to the atmosphere.32 

6.5 Conclusions  

We measured nitrate and chloride depletion rates from individual, levitated aerosols using 

Raman spectral peaks and glycine as an in-situ pH probe. First-order rates constants at 80% RH 

were found to be ca. 10-3 to 10-4 s-1. These rates indicate that appreciable depletion can be expected 

during an aerosol’s lifetime. Even for rapidly evaporating secondary organic aerosols, which could 

lose half of their volume in less than 100 minutes, loss of 60% of the initial nitrate could occur, 

leading to a net decrease in concentration even with a decrease in aerosol volume.41 We emphasize 

that we have measured initial depletion rates here. For most atmospheric aerosols, as pH increases 

and nitrate or chloride concentrations decrease, the depletion rate would slow.  

We have also demonstrated that there are few requirements for depletion to take place. We 

measured depletion at high relative humidity and for a growing aerosol, suggesting that that 

dehydration is not a necessary driver of the reaction. In addition, we saw depletion for aerosols 

with glycine as the only organic present, showing that other acids besides dicarboxylic acids can 
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play a role. We posit that the total acidity of the particle is one of the key factors that drives 

depletion. The volatility of dicarboxylic acids is low, similar to glycine, indicating they will remain 

in aerosols and provide acidic protons to nitrate or chloride for depletion.42 Acetic acid, on the 

other hand, is highly volatile and expected to be found predominantly in the gas phase.28 Therefore, 

acetic acid and similar low molecular weight monocarboxylic acids likely partition away from 

aerosols before appreciable depletion occurs. Our demonstration that glycine can cause depletion 

is useful because amino acids have been found to be greatly enriched in aerosols.43,44 It is also 

noteworthy because glycine is not highly surface active, demonstrating that the acid in equations 

6.1 and 6.2 does not have to reside at the surface.4 In addition, future laboratory investigations of 

depletion can use glycine to add a non-evaporating molecule to the aerosols while increasing the 

viscosity to a lesser extent than if a longer chain organic acid was used.45–47 

Overall, our results show the kinetics of depletion can be precisely determined from 

individual aerosols. Given the variability of enrichment factors that aerosols experience from 

nebulization, and the variability of concentrations in the atmosphere, additional studies may yield 

useful insights into the relationship between aerosol composition and depletion rate. Likely, the 

limiting factor is formation of the depleting species near the air/water interface. Whether organic 

acids explicitly assist with this formation by lowering the energy barrier of re-protonation of NO3
- 

or Cl- could be investigated further with computational methods. Ultimately, research in this area 

will help with aerosol source apportionment and predictions of aerosol hygroscopicity and pH. 
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6.7 Appendix 

6.7.1 Supporting Figures 

 

Figure 6.5: Refractive index data for glycine. (a) Refractive index for glycine solutions dissolved 

in pure water. (b) Refractive index for glycine solutions acidified with 6 N HCl such that > 99% 

of the glycine was cationic (ca. pH 0.6). Note that the intercept is higher than (a) due to the effect 

of the added acid. 

 

 

 

 
Figure 6.6: Chloride depletion spectra after a coalescence event. An aerosol was trapped from a 

solution of 2 m glycine, 2 m NaCl and 0.1 m NaNO3. The spectrum labeled “Pre dose” is recorded 

for the trapped aerosol and is stabilized (ca. 8 minutes). The aerosol is then titrated with 1 m HCl 

and acidified, at which point we set time = 0 minutes. Subsequently, aerosol pH increases as shown 

in the remaining spectra. This increase is faster than would occur for nitrate depletion, highlighting 

that chloride depletion is faster than nitrate depletion. Traces show averages of 10 spectra each 

and sharp, unmarked peaks correspond to WGMs. 
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Figure 6.7: Nitrate depletion for an aerosol without organics. A bulk solution of 1 m NaNO3 and 

1.2 m Na2SO4 adjusted to pH 1.7 with H2SO4 was prepared. The aerosol was nebulized into a high 

RH environment (ca. 92 ± 8%) to reduce additional acidification from concentration. Spectra were 

collected for 152 minutes. During the first 21 minutes, nitrate depletion was observed via 

normalization of the nitrate peak to the sulfate peak. The first-order kinetics fit of this portion of 

the data is shown. The absolute value of the slope, which is k, is 1.9 ± 0.1 * 10-4 s-1, and R2 is 0.92. 

While the pH of this aerosol could not be directly measured, the data illustrates that depletion can 

occur in the absence of an organic when there is sufficient acidity present. 

 

6.7.2 Error Propagation 

Here, we will analyze the error associated with the chloride depletion experiment with the 

most uncertainty to illustrate the scope of our method. At 95% confidence, the slope m of the 

calibration curve given in Figure 6.1b is 222 ± 6 m-1, and the intercept b is 0.1 ± 0.1. For a particular 

chloride depletion experiment, due to the overlap of the C-COOH and C-COO- peaks, the average 

uncertainties in their peak intensities from Gaussian peak fitting are 10% and 19%, respectively. 

Terming the peak ratio y, based on Figure 6.1b we have 

 pH =  − log([H+]) =  −log (
y − b

m
) (6.8) 

Since y is determined from a ratio of peak intensities, we propagate its uncertainty via percentages. 

This uncertainty must then be converted back into an absolute uncertainty to propagate with b, 
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which can be accomplished by using the average y value of 1.72 which we will term ay, and then 

we once again convert to a percentage to propagate by division with m. Therefore, we get an error 

e according to the following: 

 

e =  
√

[

√{√(
sC−COOH

aC−COOH
)2 + (

sC−COO−

aC−COO−
)2 ∗ ay}2 + sb

2

ay
]2 + (

sm

am
)2 

(6.9) 

In this equation, s refers to the 95% confidence error of a given component, a refers to a given 

value (a slope, intercept, or average value from peak intensities) and different style brackets are 

used for visual clarity only (all work as parentheses). Above we reported 95% values as 

percentages for ease of reading, but taking s divided by a yields decimal answers, which are 

appropriate for error propagation.35 For our high-error chloride depletion, e is 22%, which 

unsurprisingly is dominated by the uncertainty in the glycine peak intensities. As a point of 

comparison, the 95% confidence interval for the slope of the first-order kinetics fit for the same 

experiment is 1.05 ± 0.06 * 10-3 s-1, which carries an uncertainty of only 6%. In general, first-order 

fits were found appropriate for the initial depletion rates, with nitrate and chloride depletion having 

average R2 values of 0.84 and 0.96, respectively. Finally, for the chloride depletion reported in 

Table 6.1, the standard deviation is 13%, which while within error propagation, may also be in 

part due to variability between trials from nebulization enrichment and hence different starting pH 

values. Overall, error propagation demonstrates the potential utility of future substrate-deposited 

experiments, where greater Raman signal will decrease the uncertainty in the overlapping glycine 

peaks, which currently dominate error for individual experiments. For uncertainty between 

different experiments, ideally enrichment would be better constrained, which could potentially be 

achieved with the development of new nebulization methods. As a final note, we used peak 
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intensities instead of peak area in this study because we found both approaches gave similar 

average depletion k values, but using intensities led to significantly less uncertainty for chloride 

depletion. As long as the data points where a WGM directly overlaps with the peak of interest can 

be removed, using peak intensities gives a greater number of useful data points than peak areas, 

since in practice the travelling of WGM’s across the small glycine C-COOH and C-COO- peaks 

led to substantial peak area uncertainty in our Igor fits. For chloride depletion, using peak 

intensities gave k = 1.0 ± 0.1 * 10-3 s-1, while using peak areas gave k = 1.4 ± 0.8 * 10-3 s-1. For 

nitrate depletion, the k values were 1.3 ± 0.4 * 10-4 s-1 and 1.4 ± 0.4 * 10-4 s-1, respectively. Less 

error is found for nitrate depletion, likely because the Raman nitrate peak has a strong intensity 

and is well-defined for peak fitting. 
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CHAPTER 7 AMINO ACIDS ARE DRIVEN TO THE INTERFACE BY SALTS AND ACIDIC 

ENVIRONMENTS 

 

7.1 Abstract 

Amino acids (AAs), the building blocks of proteins, are enriched by several orders of 

magnitude in sea spray aerosols compared to ocean waters. This suggests that AAs may reside at 

the air-water interface and be highly surface active. Using surface tension measurements, infrared 

reflection-absorption spectroscopy, and molecular dynamics simulations, we show that AAs are 

surface active and that salts and low pH environments are drivers of surface activity. At typical 

sea spray salt concentrations and pH values, we determine that the surface coverage of 

hydrophobic AAs increases by approximately one order of magnitude. Additionally, divalent 

cations such as Ca2+ and Mg2+ can further increase AA surface propensity, particularly at neutral 

pH. Overall, these results indicate that AAs are likely to be found at elevated concentrations at the 

surface of sea spray aerosols, where they can impact cloud activation properties of the aerosol as 

well as enhanced peptide formation under certain conditions. 

7.2 Introduction 

Amino acids (AAs) are the building blocks of proteins and thus critical to life. In ocean 

waters, dissolved free AAs are an important source of nitrogen and carbon for marine life, 

particularly bacteria.1 Despite being present in concentrations of only 1 to 3000 nM, AAs are able 

to be transferred efficiently across the air/water interface from ocean waters into aerosols.1–4 Most 

notably, Triesch et al. recently demonstrated that AAs are enriched into sea spray aerosols (SSA) 

by up to seven orders of magnitude, with greater enrichment identified for smaller aerosols.5 While 

the selective transfer of longer chain fatty acids across the ocean-air interface has been well-
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established, AAs are a relatively understudied in marine aerosol chemistry.6 Their presence in SSA 

is important, as it has been shown that AAs impact the hygroscopicity and phase state of aerosols.7 

In addition, AAs can contribute to new particle formation in the atmosphere.8 

The chemical environment within SSA is complex. Within minutes of emission from the 

ocean, SSA can be rapidly acidified from slightly alkaline ocean levels to acidic pH values between 

2 to 4, and can further drop to below pH 0 with atmospheric aging.9,10 Additionally, SSA have 

much higher ionic strengths than the ocean (ca. 0.7 m), containing up to 5 m sodium chloride.11 It 

has also been shown that calcium can be greatly enriched into SSA.6,12,13 Magnesium, the other 

main divalent cation in seawater, is enriched relative to sodium in SSA as well.13 

These low pH, high salt, and high divalent cation conditions could have an important 

impact on the behavior of AAs within SSA. In near neutral aqueous solutions, many AAs are 

zwitterions, containing cationic amine and anionic carboxylate groups. At highly acidic pH levels, 

the carboxylate ion becomes protonated and the AA becomes cationic. This can impact the 

solubility of the AA and whether it dissolves more readily in the core of the SSA or at the air-water 

interface. In fact, Herboth et al. used molecular dynamics simulations to show that phenylalanine 

(Phe) and valine (Val) have greater affinity for the interface at low pH, while glycine (Gly) did 

not.14 It has also been shown that salts can either drive proteins to or away from the air-water 

interface.15–17 Determining whether AAs reside at SSA interfaces is important because the surface 

of an aerosol impacts its properties of water uptake, morphology, and heterogeneous chemical 

transformations.18–20 It is also essential to determine the behavior of AAs and peptides in aerosols 

as they are used in food and medicine, including trileucine as a medicinal aerosol dispersibility 

enhancer.21 
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To quantify the surface propensity of AAs in SSA-like environments, we applied surface 

tension measurements and infrared reflection-absorption spectroscopy (IRRAS) for six different 

AAs. Leucine (Leu) and isoleucine (Ile) were chosen as they are the most hydrophobic AAs at the 

low pH of SSA.22 Phe, Val, and Gly were chosen to expand on the simulation work by Herboth et 

al.14 Finally, methionine (Met) was chosen since its side chain contains a sulfur atom which 

displays strong reactivity with atmospherically-relevant species such as hypochlorous acid.23 To 

further gain insight into the interfacial orientation and energetics of AAs, we applied potential of 

mean force (PMF) calculations to Leu, one of the most hydrophobic AAs. The overall goal was to 

quantify enhancement in surface concentration of AAs due to the low pH and high ionic strength 

conditions typical of SSA to better understand how these key biological building blocks behave in 

the marine atmosphere. 

7.3 Methods 

A full description of experimental and computational methods can be found in the SI of 

the publication corresponding to this chapter (see Appendix). In this chapter, “pH 1” and “pH 6” 

are used to succinctly refer to highly acidic (pH 0.55) solutions and unadjusted solutions at the 

isoelectric point of the AA (ca. pH 5.8 to 6.1), respectively. These pH values were chosen to isolate 

different protonation states of the AAs. The pH 1 solutions caused > 97% of the AA to be in the 

cationic form (with lower pH solutions not being possible due to equipment corrosion) and the pH 

6 solutions caused > 99% of the AA to be in the zwitterionic form (see Table 1). 

  



145 

 

 

Table 7.1: Amino acid speciation data and aerosol enrichment factors. 

AA 
Aerosol 

Enrichment Factor* 
pKa1

24 
Cation Fraction 

Present at “pH 1” 

Zwitterion Fraction 

Present at “pH 6” 

Leu 6.6E+02 – 1.3E+06 2.32 0.983 1.000 

Ile 9.7E+03 – 1.8E+06 2.26 0.981 1.000 

Val 5.1E+03 – 7.4E+06 2.27 0.981 1.000 

Phe 4.1E+03 – 3.4E+06 2.18 0.977 0.999 

Met N/A 2.16 0.976 0.999 

Gly 4.2E+04 – 3.5E+07 2.34 0.984 1.000 

* = Aerosol Enrichment Factors are taken from the range of size-separated values measured by 

Triesch et al.5 N/A = Data analysis in Triesch et al. did not include Met. 

  

7.4 Results and Analysis 

In order to determine the impact of ions on the surface propensity of AAs, the surface 

pressure of AA solutions as a function of bulk concentration was first determined for each pH 

condition (see Figure 7.4). Surface pressure, π, was calculated by Equation 7.1 

 𝜋 =  𝛾0 − 𝛾 (7.7) 

Here, γ0 is the surface tension of a solution at a given pH and salt concentration, and γ is 

the surface tension of the same solution with the added AA. For the hydrophobic AAs studied here, 

π increases with AA concentration, since the surface activity of the AAs lowers the surface tension 

of water. A linear regression was performed on each data set, and the resulting slope was used to 

calculate the surface excess concentration, Γ, as defined by the Gibbs adsorption equation 

(Equation 7.2).25  

 𝛤 =  −
𝐶

𝑅𝑇
∗ (

𝜕𝜋

𝜕𝐶
)𝑇 (7.8) 

For Equation 7.2, C is AA concentration, R is the gas constant, and T is temperature. At a 

bulk concentration of 65 millimolal, the Γ values for the hydrophobic amino acids we studied 

ranged from 0.1 to 0.8 µmol/m2. This is below the Γ values typical of fatty acids and comparable 
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to high mole fractions of methanol, which makes sense given that AAs, on their own, are only 

weakly surface active.26,27 

Next, the impact of each salt on π was determined by measuring a series of solutions where 

only the salt concentration changed. Measurements were made across the range of solubility for 

NaCl, MgCl2 and CaCl2, and the resulting data were typically linear.28 Note that the non-zero 

intercepts obtained by linear regression of these data are expected, since the AA solutions exhibit 

π even in the absence of added salts. From these data, it is clear that these 65 millimolal AA 

solutions in the presence of high salt concentrations exhibit π comparable to pure AA solutions of 

significantly higher concentrations. For example, in the case of Phe, the π values at high 

concentrations correspond to monolayers of Phe with packing densities greater than 15 

Å2/molecule.29 To quantify the salt-driven π enhancement, we defined a surface enhancement 

factor, SEF (Equation 7.3). 

 
𝑆𝐸𝐹 =  

𝜋𝑠

(
𝜕𝜋
𝜕𝐶

)𝑇 ∗ 𝐶𝑠

 
(7.9) 

Here, πs and Cs are the surface pressure and AA concentrations at the salt concentration of 

interest, which we chose to be 5 m, a concentration observed for NaCl in SSA.11 A comparison of 

SEF values for various AA, salt, and pH conditions is given in Figure 7.1. These SEF values 

represent the minimum surface enhancement expected for AAs in the given conditions. 
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The data show that surface enhancement at pH 1 is consistently either greater than or equal 

to that at pH 6 within the margin of error. This is consistent with recent data showing that the 

cationic form of surface-active AAs has the greatest affinity for the air-water interface.14 The effect 

is particularly apparent for CaCl2 solutions with the branched chain AAs along with Met. The 

exception is Phe, which shows no statistically significant difference for pH 1 and pH 6 CaCl2 

solutions. This may be due to π-stacking effects making side chain interactions more dominant 

than interactions between the carboxylic acid or carboxylate group with salts.30 Regardless of the 

cause, the data is also consistent with the findings of Griffith and Vaida, who found the equilibrium 

surface pressures of Phe solutions at low and neutral pH levels to be identical within experimental 

error.31 We also obtained data for solutions with both the cationic and zwitterionic forms of the 

AA present at pH 3, where the average surface pressure results are in between the pH 1 and pH 6 

surface pressures. 

 
Figure 7.1: Comparison of SEF values for various aqueous phase conditions of pH and different 

salts. Data show the average of replicate experiments and error bars reflect one standard 

deviation. 
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In addition, the data in Figure 7.1 show the enhancement in π in the presence of CaCl2 to 

be greater than that of NaCl. For pH 6, we attribute this to the greater affinity of Ca2+ for binding 

with the COO- group compared to the Na+ cation. For pH 1, this is likely due to the increased 

concentrations of Cl- that can screen positive charges at the interface to allow more efficient 

surface packing.32 The relationship between surface pressure and [Cl-] is nearly identical for NaCl 

and CaCl2 at pH 1 whereas there is a noticeable distinction for the two salts at pH 6. This indicates 

the identity of the cation is more important at pH 6 while the amount of anion is more important 

at pH 1. 

To probe the impact of the identity of the cation on AA surface pressure, we compared 

measurements of samples in CaCl2 and MgCl2 solutions (Figure 7.5). We observed that, at pH 1, 

there was no statistically significant difference between the π measurements. This corroborates our 

hypothesis that the salt-driven surface activity is dominated by the anion in acidic solutions. At pH 

6, by contrast, the π values from CaCl2 solutions are consistently higher than those of MgCl2 

solutions for the branched chain AAs. Since the side chains of these AAs are hydrophobic, it is 

likely that they are “sticking up” into the air at the interface, leaving the zwitterionic groups in the 

water. The strong ability of Ca2+ to screen these adjacent charges may contribute to stabilization 

at the interface.33 We note again that Phe is the exception, possibly due to the aromatic side chains 

causing a different orientation at the interface.30 

For a point of contrast, we also measured the π of Gly solutions at pH 1 and 6 in the 

presence of NaCl and CaCl2. As the smallest AA and one that is substantially more soluble than 

the other AAs measured here, we expected Gly to exhibit less surface activity. Indeed, negative π 

values indicate Gly behaves more like a solute than a surfactant in the presence of NaCl. 

Interestingly, as the concentration of CaCl2 increases, π gradually transitions from negative to 
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positive, indicating that highly concentrated calcium solutions can change the role of Gly from a 

solute to a surfactant. This is noteworthy, since Gly is expected to always reside in the bulk solution 

away from the interface due to its solubility.34 However, these new data presented here indicate 

under certain conditions this may not be the case, although we emphasize the effect is small. 

To confirm our hypothesis that salts increase the surface propensity of AAs, we used 

IRRAS to measure AA solutions with and without salts present. A representative result is given in 

Figure 7.2 where several (negative) peaks show greater intensity in the presence of 3 vs 0 m CaCl2. 

It has been demonstrated that IRRAS band intensities are not expected to increase linearly with 

surface concentration due to exciton delocalization and the loss of many small bands in the IRRAS 

baseline.35 As a result, and due to the potential impact of different cations on the interfacial 

structure of water, we have not attempted to use IRRAS in a quantitative way to compare the 

efficacy of different salts in driving AAs to the surface. Nevertheless, our data corroborate our π 

measurements by showing that AA peaks exhibit enhancement in the presence of salts. 

 
Figure 7.2: Representative IRRAS spectra for Leu pH 1 solutions with 0 and 3 m 

CaCl2 concentrations. Enhancements in C–H stretches are apparent (note peaks are negative). 
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To aid in the explanation of these experimental data and to better understand the behavior 

of AAs at the air-water interface, we turned to molecular dynamics (MD) pulling simulations 

combined with umbrella sampling. These were performed as described by Herboth et al.14 From 

these simulations, we were able to calculate the potential of mean force of pulling Leu from a salt 

solution into the gas phase. Representative results for Leu are given in Figure 7.3 (left) and an 

image of Leu cation at the air/water interface is also shown. The energy minimum corresponds to 

the air-water interface and is seen to be 8 ± 2 kJ/mol lower for the cation than the zwitterion. 

Additionally, while we observed that the COOH group of the Leu cation occasionally faced the 

gas phase at the air water interface, the COO- group of the zwitterion rarely did so (Figure 7.6). 

This is consistent with our experimental determination that the identity of the salt cation is less 

important for highly acidic solutions, where interfacial carboxylic groups may be less likely to 

interact with aqueous ions. 

Surface propensity of AAs at the air/water interface are shown to be increased under high 

salt, and low pH conditions as well as in the presence of divalent cations. These conditions are 

highly relevant to SSAs as it has been shown that these aerosols undergo rapid acidification after 

 
Figure 7.3: (left) Potential of mean force profile and energy well comparison for a Leu 

zwitterion and cation.  The inset shows an expanded view of the energy minimum; (right) 

representative image of Leu cation at the air/water interface. 
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emission from the ocean.9 In addition, water loss after emission causes concentration of existing 

components such as NaCl and CaCl2. Therefore, while AAs may have low surface activity under 

most conditions and be most energetically stable in the bulk solution, the combination of 

acidification and increased concentrations of salts and AAs will drive them to the aerosol-air 

interface. At the interface, they can more readily undergo chemical reactions, including peptide 

formation under certain conditions, which is of interest from an origin of life perspective.36 AAs 

can be a factor in aerosol hygroscopicity and cloud formation.37 For example, Marsh et al. found 

that AAs are more hygroscopic than predicted by models, likely because their zwitterionic form 

makes them behave more like salts than other organics.38 Therefore, when investigating water 

uptake or even aerosol morphology with the assumption that the aerosol is coated with organics, 

it is important to consider whether AAs driven to the surface as part of this coating behave more 

like salts or disrupt the structure of existing monolayers.39 In terms of heterogeneous chemistry, in 

addition to the aforementioned reaction of Met with HOCl,23 there are likely a wide range of 

interfacial reactions possible with AAs including acid-base chemistry, given the diversity of their 

side chains and the presence of both amine and carboxylate groups. Combined with the recent 

demonstration of the 103 to 107 enrichment of AAs from the ocean into sea spray aerosols,5 our 

data showing that AAs are driven to the surface by salts and low pH conditions indicate that AAs 

may be more important components of marine aerosol interfacial chemistry than has been 

previously realized. These results can also provide insights into the behavior of free AAs in 

different environments where air-water interfaces are present. 
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Figure 7.4: Representative linear fits for surface pressure measurements. (a) concentration-

dependence curve for leucine at pH 1 (no salt). (b) surface pressure as a function of NaCl 

concentration for 65 millimolal leucine solutions at pH 1. For both, data points reflect the 

average of triplicate measurements and error bars show one standard deviation. 

 
Figure 7.5: Comparison of surface pressure measurements for CaCl2 and MgCl2 solutions. At 

pH 1, the identity of the cation appears to have little impact on surface pressure. At pH 6, 

solutions of CaCl2 exhibit greater surface pressure than solutions of MgCl2 for the branched 

chain amino acids. Error bars show one standard deviation of multiple trials. The 3 m pH 1 Phe 

solutions could not be measured due to insolubility. 
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CHAPTER 8 CONCLUSIONS AND FUTURE PERSPECTIVES 

 

8.1 Conclusions 

 Aqueous aerosols are unique and atmospherically ubiquitous reaction sites. The 

combination of large surface area to volume ratios, high ionic strength conditions, and possibility 

of chemical gradients give aerosols distinct properties from bulk solutions. Among the many 

important characteristics of these particles, pH is particularly important as it controls the health 

impacts, climate interactions, and chemical reaction rates associated with the aerosol. Although 

direct measurement of pH is challenging, recent innovations in colorimetric and spectroscopic 

methods as well as improvements to thermodynamic models have increased the practicality of 

assessing the acidity of aqueous aerosols. 

 In Chapter 3, the acidity of fresh sea spray aerosols (SSA) was discussed. Within two 

minutes of emission from the ocean, SSA can be acidified by four to six orders of magnitude. One 

factor contributing to this acidification is titration by acidic gases. Since individual SSA volume 

is on the order of femtoliters to picoliters, part-per-billion levels of gases are sufficient to lower 

SSA pH substantially as the aerosols travel through the air. A potential source of these acidic gases 

is HCl generated from other SSA (as discussed in Chapter 6), where organic acids “react” with 

NaCl to produce HCl. This is not a zero sum, as the organic acids typically have pKa values > 2, 

indicating they ordinarily would not dissociate at submicron SSA pH levels. A second source of 

acidity could be the enhanced dissociation of other organic acids, such as fatty acids, when Na+ or 

other cations compete with H+ to bind with the organic anion. This hypothesis was reinforced in 

Chapter 7, where data showed interactions with cations impacts the surface propensity of amino 

acids, indicating organic anion to inorganic cation interactions may be strong under the right 
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conditions. Finally, the decrease in RH that SSA experience after emission from the sea surface 

further concentrates these existing acid sources, lowering particle pH. Overall, this chapter closed 

the knowledge gap on the acidity of nascent SSA, which were inaccessible to field studies due to 

the mixing of fresh and aged SSA in the environment. 

 In Chapter 4, the rate of aqueous S(IV) oxidation was measured in both the bulk and aerosol 

phases. This reaction both has pH dependence and, depending on the S(IV) source, can change the 

pH of the medium in which the reaction occurs. It was revealed that under a wide range of 

conditions the reaction is 1-2 orders of magnitude faster in aerosols compared to the bulk. Analysis 

of aerosol enrichment was critical in producing a fair comparison between these phases, 

underscoring the importance of enrichment for calculations of rate enhancement. In this case, 

increased salt concentrations generally lowered the reaction rate, making it even more striking that 

S(IV) oxidation is accelerated in aerosols. The rate enhancement was thus attributed to surface 

access and the distribution of species within the aerosol. Based on diffusion calculations, reagents 

in the aerosol can sample the surface dozens of times before reacting, while the majority of bulk 

reagents do not have the opportunity to sample the surface even once. The propensity of reacting 

radicals for the interface while inhibiting ions preferentially accumulate in the bulk is also likely 

an important phenomenon that warrants future study. Regardless of the cause of oxidation 

acceleration, this chapter adds another piece to the puzzle of determining why larger than expected 

sulfate formation is observed in megacities during pollution events and provides evidence of 

reaction acceleration in aqueous aerosols. 

 In Chapter 5, a new type of titration based on the partitioning of organic acids was 

introduced. When acid is added to an aerosol containing the conjugate bases of volatile organic 

acids, rather than lowering the pH, the acid can protonate these bases and cause a decrease in 
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organic fraction while pH remains constant. Whether this occurs in a given part of the atmosphere 

would depend on the concentration of the organic acids in the surrounding atmosphere and the rate 

of evaporation of the acids from aerosols. Lactic acid was used as a model system for studying this 

phenomenon, allowing exploration of the impacts of salt and organic concentration on evaporation 

rate. It was found that high organic concentrations decrease evaporation rate by changing the 

particle viscosity. This is a key insight, as evaporation is a first-order process and hence the rate 

constant would typically be inferred as independent of initial concentration. These assumptions 

come from bulk kinetics of dilute systems, however, while aerosols can be highly concentrated. It 

was also found that, despite the fact that adding NaCl increases aerosol viscosity, adding NaCl 

actually increases the evaporation rate. This is due to salting out, where inorganic ions outcompete 

organic molecules for hydration in highly concentrated systems. Once again, this chapter points to 

the importance of considering aerosols as non-ideal matrices where molecular interactions are 

distinctly different from low concentration bulk systems. 

 In Chapter 6, attention was turned to inorganic acids that also can partition from aqueous 

aerosols. Despite the fact that HCl and HNO3 are strong acids, there have been numerous 

observations of chloride and nitrate depletion from both real world and laboratory generated 

aerosols. They key mechanism is the volatility of the acids, which thermodynamically drives them 

into the gas phase. The rates of depletion processes, however, have scarcely been studied. Thus, 

this chapter introduced a new approach of using glycine as a non-evaporating in-situ pH probe for 

continuous aerosol pH measurement. This allowed measurement of chloride depletion, which 

previously was elusive due to the absence of a Raman signal for chloride, and the approach also 

complimented the tracking of nitrate depletion via the nitrate Raman band. It was found that 

chloride depletion is an order of magnitude faster than nitrate depletion. In addition, the rates of 
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both processes were considerably slower than diffusion-limited predictions, indicating that the rate 

is controlled by the transient formation of HCl or HNO3 near the air-water interface.  

 In Chapter 7, the impact of pH and salts on the surface propensity of amino acids was 

examined. Amino acids can be enriched from the ocean into SSA by several orders of magnitude, 

but whether they subsequently reside at the air-water interface or in the core of the SSA particle 

remained unknown. A combination of experiments and simulations revealed that salts drive 

hydrophobic amino acids to the air-water interface, both in the cation and zwitterion form. The 

surface propensity was greater at lower pH and with higher salt concentrations. These factors thus 

synergize with conditions typical of an aerosol losing water due to a decrease in RH, implying that 

greater surface activity may be expected over time as an SSA travels through the atmosphere. The 

simulations also gave insight into amino acid orientation at the air-water interface, revealing that 

the COOH group may reside in the air while the COO- group rarely does so. These findings agreed 

with experiments showing that the identity of the salt cation is important at neutral, but not highly 

acidic, pH, probably due to interaction with the carboxylic functional group. In conclusion, low 

pH and divalent cation salts can push even amino acids with shorter chain side groups to the 

interface, where they may impact aerosol morphology or participate in heterogeneous atmospheric 

chemistry. 

 The above findings may be combined and presented from the perspective of an individual 

SSA particle. The SSA is created from a bursting bubble, launching water from the ocean 

(including the sea surface microlayer) that had an initial pH near 8 into the atmosphere. 

Immediately, the SSA begins interacting with trace acidic gases as it travels through the 

atmosphere, and as it travels farther from the sea surface, it loses water as it occupies a lower RH 

environment. Within a few minutes, the SSA has changed noticeably from its source waters, 
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having a lower pH and becoming significantly more concentrated. This decrease in pH and 

increase in salt concentration begins to drive species such as amino acids to the air-water interface. 

Simultaneously, any small conjugate bases that have been protonated to form neutral acids have 

diffused rapidly inside the aerosol, with a significant fraction partitioning out of the SSA. Despite 

the initial rapid drop in pH, the acidity of the SSA now remains constant for hours, as multiphase 

buffering and chloride depletion prevent excessive accumulation of acid. While acidic, several 

chemical reactions may happen either within or on the surface of the SSA, including oxidation of 

SO2. After days, the chloride content is largely depleted, but the aerosol continues accommodating 

trace acidic gases, and eventually the pH drops further, potentially below 0. The SSA is now one 

of billions of microscopic, highly acidic particles produced from a massive alkaline body of ocean 

water. The final fate of this particular SSA is uncertain. It may be inhaled, serve as a cloud seed, 

coalesce with another aerosol, deposit onto land, or return to the sea.  

8.2 Future Perspectives 

Many aspects of aerosol chemistry warrant further study. While further measures of aerosol 

pH may be insightful, it will be important to remember that two different techniques may measure 

different phenomena despite both calling them “pH”. Indeed, there is no guarantee that two 

arbitrary chemical compositions that cause the same Raman spectral signatures of an acid-base 

pair will cause a paper of indicator dyes to turn the same color. There is also no guarantee that 

experiments and thermodynamic models measure the same property, as the former more frequently 

is representative of sample reactivity or speciation, while the latter essentially measures ion and 

molecule activity. Additional development of thermodynamic models to incorporate inorganic 

depletion and zwitterions may be useful in some cases. Improvements have been suggested over 

time for the PSC formulation.1 Given how widely these models are used, renewed attention to the 
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determination of activity coefficients using modern analytical tools may be useful in improving 

understanding of molecular interactions in highly concentrated solutions. Ultimately, careful 

analysis of aerosol pH can shed light on atmospheric chemistry and the extent to which emission 

controls can be effective in mitigating air quality problems from pollution.2 

Reaction acceleration is another topic that warrants additional, careful research, in part due 

to current controversies. The extent of an electric field at an air-water interface, and the degree to 

which this field can generate hydroxyl radicals or assist redox chemistry, will be important to 

constrain to improve understanding of the ubiquitous air-water interface.3 Equilibrium 

assumptions may be invalid for aerosols, which are metastable with respect to their surroundings, 

but kinetics remain important in assessing the speed of chemical reactions in the atmosphere as 

well as potentially in industrial applications. Timescales are also important in understanding virus 

viability and how indoor chemistry impacts human health. 

One class of reactions that may yield useful insights is the hydrolysis of esters. Given that 

the reaction involves an ester and water as the reagents, the inputs into the aerosol phase can be 

constrained more readily compared to reactions that require two enrichment factors to be managed. 

In addition, ester hydrolysis can exhibit acid- and base-catalyzed behavior.4,5 Hydrolysis could 

thus be switched “on” and “off” via a series of titrations. The products of the ester are smaller and 

hence more volatile, assuming they remain uncharged. Therefore, like aerosol-phase organic base 

titration, ester hydrolysis is a reaction that could lead to a decrease in organic fraction over time as 

the products partition out of the aerosol into the surrounding atmosphere. 

More generally, reactions with differing surface propensity of reactants versus products 

may shed light on the importance of surface sampling for aerosol kinetics. If the reactants have a 

significantly greater surface propensity or hydrophobicity, they may be softly confined to the outer 
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layer of the particle, increasing their effective concentration, while products disperse throughout 

the aerosol core. Conversely, if the reactants have significantly less surface propensity, the reaction 

may not initially be noticeably accelerated within error, but the products could be removed through 

evaporation (via surface heating if necessary), thus removing products and by Le Chatelier’s 

principle continuously driving the reaction forward.  

For as long as the sea sprays and organisms exhale, aqueous aerosols will abound. The 

silent worlds inside each of these aerosols present both mystery and opportunity for exploration.  
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APPENDIX A: PROGRAMS USED FOR DATA ANALYSIS 

  

The following MATLAB (Mathworks, version R2019B) codes were used to assist with 

data analysis. Since many of the projects were collaborative, the priority of the programs was ease 

of explanation to a newcomer to the project, rather than using the fewest lines of code or 

maximizing computational efficiency. No tools exclusive to MATLAB are used, so the reader 

should be able to recreate these programs in other coding languages if necessary. Note that routine 

use frequently does not require all sections of the programs to be run. Therefore, the reader is 

encouraged to determine what each section of the program does before beginning. Readily usable 

versions of these programs as MATLAB (.m) and text (.txt) files are available at this link: 

https://drive.google.com/drive/folders/13Kv1gOW6O4rssegZqoiiQk1WFQ54dH9W 

Confocal Intensity Collecting 

 The aim of this program is to collect all output data from the confocal Raman spectrometer 

for analysis. The files should be in order; if they are not in order, then program 9.1.2 or something 

similar should be used instead. Note that the initialization of the intensities variable as “intensities 

= zeros(9260, length(myFiles));” is written with a hard-coded number of rows to decrease the 

chance that the results are pasted into an Excel template with mismatching wavenumbers. If spectra 

were collected across a different Raman range or with a different groove setting, this number will 

need to be changed accordingly. 

AOT Kinetics 

 The aim of this program is to collect all Raman spectra from the Aerosol Optical Tweezers 

100 (Biral, Inc.) and perform background subtraction, baseline correction, and averaging to assist 

with kinetics calculations. An example of default AOT output is “2022-04-20-Fri_1”, for the first 
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file, “2022-04-20-Fri_2” for the second file, and so on. As a result, some sorting algorithms would 

place the 10th file before the 2nd file due to the “1” digit coming before the “2”. To fix this, files 

for the command “natsortfiles” were downloaded from the internet and added to the MATLAB 

path, and the reader would also need to do this for the program to work as intended.  

AOT Refractive Index and Radius Calculator 

 The aim of this program is to help the user visualize the data contained in the "Results_full" 

file that is generated by the AOT, ultimately allowing a reasonable determination of the refractive 

index and radius of an aerosol for a given range of time. 

AOT Molality Solver 

 The aim of this program is to calculate aerosol-phase molality from refractive index data. 

Note that the refractive index should be at the correct wavelength; if data is at a different 

wavelength, it may be converted as described in Chapter 5. The calculator works best for an aerosol 

composed of a single binary salt. When more components are present, rather than a single solution, 

there will be a set of solutions described by a line, or a plane, etc. Therefore, independent measures 

of concentration are needed for all but one component. Even in the case of a single binary salt, the 

equations have no analytical solution. Thus, the program checks physically realistic concentrations 

in small steps and keeps the solution with the least error. 

Whispering Gallery Mode Removal 

 The aim of this program is to assist in the detection and removal of Whispering Gallery 

Modes (WGMs, also called Mie resonances) from AOT data and fit the resulting data to a line. As 

an optically-trapped aerosol changes size, the WGMs change location on the Raman spectra. This 

results in frequent overlaps with analyte peaks. Therefore, a graph of analyte peak area vs time 

will have positive outliers corresponding to these overlap events. This program searches for 
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positive outliers and can remove them from the data. There are several parameters that can be 

tuned based on the concentration of the analyte in the aerosol. Note that there is no guarantee every 

possible combination of parameters will result in proper removal of WGMs. Therefore, it is 

recommended the user visualize the outliers being removed and check against the actual spectra, 

such as by using the LARA OFFLINE software (Biral), if there is uncertainty. 

Automatic Peak Fitting for Igor 

 The aim of this program is to generate commands to fit peaks to Gaussian curves in the 

program Igor (Wavemetrics). The dissertation author found Igor’s peak fitting to be robust and 

useful for visually demonstrating to others how peaks were fit. Igor commands are typed in a 

separate language, however, not learned by the majority of collaborators. Therefore, the solution 

applied here is to use MATLAB to generate commands that can be copy-pasted into Igor. While 

there are more efficient ways to perform this task, the individual steps here may help those new to 

this procedure to see what is being done. Note that these commands are valid for Igor version 8. 

Updates to Igor may result in a more user-friendly automatic peak fitting environment within Igor, 

making this MATLAB program obsolete. Note also that it would be impractical to list every 

possible combination of constraints in the “Generating constraints” section. Thus, a few examples 

have been provided, and the reader is reminded that peak location and intensity can vary with 

matrix effects such as concentrations, ionic strength, and pH. 

RH Calculator for Environmental Cell 

 The aim of this program is to calculate the real relative humidity inside the environmental 

cell associated with the confocal Raman spectrometer based on the cell temperature and dew point 

as reported by the in-line hygrometer. The constants in the program were determined empirically 

and may need to be changed for instruments in other labs. 
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Automatic Confocal Spectral Acquisition 

The aim of this program is to allow automatic acquisition of spectra at defined time 

intervals for a non-internet-connected computer. The program starts a cycle where it moves the 

mouse to a particular location on the screen and clicks at defined time intervals. The position 

should be adjusted to the location the user desires to click. The recommended usage is to set the 

cycle to occur a very large number of times, then use CTRL+C to interrupt the loop when enough 

data has been obtained and the user desires the clicking to reach the end. 

 

 

 

 

 

 




