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Atmospheric aerosols can impact Earth’s climate and the chemistry of the
atmosphere through a variety of processes and pathways. For example, atmospheric
aerosols affect Earth’s climate directly by scattering or absorbing solar radiation or
indirectly by interacting with clouds and impacting their physiochemical properties.
Aerosols are unique microenvironments, distinct from the bulk, and therefore their
physiochemical properties result in differences between bulk and aerosol phase processes,
such as reactivity and kinetics, acidity and interaction with light. Despite the fact that the
effects of aerosols on atmospheric chemistry have been studied in previous work, there
remains considerable uncertainties associated with aerosol chemistry resulting in gaps
between atmospheric chemistry models and field observations. By better understanding
chemical processes occurring within aerosols, as well as cloud or fog droplets, and the
factors that influence them, we can help reduce some of the uncertainties in atmospheric
models. This dissertation investigates sulfur oxidation chemistry in the atmosphere to
better understand factors influencing the rate of oxidation and the extent of formation of
inorganic sulfate. In particular, we investigated the influence of various atmospherically
relevant conditions (presence of organic compounds, ionic strength, etc.) in the oxidation
of inorganic S(1V), sulfite/bisulfite, to inorganic S(V1), sulfate/bisulfate, compounds in the
presence and absence of transition metals. Most importantly, a new role of transition metal
catalyzed formation of organosulfur compounds has been found. Furthermore, in this
dissertation, the further development of the Aerosol Optical Tweezer system to study the
chemistry within individual aerosols is discussed. Utilizing the Aerosol Optical Tweezer
coupled with cavity enhanced Raman spectroscopy it is shown that this method can be used

to investigate changes within a droplet, such as: (i) pH changes induced by coalescence
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with acidic aerosol; (ii) reactions within the droplet, like monitoring oxidation of S(IV)
and; (iii) reaction of glyoxal with sulfite to yield organosulfur compounds. The findings
presented in this dissertation can improve our understanding of the factors influencing
sulfur oxidation chemistry and help to further develop a method to study the chemistry
occurring within single aerosols to reduce some of the uncertainty associated with aerosol

chemistry to improve atmospheric chemistry models.
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Chapter 1  Introduction

1.1  Atmospheric Aerosols

Atmospheric aerosols are generally defined as small, solid or liquid particles
suspended in air ranging in size from 0.001 to 10 um.? Aerosols can come from natural
sources, such as dust storms, volcanoes, sea spray, biomass burning, as well as
anthropogenic sources like fossil fuel combustion or land/soil modification. Primary
aerosols are those directly emitted into the atmosphere whereas secondary aerosols are
formed in the atmosphere, mostly from gas-particle conversion processes.® Aerosol size
and composition depend greatly on their source. Primary aerosols tend to be larger while
secondary aerosols are generally smaller. Aerosols consist mainly of carbonaceous
material, sulfate, nitrate, ammonium, sodium, chloride, crustal elements, trace metals, and
water.>* The average atmospheric lifetime, or residence time, of aerosols varies from
hours to weeks depending on aerosol size.>*® Some particles are removed from the
atmosphere close to their source area; however, many aerosols mix into the atmospheric
boundary layer and can be carried by winds for long-range transport. For example, dust
particles originating from a dust storm in the Saharan region of North Africa have been
found in the continental United States.®” Aerosols are removed from the atmosphere

through two mechanisms: dry deposition, also known as gravitational settling, or wet



deposition, in which aerosols are incorporated into atmospheric water and deposited

through precipitation or cloud/fog contact with Earth’s surface.!

Aerosols have a variety of impacts on the atmosphere. Aerosols can reduce
visibility, impact human health, interact with light, provide active surfaces for
heterogeneous or multiphase reactions to occur and provide nucleation bodies for
condensation of atmospheric water.>? Aerosol effects on the atmosphere and climate are
generally separated into two main categories: direct and indirect effects. Figure 1.1
summarizes the direct and indirect effects of aerosols. In the direct effect, aerosols interact
directly with light by either absorbing or scattering radiation. Some aerosols, like black
carbon (soot), absorb radiation leading to a positive radiative forcing, or warming effect,
whereas other aerosols, such as sulfate, scatter radiation causing a negative radiative
forcing or an overall cooling effect. In the indirect effect, aerosols interact with clouds
impacting cloud microphysics which can alter a cloud’s albedo, height or size, and the
amount and lifetime. Altering the properties of clouds thereby alters the radiative balance
and precipitation, indirectly effecting the atmosphere and climate. The direct effect is
largely dependent on the optical properties of each aerosol whereas the indirect effect is
dependent on an aerosols ability to act as a cloud condensation nucleus. Nonetheless, both
the direct and indirect effect are dependent on the chemical and physical properties of each

aerosol.>® There is a large uncertainty associated with the contribution of aerosols to



radiative forcing in part due to the poor understanding of the complex chemical interactions

occurring during cloud processing (Figure 1.2).

Due to the important role of aerosols and the impact they can have on Earth’s
climate, it is important to understand the chemical processes involving and occurring
within aerosols in order to gain a complete understanding of atmospheric chemistry. When
aerosols are released into or formed in the atmosphere, their physiochemical properties,
including composition, size, or acidity, can change throughout various atmospheric and
cloud processes. Aerosols are unique microenvironments, distinct from the bulk, and their
changes in physiochemical properties and increased surface-to-volume ratio result in
differences between bulk and aerosol phase processes, such as reactivity and Kinetics,
acidity and interaction with light. Many recent studies have focused on examining reactions
and processes in the aerosol phase or at the air-water interface and thereby highlighting the
need to differentiate between bulk and aerosol or surface processes.®*2 Reaction kinetics
in microdroplets have been shown to be significantly different than in the bulk phase with
enhanced reactions rates observed in the aerosol phase.}**> For example, Nissenson et al.
showed that the photolysis of molybdenum hexacarbonyl was approximately three orders
of magnitude faster in the aerosol phase than in the bulk aqueous phase.}* Other recent
studies have highlighted the differences in acidity within aerosols and at the air-water
interface and how this can impact chemical processes. Lin et al. reported that the pH at the
aqueous aerosol interface is ~2.2 pH units more acidic than that of the bulk interior of
nanoaerosols.*® Other recent studies have shown that the surface pKa of various organic
acids differs from the bulk; for example Eugene et al. showed that the lower surface pKa

for acetic and pyruvic acid allow interfacial water molecules to accept protons at lower pH



as compared to the bulk."!8 Due to the differences aerosols have been shown to exhibit
compared to the bulk phase and to the complexity within atmospheric aerosols themselves,
there is a need to better understand and characterize the microphysical, chemical and
optical properties of these unique microenvironments. By replacing known bulk phase
reaction mechanisms and kinetics being used in atmospheric models with specific aerosol
chemistry mechanisms and kinetics, atmospheric chemical models will be able to mitigate

discrepancies between model predictions and field observations.

1.1.1. Mineral Dust, Fly Ash and Metal Oxides in the Atmosphere

Mineral dust is a major component of atmospheric aerosols originating mainly from
the arid and semi-arid regions of the world that account for approximately one-third of the
global land area.> The Saharan and Gobi desert regions of north Africa and central Asia,
respectively, are the largest sources of mineral dust. Mineral dust originates from crustal
material (soil, clays, etc.) blown into the atmosphere, therefore, the composition will vary
depending on the source region. The main elements, and their oxides, found in crustal
material are aluminum, silicon, iron, calcium, sodium, magnesium, potassium, titanium,
barium, and manganese.>® Fly ash is produced during the combustion of fossil fuels and
directly emitted into the atmosphere. The composition of fly ash depends on the type of
fuel but consists mainly of oxides of aluminum, calcium, iron and silicon as well as
elemental carbon (soot) and magnesium, sulfur, titanium, phosphorous, potassium and

sodium.?

Mineral dust, fly ash, and metal oxides are all metal-containing aerosols that can

participate in various atmospheric chemical processes by dissolving in atmospheric liquids



or acting as a platform for heterogeneous or multiphase reactions. As a result of the
dissolution of mineral dust and other metal-containing aerosols, dissolved transition metals
are ubiquitous in atmospheric liquids. Transition metals, such as iron, have several
oxidation states that allow them to catalyze chemical reactions. Among those transition
metals commonly found in atmospheric liquid phases, iron, copper, and manganese are the
major metals involved in chemical processes.'® As solid particles or dissolved ions, metal-

containing aerosols play an important role in atmospheric chemical processes.

1.2.  Sulfur oxidation chemistry

Sulfur dioxide is a common atmospheric gas that comes from a variety of natural
and anthropogenic sources. VVolcanoes are the primary natural source of SO2 however, the
majority of the SO, found in the atmosphere comes from anthropogenic sources. Coal
burning is the largest anthropogenic source of SO in addition to the combustion of other
sulfur-containing fuels from industrial processes, like ore refineries, and transportation
sources, such as automobiles and ships.?* Once emitted into the atmosphere, SO, can
further react to produce sulfuric acid, which contributes to acid rain, or to form particulate
sulfate which can reduce visibility and influence Earth’s radiation balance from the
interaction of light with the newly formed aerosols particles. The major sinks for SO>

include dry deposition, photochemical reactions, reactions on particulate surfaces and



dissolution into atmospheric waters; in fact, the oxidation of aqueous phase SO: is

considered to be the major sink of atmospheric SO2.*

Due to its high solubility, sulfur dioxide is commonly found in the atmosphere in
the aqueous phase rather than gas phase. The dissolution of SO2 in water occurs via

reactions R1.1-R1.3.

S0, -H,0 = HSO; + HY (R1.2)
HSO3; = S0% + H* (R1.3)

The dissolved SO, may be present in the form of SO2-H20, HSO3™ or SO3% based
on acidity. Figure 1.3 shows the relative fraction of each species as a function of pH. At
atmospherically relevant pH values (~ 2-7) dissolved SO will be present primarily as the
bisulfite ion, HSO3".! Dissolved SO, can then undergo further aqueous phase or multiphase
reactions in the atmosphere to produce compounds such as sulfate or various organosulfur

compounds.

1.2.1. Inorganic S(1V) oxidation

Sulfate aerosols are produced from the inorganic oxidation of SO via gas phase
reactions, heterogeneous oxidation with ozone on mineral dust surfaces, or through
aqueous phase chemistry of dissolved SO. Several atmospheric sulfate formation
pathways are summarized in Figure 1.4. These pathways include oxidation of dissolved
SOz by various oxidants including H202, Os, Oz, etc. Previous studies have shown that

sulfate production can be enhanced by the catalytic oxidation of aqueous S(IV) in the



presence of transition metal ions.2%22 In fact, oxidation catalyzed by transition metal ions
is reported as the major in-cloud oxidation pathway of SO2.2* Additionally, modeling
studies have found that this mechanism contributes 9-17% to the global sulfate budget.?*
Another study found that transition metal ion catalysis is responsible for about 50% of
sulfate production in polluted industrial regions in northern Eurasia.?*?® The main
mechanism for the aqueous phase transition metal ion catalyzed S(IV) oxidation is

summarized in reactions R1.4-R1.9.%

S0~ + M™ = S0;~ + M(*~D+ (R1.4)
S0;~ +0, = SO:~ (R1.5)

SO:™ + SOZ™ = SO2™ + SO;~ (R1.6)
SO:” + SO~ = S02™ +S0,;” (R1.7)
S0Z™ + S02™ = 2S02~ (R1.8)
SO0,” + SO = S02™ +S0;~ (R1.9)

A similar mechanism can be written for the oxidation of S(IV) in the form of HSOs".

Sulfate aerosols have been well studied to understand their impact on climate.
Sulfate has been shown to directly affect the climate by scattering radiation causing an
overall cooling effect.® Additionally, sulfate aerosols can interact with clouds indirectly

thereby affecting climate by altering cloud microphysics and participating in additional



atmospheric chemical processes; the effects of this indirect interaction not well understood

contributing to the large uncertainty associated with aerosol effects (Figure 1.2).1682026

Although many atmospheric sulfur oxidation pathways and sulfate formation
mechanisms have been elucidated, current atmospheric models underestimate sulfate
concentrations and therefore do not accurately account for the effects of particulate
sulfate.222"-2% Recently, some of the highest levels of particulate sulfate have been
measured in China, despite the fact that gas-phase SO> levels have remained constant,
making it difficult to understand the enhanced levels of sulfate based on the reaction
mechanisms currently used in atmospheric chemistry models.?>® This underestimate of
sulfate concentration is attributed to the uncertainty in aerosol chemistry due to a lack of
experimental data and poor understanding of the factors that affect these sulfur oxidation
processes and sulfate formation pathways.?%?-33 Gaining a better understanding of sulfate
formation pathways and sulfur oxidation processes, and the factors that influence this
chemistry, would provide valuable information to be applied to updating current climate

models and achieving better agreement between models and field observations.

1.2.2. Organosulfur

In addition to the formation of inorganic sulfate, atmospheric S(1V) and S(V1) can
also react with volatile organic compounds (VOCs) to form various organosulfur
compounds such as organosulfites and organosulfates. Organosulfates have recently gained
focus as an important group of continental secondary organic aerosol accounting for up to
5-10% of total organic aerosol mass in the continental United States.3**3 Organosulfates,

and other organosulfur compounds, can be formed through a variety of mechanisms



including aqueous phase reactions, photochemical and heterogeneous reactions at the gas-
liquid interface or on mineral dust.***° Some recent studies have reported the formation
of organosulfur compounds from reactions of SO2 with unsaturated fatty acids and long-
chain alkenes as well as mineral-mediated photochemical reactions of aqueous sulfate with
methacrolein or aqueous phase reactions of sulfite/bisulfite with methyl vinyl ketone and
methacrolein.**4*%° Results from these studies suggest that the reaction rates and
mechanisms can be affected by numerous factors including physical state of the reactants,
nature of the double bonds (cis, trans, terminal), use of irradiation, the presence of an acid

group, and the presence of transition metal ions.

The formation of organosulfate can be categorized by two primary mechanisms:
epoxide mechanism and radical mechanism. In the epoxide mechanisms, organosulfates
are formed from acid-catalyzed ring opening reactions of epoxide-monoterpene oxides and
isoprene-derived epoxydiol.®>°%3 In the radical mechanism, organosulfates are formed
from sulfate and bisulfate radicals, formed in the aqueous phase, interacting with C=C
bonds or other radical species.’®®* A major source of uncertainty associated with
organosulfate and other organosulfur compounds stems from the lack of understanding of
these various formation mechanisms. Information for elucidating formation mechanisms,
in conjunction with identification and quantification of products, is imperative to

accurately modeling the atmosphere.

1.3. Thesis Objectives

The main objective of this thesis is to obtain a better understanding of the various

factors influencing the oxidation of S(IV) to S(V1) in the atmosphere and to further develop



the Aerosol Optical Tweezer system to study the chemistry within individual aerosols.
Focusing on laboratory experiments using a spectroscopic and analytical techniques, the
influence of various atmospherically relevant conditions on sulfur oxidation chemistry
involving transition metal catalysts present in authentic dust samples and metal oxides has
been investigated. Additionally, changes within individual droplets were investigated using
the Aerosol Optical Tweezer. Some of the main questions this thesis aims to answer are:
how is the catalytic oxidation of S(IV) to S(VI) influenced by pH, ionic strength, and
presence of organics, what organosulfur products are formed from the oxidation of S(IV)
in the presence of atmospherically relevant organic compounds, and how can an Aerosol
Optical Tweezer be used to examine aqueous phase or multiphase chemistry of individual

aerosols droplets?

A variety of spectroscopic and analytical methods were used to investigate sulfur
oxidation chemistry. These methods include attenuated total reflectance-Fourier transform
infrared spectroscopy and confocal Raman spectroscopy. Additional experimental details,

such as batch reactor design, are also presented.

In addition to the spectroscopic and analytical techniques aforementioned, the
Aerosol Optical Tweezer system is an experimental method developed to study the
chemistry occurring within individual optically levitated micron-sized droplets and is
described in detail in Chapter 3. Details of the theoretical background of the Aerosol
Optical Tweezer system are provided, including the physics of trapping a particle and an
introduction to cavity enhanced Raman scattering and whispering gallery modes. The

apparatus itself and general methods for trapping a particle are also described. Various

10



experiments conducted to characterize the Aerosol Optical Tweezer are also discussed in

this chapter.

In Chapter 4, changes in aerosol pH upon droplet coalescence in an Aerosol Optical
Tweezer are investigated. In particular, we show that the pH within individual aqueous
aerosol droplets, ~8 pum in diameter, can be titrated via droplet coalescence. Using
conjugate acid/base pairs to infer pH changes, the pH of trapped droplets is determined
before and after introduction of smaller droplets containing a strong acid. The pH change
upon coalescence of the acid within the trapped droplet is calculated using Specific lon

Interaction Theory (SIT).

In Chapter 5, the role of glyoxal on the oxidation of S(IV) in acidic aqueous
solutions catalyzed by iron in the form of aqueous Fe** ions and solid iron oxide was
investigated under different experimental conditions. Results from these studies show that
the presence of glyoxal inhibits the catalytic oxidation of S(IV) with both iron ions and
solid iron oxide particles. As will be discussed, the effects of glyoxal on the catalytic
oxidation of S(IV) are highly dependent on the mechanism, form of iron (dissolved versus

solid), and the ambient conditions, such as pH and concentration.

In Chapter 6, the influence of a range of variables, including pH, ionic strength, and
presence of organic compounds, on the aqueous phase oxidation of S(IV) in the presence
and absence of transition metals are investigated. As will be discussed in more detail, the
effect of ionic strength on sulfur oxidation varies depending on the pH and type of
transition metal ion present at low ionic strength but at high ionic strength S(IV) oxidation

to S(VI) is greatly inhibited. The presence of atmospherically relevant organic compounds,

11



glyoxal and methacrolein, also inhibit the transition metal catalyzed oxidation of inorganic

S(IV) to inorganic S(VI).
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Figure 1.2: Radiative forcing estimates by emissions and drivers from 2011 relative to
1750, associated uncertainty intervals and levels of confidence associated with each
estimate. Aerosols and precursors are separated into two categories based on their direct
effect with radiation and the cloud adjustments due to aerosols (i.e. indirect effect). Image
from IPCC 4™ assessment report (reference 7).
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Relative Fraction

pH

Figure 1.3: Relative abundance of dissolved S(IV) species as a function of pH. At
atmospherically relevant pH values (~2-7), dissolved S(IV) is predominately present in the
form of the bisulfite ion, HSO3 (red).
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Chapter 2 Experimental Methods

2.1. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy

Infrared (IR) spectroscopy is a well-established vibrational spectroscopy method
used to ascertain information on molecular structure and molecular interactions of a wide
variety of sample types. Due to its ability to analyze a wide range of molecules/samples in
a non-destructive manner, IR spectroscopy has a variety of applications across many
scientific disciplines including pharmaceuticals, forensics, and environmental sciences
such as atmospheric chemistry or water chemistry. IR spectroscopy measures transitions
in vibrational energy levels at resonant frequencies. Resonant frequencies are the specific
frequencies at which the frequency of the incident radiation matches the frequency of the
vibration within the molecule.! At these frequencies, excitation from the ground vibrational
level to a higher energy level occurs due to the absorption of a photon and this change in
energy is detected. Resonant frequencies are characteristic of the molecule’s structure and
provide a “fingerprint” of the molecule. Based on the selection rule for IR absorption, in
order for a molecule to be IR active, there must be a change in the electric dipole moment

of the molecule upon absorption of the incident IR radiation.

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
is based on the total internal reflection of an infrared beam at the boundary between two
media. Therefore, ATR-FTIR spectroscopy can be used to study the interface between two

phases, such as at the solid-liquid interface.? For example, ATR-FTIR has been used to
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study adsorption from solution onto solid particles, such as protein adsorption onto

nanoparticles or acid or ion adsorption onto metal oxide or mineral surfaces.>®

A pictorial representation of total internal reflection in ATR spectroscopy is shown
in Figure 2.1. An ATR accessory operates by measuring changes that occur in a totally
internally reflected IR beam when that beam propagates between an optically dense
medium (with refractive index ni) and approaches an optically rare medium (with
refractive index n2).1%12 At each reflection an evanescent wave is formed in the optically
rare medium if the infrared beam totally internally reflects at an angle of incidence (0) that
is greater than the critical angle (0¢). The critical angle is dependent on the refractive indices

of both media as shown by equation 2.1.

n

0, = sin~1 (n—i) (Eq. 2.1)

The depth of penetration (dp) into the optically rare medium, or sample, is determined by

equation 2.2;

A
 2mn,/[sin2 0 — (ny/0)7]

dp (Eq. 2.2)

where / is the wavelength of light.1%13 In regions of the IR spectrum where the sample
absorbs energy, the IR beam will be attenuated resulting in characteristic absorptions by

the IR active species present in the interfacial region. ATR-FTIR can also be quantitative
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where the concentration of absorbed species (c) can be calculated from the absorbance (A)

using the Beer’s law equation 2.3;
A= €&lc (Eq. 2.3)

where ¢ is the molar absorptivity and | is the effective path length.}* The effective path
length is dependent on the number of reflections of the IR beam and the penetration depth

as defined by equation 2.4,
l=Nd, (Eq. 2.4)
where N is the number of reflections.!

ATR-FTIR spectroscopy measurements were taken with a Thermo-Nicolet
spectrometer equipped with an MCT/A detector. For experiments with a metal oxide or
mineral dust surfaces, an evenly coated thin film was deposited onto a Ge crystal element
in a horizontal ATR cell (Pike Technologies, Inc.). The thin film was prepared by pipetting
a uniform colloidal suspension of the metal oxide/mineral dust (5 mg in 1 mL of methanol)
onto the crystal and drying for at least 30 minutes. Once dry, 1 mL of Optima/Milli-Q water
was pipetted onto the thin film and a background water spectrum was collected. The water
was then pipetted off and 1 mL of the sample solution (e.g. Na2SOz) was added to the
surface. For experiments without a thin film, the water and sample solution were pipetted

directly onto the crystal surface. To prevent evaporation a glass slide was placed on the Ge
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crystal. A total of 200 scans were acquired for each spectrum over the spectral range from

500 to 4000 cm™.

2.2. Confocal Raman spectroscopy

Raman spectroscopy is a well-established spectroscopic technique used to obtain
chemical and physical information of bulk as well as single particle samples. Raman
spectroscopy is often used to complement IR spectroscopy and give a complete picture of
the vibrational modes of a molecule. For example, Raman and IR spectroscopy have been
used together to obtain complete characterization of the vibrational modes of solid or
aqueous sulfur oxides.™>” While IR spectroscopy measures the absolute frequency at
which a molecule absorbs radiation, Raman spectroscopy measures the relative frequencies
at which a molecule scatters radiation. Additionally, Raman spectroscopy can be combined
with microscopy to conduct single particle analyses. For example, Raman spectroscopy,
equipped with confocal microscopy, has been used to study the complex chemical

composition of individual sea spray aerosol.18-2°

In Raman spectroscopy, incident light interacts with a molecule distorting, or
polarizing, the electron cloud around the nuclei forming a short-lived virtual state. This
virtual state is not stable however, and the photon is quickly re-radiated (i.e. scattered). The
photon can be scattered in two ways: elastically or inelastically. Figure 2.2 depicts these
scattering processes. Elastic scattering, also referred to as Rayleigh scattering, occurs when
the frequency of the scattered photon is the same as the frequency of the incident light; no
transfer of energy. Elastic scattering is the dominant scattering process, however, one in

every 108-108 photons that scatter do so inelastically.> In inelastic scattering, also known
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as Raman scattering, the energy of the scattered photon is different than that of the incident
radiation due to energy being transferred to the molecule (Stokes) or energy being
transferred to the scattered photon (anti-Stokes).?* This change in energy with respect to
the incident radiation is one vibrational unit different (+ 1) and what is detected in Raman

spectroscopy.

A classical description of the Raman phenomena follows.1142? The incident electric
field, E, of a wave of electromagnetic radiation interacts with a molecule and is described

by equation 2.5;

E = E, cos(2mv,t) (Eq. 2.5)
where Eo is the amplitude of the wave, vo is the frequency of the incident radiation and t is
time. This interaction with the electric cloud of the molecule induces a diploe moment, Lind,

Uina = AE = aEy cos(2mu,yt) (Eq. 2.6)
that is proportional to the electric field of the incident radiation and the polarizability of

the bond, a. The polarizability is dependent on the distance between nuclei as described by

equation 2.7

o= ay+ (r—1s) (3—‘:) (Eq. 2.7)
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where oo is the polarizability of the bond at the equilibrium internuclear distance, req, and
r is the internuclear distance at any time. The change in the internuclear distance is

dependent on the frequency of the vibration, w, given by equation 2.8;

T = Toq = Ty COS(21V,t) (Eq. 2.8)

where rr, is the maximum internuclear distance. Substituting equation 2.8 into equation 2.7

gives a more descriptive expression for the induced dipole:

da
Uina = aoEq cos(2mvgt) + Egtyp, (E) cos(2mv,t) cos(2mvyt) (Eq. 2.9)

Through the use of the trigonometric identity for the product of two cosines, equation 2.9
can be further simplified to obtain the following expression for the induced dipole of a

vibrating molecule:

E, Jda
Uina = aoEy cos(2myyt) + - Tm (E) cos[2m(vy — v,)t]

(Eq. 2.10)

E Jda
+ 7Orm (§> cos[2m(vy + v,)t]

In this expression for the induced dipole, the first component describes Rayleigh scattering
while the second and third terms describe Stokes and anti-Stokes scattering, respectively.
Further, it shows that the induced dipole oscillates at three frequencies: the frequency of
the incident radiation (Rayleigh component) and two frequencies where the frequency of
the incident radiation has been modulated by vibrational frequency of the bond. Based on

the selection rule for Raman scattering, in order for a molecule to be Raman active there
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must be a change in the polarizability during the vibration, meaning do/Or must be greater

than zero.

Bulk aqueous phase Raman spectroscopy measurements were preformed using a
LabRam HR Evolution Raman Spectrometer (Horiba). A diagram of the spectrometer is
shown in Figure 2.3. The spectrometer is equipped with a 532nm laser and an Olympus
BX41 optical microscope with 10x, 50x, and 100X magnification lenses. Additionally, the
spectrometer was augmented with a lens attachment for analyzing liquid samples. The
attachment allows for analysis of liquid samples held in a cuvette, a clear bottle/jar, or on

a microscope slide; these three arrangements are shown in Figure 2.4.

2.3.  Aerosol Optical Tweezer (AOT)

The aerosol optical tweezer (AOT-100, Biral) is an instrument that involves the
contactless levitation of a single micron sized droplet and is coupled with cavity enhanced
Raman spectroscopy. Cavity enhanced Raman spectra contain the vibrational modes as
well as whispering gallery modes allowing for the measurement of physiochemical
properties, such as size and refractive index, in addition to the chemical composition of the
trapped droplet. A more detailed description of the AOT apparatus and experimental

methods can be found in Chapter 3.

2.4. Batch reactor studies

Custom water-jacketed glass reactors, shown in Figure 2.5, were used for all
dissolution studies. Each glass reactor is equipped with two sampling ports to extract
aqueous samples. The reactors are sealed with a cap containing a quartz window for

irradiation in photochemical experiments. Each reactor is water-jacketed in order to control
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the temperature of the reaction using a refrigerated water circulator (Julabo). During each
batch reactor experiment, temperature is held constant, the solutions are continuously
stirred, and the reactors remain fully sealed to exclude any additional air from taking part
in the reaction. After extraction from the batch reactors, all samples were filtered with a
0.2 um PTFE filter (Millex) before additional analysis. Additional analysis techniques for
product analysis or metal dissolution include ATR-FTIR, UHPLC-ESI- Orbitrap MS, IC

and ICP-MS.

2.5. Reagents and materials
2.5.1. Solid Reagents

To study the influence of solid metals on the oxidation of S, commercially available
metal oxides and authentic dust samples were used as is, without further purification. The
metal oxide and authentic dust samples include: y-Fe>O3 (Alfa Aesar), Mn203 (99.2%, US
Research Nanomaterials Inc.), Arizona test dust (ISO 12103-1 A2 test dust, Powder

Technology Inc.), fly ash (SRM 2690, National Institute of Standards and Technology).

2.5.2. Aqueous Reagents

For all aqueous solutions, ultra-pure water was used (Thermo, Barnsted EasyPure-
I; >18.2 MQ cm resistivity). Sulfur (IV) and sulfur (VI) sources include: Na>SOs
(LabChem), Na2S20s (>97%, Alfa Aesar) and Na>SO4 (Fisher). Organic sources include:
glyoxal (40 wt%, Acros), methyl vinyl ketone (MVK, 99%, Sigma-Aldrich) and
methacrolein (MACR, 96%, Alfa Aesar). Solution pH was adjusted with hydrochloric acid

(HCI, Fisher) or sulfuric acid (H2SOs, Fluka). Formaldehyde (HCHO, Fisher) was used to
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guench S oxidation reactions. Aqueous iron (I11) was prepared from iron chloride (FeCls,

98%, Alfa Aesar) or iron (I11) sulfate hydrate (Fe2(SOa4)s, Sigma-Aldrich).

2.6. Additional Analysis Techniques

In addition to ATR-FTIR, confocal Raman, and cavity enhanced Raman
spectroscopy, a variety of additional analytical techniques were used for product analysis
and sample characterization. Such techniques include ion chromatography (IC),
inductively coupled plasma- mass spectrometry (ICP-MS) and heated electrospray
ionization- high resolution hybrid linear ion trap mass spectrometry (HESI-HRMS) among

others. These additional techniques are described in the appropriate chapters.
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Figure 2.2: Diagram of the Rayleigh and Raman scattering processes. In Rayleigh
scattering, incident radiation, with energy Avo, polarizes the molecule forming a short-lived
virtual state before scattering a photon with the same energy. In Raman scattering, the
incident radiation polarizes the molecule forming the virtual state, however, the energy of
the scattered photon is different than that of the incident photon giving rise to either Stokes
or anti-Stokes scattering.
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Figure 2.3: Diagram of the confocal Raman spectrometer apparatus used for bulk aqueous
studies. The spectrometer is equipped with a 532nm laser.
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Figure 2.4: Schematic of the lens attachment used to analyze liquid samples with confocal
Raman spectroscopy. Agueous samples, of varying volumes, can be analyzed using a (a)
cuvette, (b) glass vial/bottle or (¢) microscope slide/small petri dish. Adapted from Horiba,
Ltd.
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Figure 2.5: A pictorial representation of the batch reactor design. Each reactor is equipped
with a cap containing a quartz window for photochemical reactions and two sampling ports.
During experiments the sampling ports sealed with rubber stoppers, one of which is fitted
with syringe tubbing for sample extraction. The reactor is mounted on a stir plate and
continuously stirred throughout the duration of the experiment.
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Chapter 3 Aerosol Optical Tweezer

3.1. Synopsis

This chapter provides an overview of the Aerosol Optical Tweezer (AOT) used for
single particle studies. Details of the theoretical background of the Aerosol Optical
Tweezer system are provided, including the physics of trapping a particle and an
introduction to cavity enhanced Raman spectroscopy and whispering gallery modes that
are used to calculate the radius and refractive index of a particle. The apparatus itself and
general methods for trapping a particle are described. VVarious experiments were conducted
to fully characterize the instrument, including the influence of exposure time and spectral
intensity stability over the lifetime of a trap, the results of which are reported here.
Additionally, the AOT was used to examine changes in aerosol pH as a function of relative
humidity and the influence glyoxal has on S(IV) oxidation demonstrating how the AOT

system can be used to study chemistry occurring in the aerosol phase.

3.2. Theoretical Background
3.2.1. Trapping a Particle

Optical tweezers utilize forces generated from the interaction of light with matter
to trap a particle. In the AOT, forces from a high aperture laser beam trap a micron sized
droplet. The two main forces that stably trap a particle in an optical trap are the gradient
and scattering forces, as depicted in Figure 3.1.12113-10 These forces arise when light acts
on an object with a refractive index that is different than the surrounding medium. In the

scattering force, laser light reflects off the surface of the particle resulting in a force that
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overcomes the gravitational force causing the particle to be pushed in the direction of beam
propagation. The particle can also refract light resulting in a differential force pushing the
particle downward. The reflecting and refracting forces act in opposition to stabilize the
particle vertically and collectively makeup the scattering force. The scattering force can be

described by equation 3.1.1
Feqr = @?E* = (np - nm)2r61 (Eg. 3.1)

where « is the polarizability, E is the electric field amplitude, r is the radius, I is the
laser intensity, and np and nm are the refractive indices of the particle and surrounding
medium, respectively. In the gradient force, if the particle is not in the center of the laser
beam it will experience an asymmetric distribution of light intensity caused by the optical
gradient around the laser. The resulting gradient force pulls the particle towards the point
of highest light intensity thereby stabilizing the particle laterally with respect to the

direction of beam propagation. The gradient force can be described by equation 3.2.112

Fyraq = (%) VE? (Eq. 3.2)

The gradient force must be greater than the scattering force, so the particle is always
pulled back to the point of highest light intensity and therefore stably trapped. If the
gradient force is greater than the scattering force, a restoring force acts to confine the
particle to the point of highest light intensity and therefore stably trap the particle.*? The
high numerical aperture lens in the AOT setup provides a tightly focused laser beam

allowing for a strong gradient force. The efficiency of the trap (i.e. the effectiveness of the
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laser in exerting an optical force on the particle) is described by the dimensionless

efficiency, Q,

p = (Eq. 3.3)

where F describes the optical forces acting on the particle, P is the power of the

incident laser and c is the speed of light.212

3.2.2. Whispering Gallery Modes

Whispering gallery modes (WGMs), also known as morphology dependent
resonances, are standing waves that form in a cavity with curved surfaces. WGMs were
originally discovered as sound waves in St. Paul’s Cathedral where Lord Rayleigh found
that a sound wave, at a specific pitch or frequency, could resonate around the cathedral
dome that acted as a cavity.!>!* The wave totally internally reflects within the cavity
leading to constructive interference and allowing someone on the opposite side of the
cathedral to clearly hear a “whisper”. While originally discovered as sound waves, WGMs
can also exist for other types of waves including light waves. In the case of the AOT, a
spherical droplet acts as a low-loss optical cavity where a light wave propagates around the
droplet’s circumference causing constructive interference resulting in the formation of a
WGM resonating within the droplet. Specifically, the light propagating within the droplet,
that has a refractive index greater than that of the surrounding medium, reaches the surface
at an angle greater than the critical angle resulting in total internal reflection. As the name
“morphology dependent resonances” would suggest, the formation of WGMs is dependent

on the physical characteristics of the cavity itself including the size of the cavity and
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refractive index of the cavity material. WGMs only form at specific wavelengths or

frequencies within the cavity that are commensurate with Mie resonances.

WGMs can be characterized by the mode number, mode order, and specific
polarization state. Mode number describes the number of angular maxima or the integer
number of wavelengths forming the standing wave. Mode order describes the number of
radial maxima. The penetration depth of the mode is dependent on the mode order and
increases with increasing mode order.® The polarization state can be assigned as transverse
electric (TE), no radial dependence in the electric field, or transverse magnetic (TM), no

radial dependence in the magnetic field.

WGM wavelengths are dependent on the physical properties of the cavity and
therefore can provide a fingerprint of the radius and refractive index of the particle.
Specifically, WGMs are dependent on the size parameter. which is related to the radius,
and refractive index of the particle. The size parameter, X, describes the ratio between the

circumference of the particle and the WGM wavelength.1?

X =— (Eq. 3.4)

The penetration depth of a specific mode is approximately r/n,. The lifetime of a

WGM propagating within a cavity can be described by the quality factor, Q,

2n X Energy stored

- Energy lost per cycle (Ea. 35

and is dependent on the droplet size, refractive index and mode order.'?'"® For a

micron sized droplet, quality factors of 10°-108 are typical and increase with increasing
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mode number but decrease with increasing mode order.*2¥®  The pathlength, P, of the
WGM, or the distance traversed by the light around the circumference of the particle is

described by equation 3.6.°

AQ
b= 2mn,, (Eq. 3.6)

For a cavity with a high quality factor, greater than 10°, such as a droplet in an

optical trap, the pathlength can be on the order of meters.21°

3.2.3. Cavity Enhanced Raman Spectroscopy

Cavity enhanced Raman spectroscopy (CERS) is comprised of two components:
spontaneous Raman scattering and stimulated Raman scattering. Figure 3.2 depicts both
spontaneous and stimulated Raman scattering.'® Spontaneous Raman scattering provides
chemical information and the stimulated Raman scattering allows for determination of
physical properties such as radius and refractive index. Collectively, the spontaneous and
stimulated Raman scattering comprise cavity enhanced Raman scattering providing both

chemical and physical information of the trapped particle.

3.2.3.1. Spontaneous Raman Scattering

Spontaneous Raman scattering is discussed in more detail in Chapter 2. Briefly,
incident light interacts with a molecule causing a change in polarization of the electron
cloud around the nuclei forming a short-lived virtual state. This virtual state is not stable,
and the photon is quickly re-radiated, or scattered, elastically or inelastically. Raman
scattering (i.e. inelastic scattering) occurs when the energy of the scattered photon is

different than that of the incident radiation due to a transfer of energy to the molecule or to
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the scattered photon. This change in energy is unique to the vibrational modes of the

molecule and provides a chemical fingerprint of the molecule and sample composition.

3.2.3.2. Stimulated Raman Scattering

Stimulated Raman scattering (SRS) occurs when the trapped droplet acts as a low-
loss optical cavity forming a standing wave at specific wavelengths commensurate with
Mie resonances. As the resonating light totally internally reflects within the droplet, the
intensity of the SRS reaches a threshold intensity above which scattering is amplified. The
occurrence of WGMs in droplet provides a mechanism for optical feedback leading to
enhanced Raman scattering and the occurrence of SRS.?° The SRS intensity, Isrs, at

wavelength 4, is described by equation 3.7,
Isgs(A) = Io(Dexp[G(g(A) — 1)] (Eq.3.7)

where lo is the intensity from the spontaneous Raman scatter at wavelength A, G is
the gain factor, and g(4) is the line shape function.'>*>2! In CERS, the resonant structure
appears superimposed on the spontaneous Raman spectrum and modes of the same order
follow the contour of the spontaneous Raman scattering.?? For example, in Figure 3.3 the
SRS in the OH stretching region appears as sharp WGM peaks at wavelengths
commensurate with Mie resonances following the contour of the OH stretching band

arising from spontaneous Raman scattering.

3.2.3.3. Calculating Radius and Refractive Index

The wavelengths of the WGMs are dependent on the size of the droplet and
therefore change depending on an increasing or decreasing droplet radius. Because of this,

the spacing between the WGM wavelengths can be exploited to calculate the droplet radius.
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The spacing between WGMs of the same mode order and polarization is given by equation

3.8 15,16,19,20

A2 tan~1(n2 — 1)1/2
Al = (np, — 1)
2nr(n2, — 1)1/2

(Eg. 3.8)

Therefore, if the wavelength spacing and refractive index are known then the
particle radius can be calculated. In general, the spacing between WGM wavelengths
increases as droplet radius decreases.'>'%1%2 This trend can be seen in Figure 3.4 that
shows the WGMs in the OH stretching region for three trapped sodium chloride droplets
of varying sizes. As the radius of the sodium chloride droplets decreases from 4.5 to 3.7
um, the spacing between the WGMs increases. Additionally, temporal variation in the
droplet size can be examined by tracking the shifts in WGM wavelengths. Figure 3.5 shows
the temporal evolution of the Raman spectra collected for a trapped sodium chloride
droplet. For a given mode number, the WGM wavelengths blue shift as the droplet

evaporates (decreases in radius) and red shift as the droplet grows (increase in radius).*

In the experiments described herein, the LARA software (proprietary Biral and
University of Bristol software (LARA 2.0)) was used. In the software, an algorithm was
developed to determine the radius and refractive index of the trapped droplet by comparing
calculated theoretical Mie resonance wavelengths to the observed WGM wavelengths. The
algorithm has been described in detail by Preston and Reid.?* Briefly, a Mie resonance
wavelength based on a first guess approximation of the droplet radius and refractive index
is calculated. The error between the calculated wavelength and observed WGM wavelength

is determined. The radius and refractive index are then varied iteratively, and an error is
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recalculated until it is minimized. From this process a best fit is obtained. This calculation
is first done without including dispersion then calculated again including dispersion using
the results from the calculation without dispersion as a starting point. The error, E(r, np), is
determined by equation 3.9.%*

]
E(rm,) = %Z (S’ & "‘”)) (Eq. 3.9)

27T

J is the number of experimental WGM peaks (where j=1,2,3...J) and s;j is the
separation between observed and calculated Mie resonances. A similar/analogous equation
can be written for determining error with the refractive index taking dispersion into

account.

3.3. Experimental apparatus and method

A schematic of the AOT setup is shown in Figure 3.6.2%23226 |n this setup, a
continuous wave collimated Nd:YVOs (532 nm) laser passes through a spatial light
modulator and a series of beam expansion optics before being reflected onto the back
aperture of a microscope objective. The laser used for optical trapping of the droplet is the
same laser used for Raman spectroscopy. The droplet is imaged by conventional brightfield
microscopy using a blue LED. The Raman scattered light from the trapped particle and the
blue light are collected by the objective and passed through a long pass filter. The short
blue wavelengths are reflected to a CCD camera for imaging. The long wavelengths are
directed to the Raman spectrometer with a diffraction grating of either 300 or 1200 g mm-~

12126 The AQT is capable of trapping droplets within a 3 to10 pm radius range. The Raman
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spectral resolution is 0.037 nm at 650 nm, a particle size is determined with a resolution of

1 nm, and a refractive index accuracy of 0.05%.

A detailed schematic of the trapping chamber is shown in Figure 3.7. The trapping
chamber itself consists of a stainless-steel cell base and lid that houses a PTFE insert. A
stainless-steel retainer with an O-ring seal holds a coverslip (~0.14 mm thick) in place on
the bottom of the PTFE insert. The chamber lid has a window allowing for brightfield
illumination with an LED for imaging of the trapped droplet. The relative humidity (RH)
of the trapping environment is controlled by flowing humidified nitrogen, with a specified
ratio of wet to dry nitrogen gas, into the chamber and is monitored by two relative humidity
sensors, one before and one after the trapping chamber. The chamber is also equipped with
a gas inlet through which a gas can be introduced into the trapping chamber to investigate
gas-particle interactions and reactions. There are notches in the PTFE insert so that the
trapped droplet is exposed to any gas introduced into the trapping environment evenly from
all sides in order to minimize the possibility of knocking/blowing the droplet out of the
laser focus. The ability to adjust relative humidity and introduce additional gases allows
for complete control over the trapping environment throughout the duration of an

experiment.

In a typical AOT experiment, a bulk solution is aerosolized using an ultrasonic
nebulizer (MicroAIR U22, OMRON). The aerosolized solution is introduced to the
trapping chamber where a single droplet is confined by the trapping laser. Once trapped,
the droplet can be enlarged via coalescence with additional droplets from the nebulized

solution.?®2?” After trapping, the chamber is sealed and allowed to equilibrate under a
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humidified nitrogen flow set to a specific relative humidity. Raman spectra of the droplet
are collected with a 300 or 1200 g mm grating and a typical exposure time of 1 s. Spectra
collected with the 1200 g mm™ grating centered at 645 nm focuses on the O-H stretching
region containing WGMs and is used for determination of the droplet radius and refractive
index. Microscopy videos and images of the trapped droplet can be collected throughout
the duration of the experiment; an example of an image collected for a trapped sodium
chloride droplet is shown in Figure 3.8. The AOT-100 is controlled with the LARA 2.0
software; screenshots of the Imaging, Cell Conditions, Spectral Acquisition, WGM

Analysis, and WGM Assignment tabs are show in Figures 3.9-3.13, respectively.

The ultrasonic nebulizer works well for agueous solutions with low viscosities but
is unable to nebulize more viscous or oily samples. In some cases, diluting the sample with
a solvent like water or ethanol allows the sample to then be nebulized. However, for
samples that cannot be nebulized with the ultrasonic nebulizer, despite dilution, a glass
concentric nebulizer (Meinhard, TR-50-A1) can be used to aspirate the sample and produce
micron-sized droplets. The concentric nebulizer is able to aspirate more viscous or oily
samples and the size range of the droplets will depend on the flow rate of the carrier gas
(nitrogen) and the flow rate of the sample solution (controlled using an automated syringe

pump (World Precision Instruments, AL300-220).

3.4. Characterization of the AOT
3.4.1. Influence of Exposure Time

In confocal Raman, the acquisition time and number of accumulations can be varied

to obtain optimum settings for spectra collection based on the sample. In the AOT, the

47



number of acquisitions cannot be changed but the exposure time (acquisition time) can be.
In the initial characterization of the AOT setup, the influence of exposure time on Raman
spectral intensity was explored and signal to noise ratios were calculated to gain an
understanding of optimal settings. Ammonium sulfate and sodium nitrate droplets were
trapped and once stable, cavity enhanced Raman spectra were collected with 0.5, 1, 2, 5
25, and 50 second exposure times. The Raman spectra for the varying exposure times for
both ammonium sulfate and sodium nitrate are shown in Figure 3.14. As exposure time
increases, the Raman spectral intensity also increases. The first standard deviation signal
to noise ratio was calculated for each exposure time and is shown in the insets of Figure
3.14. A greater signal to noise ratio was calculated for higher exposure times. Increasing
exposure time increases spectral intensity whereas decreasing exposure time reduces the
spectral noise. Based on the needs of the experiment, exposure time should be increased to
obtain greater spectral intensity but decreased if a low signal to noise is needed. For the
AOT experiments described herein, an exposure time of 1 second is typical because it
provides a decent signal to noise ratio and spectral intensity while also providing quick real

time monitoring of droplet size in addition to changes in the chemistry of the droplet.

3.4.2. Influence of Lifetime on Raman Spectral Intensity

To examine the variation of the Raman spectral intensity collected during the
lifetime of a given trap, spectral intensity was monitored as a function of time. If the
trapping environment remains constant and the droplet therefor unchanged and stably
trapped, the spectral intensity should not change over the lifetime of a trap. To test this, an
ammonium sulfate or sodium nitrate droplet was trapped, allowed to equilibrate and the

peak intensity was monitored for the sulfate stretching mode at 985 cm™ or the nitrate
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stretching mode at 1049 cm™, respectively. Figure 3.15 shows the peak intensities, average
peak intensity and standard deviation in peak intensity for the trapped droplets.
Additionally, Figure 3.15b and d show the Raman spectra of the trapped sulfate and nitrate
droplets, offset with respect to the x-axis, depicting the temporal variation in the spectral
intensity. While the droplets shown in Figure 3.15 had trapping lifetimes of only minutes,
the same stability can be seen for droplets with much longer trapping lifetimes on the order
of hours. For example, Figure 3.16 shows the peak intensities, average peak intensity and
standard deviation for an ammonium sulfate droplet trapped for over 17 hours. As long as
the environmental conditions in the trapping chamber (relative humidity, temperature,
surrounding gaseous medium) remain constant, the Raman spectral intensity should also

remain constant throughout the lifetime of the trap, no matter how long.

3.4.3. Concentration Dependence in CERS

The Raman spectral intensity was examined as a function of concentration for
individually trapped droplets and compared to bulk aqueous phase measurements obtained
with the confocal Raman spectrometer. The resulting cavity enhanced Raman spectra for a
trapped ammonium sulfate or sodium nitrate droplet are shown in Figure 3.17a and3. d,
respectively, where Raman spectral intensity increases linearly with increasing
concentration. Similarly, the Raman spectra for bulk aqueous sulfate and nitrate solutions
is shown in Figure 3.17b and e, respectively, again showing a linear increase in intensity
with increasing concentration. Both methods result in good linear calibration curves (fits
with R? values greater than 0.90). The main difference between the two methods being the
relative intensities. Creating and using calibration curves such as these for concentration

allows for semiquantitative analysis of trapped droplets, such as determining concentration
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following a shift in chemical equilibrium of a trapped droplet, and comparison between

bulk and aerosol.

Since peak intensities or integrated areas can be used in conjunction with
calibration curves to determine amounts or concentrations it was imperative to ensure that
the size of the droplet would not influence the peak intensity/integrated area. To test this,
Raman spectra of sodium sulfate droplets of different concentrations were collected and
compared to droplet radius. These measurements were carried out in triplicate for each
concentration and the results are summarized in Figure 3.18. In Figure 3.18, the integrated
peak area and droplet radius is denoted by circle and triangle markers, respectively. For a
given concentration, each trial is shown in a different color (integrated peak area and radius
for the same trial of a given concentration are the same color and only distinguished by the
marker shape). If integrated peak area were dependent on droplet size, the largest droplet
for each concentration would be expected to have the greatest integrated peak area.
However, the data summarized in Figure 3.18 shows no correlation between droplet size

and integrated peak area.

3.4.4. Droplet Size Dependence with Relative Humidity

In addition to monitoring the chemical properties of a trapped droplet from the
Raman spectra, the physical properties, such as changes in droplet size, can be monitored
with the AOT. To test this, changes in droplet radius were monitored while the relative
humidity in the trapping chamber was altered. Figure 3.19 shows the changes in droplet
radius as a function of RH for trapped ammonium sulfate droplet. As can be seen in Figure

3.19a, at each increase or decrease in RH within the trapping chamber, the droplet radius
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changed accordingly. Figure 3.19b shows the droplet radius at specific RH values. When
the droplet is first hydrated (increased RH) then dehydrated (decreased RH), the changes
in radius follow the same curve demonstrating that the droplet returns to the same size at
the same RH. For example, at 65% RH the droplet radius is 3.5 pum. RH is then increased
to nearly 100% where the radius is measured at 4.7 pum. Lastly, as RH is decreased back to
65% and the droplet returns to a radius of 3.5 um. It is expected that the changes in radius
upon dehydration follow the same curve as the hydration based on reported literature for
the uptake of water by ammonium sulfate.?® It should be noted that a complete water uptake
profile, over the full range of RH, is not possible with the AOT system because the trapped
droplets lose stability and fall out of the trap at lower RH when the droplet loses water and
becomes nonspherical. Therefore, no efflorescence or deliquescence points, such as those
observed with salts like ammonium sulfate, can be observed because the droplet will fall

out of the trap.

3.4.5. Relative Humidity Changes as a Method to Alter Droplet pH

As an aerosol’s liquid water content, or amount of liquid in the particle, changes,
the acidity of the aerosol will also change. Therefore, the changes in acidity were
investigated as a particle takes up water or evaporates. This was done so by trapping a
droplet of sulfuric acid with an adjusted bulk pH of 1.62. The droplet was trapped and
allowed to equilibrate before the RH in the trapping chamber was first decreased from 94 %
to 64 % then increased again to 89 %. At each RH the droplet was allowed to equilibrate,
Raman spectra were collected, and radius information was collected. Changes in pH were
estimated based on the SO4*/HSOs equilibrium using the Henderson-Hasselbalch

equation and the ratio of the sulfate and bisulfate peak areas in the Raman spectra. Previous
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work has shown that Raman spectra of conjugate acid base pairs can be used to determine
droplet pH.2*3! As the RH was initially decreased, the pH of the droplet increased by
approximately 0.30 pH units and the radius decreased from 4.3 um to 3.8 um. An increase
in pH is expected as decreasing RH shifts the SO42/HSO4™ equilibrium in the direction of
SO4? thereby corresponding to an increase in pH. Increasing RH shifts the equilibrium
toward HSO4 corresponding to a decrease in pH which was seen when the RH was
increased to 89 %, the calculated pH decreased by approximately 0.03 pH units and radius
increased from 3.8 um to 4.4 um. Using changes in relative humidity to induce changes in
droplet acidity is limited to a small pH range near the initial pH of the trapped droplet. This
small range in pH is due to the limited amount of water and acidity of the water itself that
the droplet can take up or evaporate. Nonetheless, changing the relative humidity of the

trapping environment can be used to induce small changes in droplet pH.

3.4.6. Droplet Coalescence as a Method to Induce Change in pH

Coalescence has been shown to be a useful method for inducing a reaction within
optically trapped droplets.?”32-38 nitial studies were conducted to determine if coalescence
of a trapped droplet with either acidic or basic aerosol could induce changes in the droplets
pH. To do this, a 0.5 M sodium sulfate droplet was trapped then first coalesced with acidic
aerosol (HCI) then with basic aerosol (NaOH); the results are summarized in Figure 3.20.
As the trapped droplet is coalesced with acidic aerosol, the bisulfate peak appears and then

increases as coalescence continues. With each coalescence of acidic aerosols, the ratio of
the ratio of SO42/HSO4 peak area decreases, indicating a shift in equilibrium towards

bisulfate and therefore an overall decrease in droplet acidity. After one coalescence with
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basic aerosol, the ratio of SO4%/HSO. begins to increase again indicating that the
equilibrium shifts back toward SO4> and therefore increases pH. Although the study
described here does not directly determine the pH within the droplet, it does show that
coalescence with acidic and basic aerosol can be used to induce changes in droplet pH.
This method was further developed to include calculations of droplet pH and is discussed

in detail in Chapter 4 of this dissertation.

3.4.7. Trapping Droplets Containing a Solid Inclusion

In the atmosphere, cloud or fog droplets can interact with solid particles, such as
mineral dust or fly ash, and undergo heterogeneous or multiphase chemistry. This
chemistry could be mimicked and studied in the laboratory by examining a droplet
containing a solid inclusion. In order to stably trap a droplet in the AOT the droplet must
be spherical; however, most natural and anthropogenic dust or ash particles are not
spherical and, when included in a droplet, make trapping the droplet difficult. In previous
studies using optical levitation, solid particles were trapped using a second laser for
stability.3%4% However, Laruain and Reid have shown that spherical polystyrene beads
could be trapped and discuss how the WGMs are influenced based on the location of the

bead within the trapped droplet.®

To test the ability of the AOT system described herein to trap solid inclusions,
experiments were conducted to trap polystyrene beads. This was done by trapping a droplet
from a bulk solution of dispersed 500 nm polystyrene beads (Polysciences) in a sodium
chloride solution (approximately 1 M). Droplets containing a polystyrene bead were

successfully trapped over multiple trials. Successful inclusion of a polystyrene bead in a
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trapped droplet was determined by the video microscopy as well as the collected cavity
enhanced Raman spectra. Figure 3.21 is a screenshot image from the video microscopy
where the polystyrene bead is clearly visible within the droplet and Figure 3.21 is an
example of Raman spectra collected from a trapped droplet containing a polystyrene bead.
Figure 3.22a is a single Raman spectrum collected showing the spectral features of the
polystyrene bead. Additionally, when a solid inclusion is contained within a droplet, the
WGMs will be deformed or possibly quenched altogether based on the location of the
inclusion within the droplet (edge vs center).33354! As seen in Figure 3.22a, the WGMs are
quenched. Additionally, the spectral features characteristic of polystyrene are observed in
the obtained spectra (more clearly seen in Figure 3.22b of the averaged Raman spectrum)
and are in good agreement with the Raman bands of polystyrene reported in literature. >4
Both the quenching of WGMs and the spectral features characteristic of polystyrene
present in the collected Raman spectra are evidence, in addition to the microscopy video,
that a polystyrene bead was successfully confined within a trapped droplet. While further
development of the AOT system is still needed to trap droplets containing authentic dust
or metal oxide particles, trapping droplets containing metal coated polystyrene beads may

act as a sufficient proxy in the meantime.
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3.5. Figures

(a) (b)

Direction of momentum tranfer to particle
T tj

Trapping beam Trapping beam

Figure 3.1: Depiction of the (a) scattering and (b) gradient forces involved in optical
trapping. In the scattering force, the particle reflects laser light resulting in a force that
overcomes the gravitational force causing the particle to be pushed in the direction of beam
propagation. The particle also refracts light resulting in a differential force pushing the
particle downward. The reflecting and refracting forces act in opposition to stabilize the
particle vertically with respect to the direction of beam propagation. In the gradient force,
the particle will experience an asymmetric distribution of light intensity caused by the
optical gradient around the laser if it is not in the center of the laser beam resulting in a
force that pulls the particle towards the point of highest light intensity and stabilizing the
particle laterally with respect to the direction of beam propagation. A stable trap is obtained
when the gradient force is greater than the scattering force resulting in an overall restoring
force acting on the particle. Adapted from Ref. 3.

Transfer of momentum Axial transfer of
to the particle momentum
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(a) (b)

Figure 3.2: Depiction of (a) spontaneous and (b) stimulated Raman scattering processes.
Spontaneous Raman scattering arises from the inelastic scatter of a photon that is
characteristic to the specific vibrational mode of the molecule. Stimulated Raman
scattering involves the formation of a standing wave, or whispering gallery mode, at
wavelengths commensurate with Mie resonances, that propagates around the
circumference of the trapped particle causing constructive interference resulting in the
amplification of the Raman scatter. Together, spontaneous and stimulated Raman
scattering makeup cavity enhanced Raman spectroscopy.
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Figure 3.4: Raman spectra for trapped sodium chloride droplets showing the variation in
WGM wavelength spacing as a function of droplet size. As droplet radius decreases from
4.5 um to 3.7 um the spacing between WGM wavelengths increases. WGMs in each

spectrum are designated with asterisks.
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Figure 3.5: Temporal shift in WGM wavelengths for a trapped sodium chloride droplet as
the droplet radius changes. With respect to the middle trace (gray), WGM wavelengths
blue shift as the droplet radius decreases and red shift as the radius increases.
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532 nm
laser

Raman
spectrometer

objective

Imaging
CCD

Figure 3.6: Schematic of the AOT-100 setup. A 532 nm laser is used as both the trapping
laser and excitation laser for Raman spectroscopy. The laser light passes through a spatial
light modulator and a series of beam expansion optics before being focused through the
objective. Scattered laser light is directed to the Raman spectrometer. The trapped particle
is illuminated with an LED and imaged via brightfield microscopy using a CCD camera.
Adapted from Ref. 24.
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Figure 3.7: Schematic of the trapping chamber in the AOT. A particle is trapped in the
focal point of the laser that sits above the microscope objective and a coverslip. The particle
is illuminated with an LED for imaging with brightfield microscopy. Gases can be
introduced into the trapping environment through the gas inlet allowing for studies of gas-
particle interactions. Relative humidity is controlled by introducing a flow of humidified
nitrogen and monitored by two relative humidity sensors, one before and one after the
chamber.
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Figure 3.8: Brightfield microscopy image of a trapped sodium chloride droplet (5.02 pm).
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Figure 3.9: Screenshot of the LARA 2.0 software showing the Imaging tab during an
experiment for a trapped sodium chloride (1 M) droplet. The Imaging tab shows the
microscopy video of the trapped droplet. The trapping chamber is translated up or down,
in order to locate the laser focal point, using the Imaging tab. An image or video of the
trapped droplet can be captured from the left-hand panel.
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Figure 3.10: Screenshot of the LARA 2.0 software showing the Cell Conditions tab during
an experiment for a trapped sodium chloride (1 M) droplet. The Cell Conditions tab shows
the relative humidity (RH) and temperature measured by the two RH probes in the AOT
system. RH is controlled automatically or manually by adjusting the ratio of wet to dry air
and the total flow rate in the trapping chamber.
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Figure 3.11: Screenshot of the LARA 2.0 software showing the Spectra Acquisition tab
during an experiment for a trapped sodium chloride (1 M) droplet. The Spectra Acquisition
tab shows the current Raman spectrum being collected and traces the wavelengths of the
identified WGMs (denoted by the green lines in the Raman spectrum). The exposure time,
smoothness of baseline, peak prominence and wavelength range are all parameters which
are set in the Spectra Acquisition tab.
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Figure 3.12: Screenshot of the LARA 2.0 software showing the WGM Analysis tab during
an experiment for a trapped sodium chloride (1 M) droplet. The WGM Analysis tab shows
the calculated radius, refractive index, dispersion, and error of the trapped droplet, as
determined by the WGMs identified in the Raman spectra (denoted by the green lines),
throughout the droplet’s lifetime. The current radius, refractive index, dispersion and error
are displayed in the left-hand panel at all times during the experiment.
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Figure 3.13: Screenshot of the LARA 2.0 software showing the WGM Assignment tab
during an experiment for a trapped sodium chloride (1 M) droplet. In the WGM
Assignment tab, WGMs identified in the Raman spectra are assigned polarization states

(TE: transverse electric; TM: transverse magnetic).
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Figure 3.14: Cavity enhanced Raman spectra of (a) ammonium sulfate and (b) sodium
nitrate as a function of exposure time. As exposure time is increased from 0.5 s to 50 s, the
Raman intensity increases. The insets show the signal to noise ratio as a function of
exposure time where the S/N ratio is calculated as a first standard deviation signal to noise
ratio.
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Figure 3.16: Stability of peak intensities over time for an ammonium sulfate droplet with
a trapping lifetime greater than 17 hours. Raman peak intensities, average intensity and
standard deviation for the sulfate stretching mode at 985 cm™ are shown as a function of
spectra number, which is directly related to time (in seconds) since a 1 s exposure was used
in the collection of the spectra.
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Figure 3.17: Comparison of single particle and bulk Raman spectra of ammonium sulfate
and sodium nitrate as a function of concentration collected with the AOT and confocal
Raman spectrometer, respectively. Cavity enhanced Raman spectra of trapped (a)
ammonium sulfate droplets (1 M: 4.6pum, 2.5 M: 4.8 um, 5 M: 4.2 um) and (d) sodium
nitrate droplets (1 M: 4.0 pm, 2.5 M: 4.8 um, 5SM: 5.5 um). Confocal Raman spectra of
bulk agueous solutions of (b) ammonium sulfate and (e) sodium nitrate. Integrated peak
area of the (c) sulfate stretching mode at 980 cm™ and (f) nitrate stretching mode at 1049
cm as a function of concentration from Raman spectra collected with the AOT (blue) or
confocal Raman spectrometer (green).
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Figure 3.19: Changes in droplet size as a function of relative humidity for a trapped
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Figure 3.20: Cavity enhanced Raman spectra of a trapped 0.5 M sodium sulfate droplet.
The initial trapped droplet (pink) is then coalesced or dosed with acidic aerosol (HCI, 1 M)
three times (HCI dose #1-3). After the three coalescence events with acidic aerosol, the
trapped droplet is then coalesced with basic aerosol (NaOH, 1 M). As the droplet is dosed
with acidic or basic aerosol the equilibrium shifts between SO4> and HSO4™ as seen by the
changes in the relative peak intensities of the SO4> and HSO4 vibrational bands at 984 and

1059 cm?, respectively.
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Figure 3.21: Screenshot from microscopy video of a trapped droplet containing a
polystyrene bead inclusion.
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Figure 3.22: a) A single cavity enhanced Raman spectrum and b) averaged cavity
enhanced Raman spectra collected from a trapped droplet containing a polystyrene
inclusion. The inset in b) focuses on the 700-2000 cm range.
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Chapter 4  Titration of Aerosol pH through Droplet
Coalescence

4.1. Synopsis

The pH of aqueous aerosols, as well as cloud and fog droplets, has an important
influence on the chemistry that takes place within these unique microenvironments.
Utilizing conjugate acid/base pairs to infer pH changes, we investigate, for the first time,
changes in aerosol pH upon droplet coalescence. In particular, we show that the pH within
individual aqueous aerosol droplets that are ~8 um in diameter can be titrated via droplet
coalescence in an Aerosol Optical Tweezer (AOT). Using sulfate/bisulfate and
carbonate/bicarbonate as model systems, the pH of trapped droplets is determined before
and after introduction of smaller droplets containing a strong acid. The pH change upon
coalescence of the acid within the trapped droplet is calculated using Specific lon
Interaction Theory (SIT). Furthermore, we show that the pH of an individual aerosol can
be manipulated along a fairly wide range of pH values, paving the way for future studies

requiring rigorous pH control of aqueous aerosol.

4.2. Introduction and Discussion

Acidity is a key factor in aerosol chemistry, as well as in the chemistry that occurs
in cloud and fog droplets. The microenvironment within individual droplets can be very
different from that of a bulk solution and therefore it is important that pH within individual
suspended droplets be measured and controlled. Many atmospheric multiphase chemical
processes are pH-dependent including transition metal catalyzed oxidation processes and

secondary organic aerosol formation.}® For inorganic and organic acids, molecular and
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ionic speciation of acid/base conjugate pairs depend on pH and for metals, such as iron,
solubility and speciation are highly pH dependent. Therefore, it is extremely important to

take pH into account when studying aqueous aerosol chemistry.®-1°

Although cloud water is generally acidic with a pH around 5, more alkaline cloud
pH values around 7 have been reported and very low pH aqueous environments within
aerosols (pH less than 3) have been proposed as well.1*22 This indicates that droplets in
the atmosphere, whether as aqueous aerosols or in cloud and fog waters, are highly variable
in terms of pH. Furthermore, the chemistry within the microenvironment of a droplet and

at the surface of the droplet can be different from that of a bulk solution.®2¢

Given that pH is a key factor in aerosol, cloud and fog chemistry, there are very
few direct measurements of aerosol pH. Most methods for determining aerosol pH in the
past have used indirect proxy methods. The main proxy methods used to estimate aerosol
acidity include the ion balance method, the molar ratio method, thermodynamic
equilibrium models and phase partitioning of ammonia.?” All of these methods provide
valuable information yet each of these have limitations that prevent their widespread
application. Therefore, there is a need for better methods for directly determining aerosol
pH.% Recently, Ault and Dutcher, along with their co-workers, have made great strides in
this regard. In several seminal papers, it was shown that the pH for substrate deposited

aerosol particles can be directly determined using Raman microspectroscopy (vide
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infra).?®! In more recent work, colorimetric image processing was used to determine the

pH of aerosol particles that were directly deposited onto pH paper.?

Table 4.1 summarizes these different direct and indirect methods for determining
aerosol pH. Table 4.1 includes the main advantages and disadvantages of each method,
along with some key points.?%:30:3%-41.31-38 The indirect methods were previously discussed

in detail in a review by Hennigan et. al. %’

In addition to various methods of measuring aerosol pH, there are also multiple
approaches to calculating solution pH based on chemical equilibria. One widely used
approach is the Henderson-Hasselbalch (H-H) equation (Eq. 4.1),

[A7] (Eq. 4.1)
[HA]

pH = pK, + log

where pH is calculated through knowledge of the pKa and the ratio of the concentrations
of acid, [HA], and its conjugate base, [A].#> The pH derived from the Henderson-
Hasselbalch equation is simply from the definition of the equilibrium constant, K, in
logarithmic form. However, equation 4.1 is applicable to a limited range of solution
conditions and does not take into account non-ideal behavior and ion activity. This results
in a breakdown of the H-H equation for relatively strong acids or bases as well as for
systems where activity coefficients cannot be neglected.**** The Debye-Hiickel Theory
(DHT) and Specific-lon Interaction Theory (SIT) can be used to calculate ion activities.
Both of these approaches more accurately determine pH by taking into account deviations
from ideal solution behavior by calculating activity coefficients for strong electrolyte

solutions. 424546
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DHT was recently applied to substrate deposited aerosol particles. Aerosol pH was
determined using experimental data from Raman spectroscopy of conjugate acid/base pairs
along with extended DHT.2°3! In this method, activity coefficients, yi, for species i are
determined by the extended Debye-Huckel equation (Eq. 4.2),

AT (Eq. 4.2),

—logy; =———=
gvi 1+ aBVI

where A and B are constants characteristic of the solvent (water) and a is the effective

diameter of the ion in solution. I is the ionic strength of the solution,

1 (Eq. 4.3)
=_ E 72
I = >/, CiZi

which is calculated from the concentration, ci, and charge, zi, of each ion. The activity, a;,

can be related to the dissociation constant, Ka,

g = &t X A _ ([H* ]y y+)([A7]ya-) (Eq. 4.4)
¢ Apa [HAlYHa

for a system in equilibrium. The pH of the substrate-deposited droplet pH can be calculated
pH = —log(ay+) = —log([H  ]yy+) (Eg. 4.5)
after iteratively solving for y,+ and a+.

The Debye-Huckel method works best for low electrolyte concentrations and is
most accurate for aqueous solutions with ionic strengths < 0.1 m.**#7 Additionally, one of
the major assumptions of the Debye-Hickel model is that the interactions between ions
occurs only through long-range electrostatic interactions. However, in more concentrated

electrolyte solutions, shorter-range specific ion-ion interactions need to be considered as

84



well.*®*8 Thus, in some cases DHT fails to account for interactions between ions based on

their identity and therefore can poorly predict H* activity.

The SIT model provides an alternative method for predicting activity coefficients

(Eq. 4.6)

logy; = —zfD + Z e(i, k, Dmy (Eq. 4.6)
k

by taking the interactions of specific ions in solution into account using ion interaction

coefficients,
£ =¢& + & xlog(l) (Eq. 4.7)

where ¢ is the interaction coefficient of species i with species k and the summation is
extended over all species present at the molality mg and is dependent on the ionic strength
of the solution.*64%%0 |n equation 4.6, D is the Debye-Hiickel term described by equation
4.2. The ion interaction coefficient, which depends on ionic strength, empirically describes
the specific short-range interactions between species i and k in solution. The coefficients
are determined from electrochemical measurements, and the coefficients of many common
species are available in the literature.®>! A table of coefficients and constants used in DHT

and SIT calculations can be found in the Supporting Information (Table 4.2).

Given the wide range of experimental and computational methods available for
determining pH, it is essential that each method is validated to ensure the results accurately
reflect the activity of H*. In the current study, we first examine the validity of calculating

the pH of individual droplets spectroscopically and using H-H, DHT, and SIT. The method
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used in the present work does not require individual particles to be passed through a
diffusion dryer or impacted onto a substrate, therefore removing the need to consider the
impacts of these experimental apparatuses. With no additional aerosol processing, the
method used here provides a direct depiction of the chemistry happening with aerosols
under atmospherically relevant conditions. We also examine the extent to which this
method can be used to calculate the changing pH of an aerosol upon titration as
manipulation of aerosol pH would be essential to studying environmental reactions at

atmospherically relevant pH values.

Here, pH is calculated for both bulk solutions and aerosol using DHT and SIT by
first determining calibration curves of concentration versus integrated peak area from
Raman spectra of one of the conjugate acid/base pairs (e.g. sulfate in the bisulfate/sulfate
system and carbonate in the bicarbonate/carbonate system). For bulk solutions, a confocal
Raman spectrometer is used to create the calibration curves for agueous solutions. For an
aerosol (~8 um diameter), an aerosol optical tweezer combined with a cavity enhanced
Raman spectrometer is used to determine the Raman intensity as a function of
concentration. Calibration curves for sulfate and carbonate are given in Figures 4.7 and 4.8
in Supporting Information. The conjugate ion concentrations are calculated under the
assumption that the total sulfur concentration is constant for sulfate/bisulfate, or in the case
of carbonate/bicarbonate the total carbon is constant, and that the concentration in the
trapped droplet is the same as in the bulk solution. Sulfate and bisulfate concentrations (or
carbonate and bicarbonate concentrations) and ionic strength are then used to determine
activity coefficients, and ultimately pH, by iteratively solving equations 4.2 through 4.7.

For experiments in which aerosol pH is titrated via droplet coalescence with a more acidic
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aerosol (vide infra), changes in ionic strength with acid dosing are taken into account. In
comparison, wWhen calculating pH using the H-H method, the ratio of sulfate to bisulfate is
determined by comparing the integrated peak area of the sulfate and bisulfate vibrational

bands from the Raman spectra.

Before applying these calculations to trapped aerosols, we first investigated bulk
solutions near the same concentrations and pH that are used for aerosol experiments and
calculate pH using the three methods discussed above, H-H, DHT, and SIT, to determine
which one provides the most accurate calculation from known bulk solutions (see
additional information in Supporting Information). The results are summarized in Figure
4.1 where the dashed line represents the case where bulk measured pH is equal to the
calculated pH. By comparing all three methods, it can be seen that the SIT method is closest
in agreement with the dashed line indicating that pH determined via the SIT method is in
greatest agreement with the experimentally measured values compared to DHT or H-H

method for these solutions. Therefore, SIT is used for determining aerosol pH.

Using bulk aqueous solutions of known pH, aerosols were generated using an
ultrasonic nebulizer and the pH of the trapped droplet was calculated, as done above for
bulk solutions, but with the calibration curve obtained for aerosol as shown in Figure 4.7b.
Figure 4.2 compares the bulk measured pH to the calculated particle pH for trapped sulfate
and carbonate droplets where the dashed line represents the case where the measured bulk
pH is equal to that of the calculated particle pH. From this plot, it can be seen that the
majority of the calculated pH values for the trapped aerosol lie below the 1:1 line indicating

that there is acidification during the formation of the aerosol and trapping process. Ault
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and Dutcher observed a similar trend in acidification during the aerosolization process,
although, it should be noted that in these studies, the aerosol was sent through a diffusion
drier leading to a decrease in pH.?%! Additionally, following the method described by Ault
and co-workers,* pH was determined using colorimetric analysis by directly impacting
aerosols generated by the nebulizer onto pH paper, the results of which are summarized in
Figure 4.9 and confirm acidification upon nebulization (see Supporting Information for
more detail). Overall, these results show that the bulk pH and aerosol pH are not the same

and therefore should not be assumed in other aerosol experiments.

Once trapped, aerosol pH can be changed and further probed. This is done by
introducing more acidic aerosol containing HCI into the trapping chamber while
monitoring the Raman spectra before and after each coalescence event. A detailed
description of the trapping and coalescence methods can be found in the Supporting
Information. For each trapped droplet, the pH is calculated before and after each
coalescence event. Calculated droplet pH as a function of coalescence event number for a
sulfate aerosol repeatedly coalesced with acid is shown in Figure 4.3a. As radius increases,
the calculated pH decreases with each consecutive coalescence event. Additionally, this
change in pH can be seen spectroscopically by examining the ratio of conjugate acid/base
pairs. For example, Figure 4.11 depicts the change in peak area ratios for sulfate/bisulfate
as a trapped sulfate droplet is titrated with an acidic aerosol. With each coalescence event,
the v SO4% band decreases while the v HSO4™ band increases corresponding to a shift in
equilibrium and a decrease in pH. This decrease in pH upon coalescence demonstrates the
ability to change or control the pH of a trapped droplet via coalescence with an acidic

aerosol.
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Control experiments were also done and are shown in Figure 4.3b. In this plot, the
change in calculated pH and radii of a trapped sulfate droplet coalesced with a solution of
the same pH, instead of a more acidic aerosol, are shown. Although the radius increases
with each consecutive coalescence, there is little variation in calculated pH with each
coalescence event indicating that, at a constant relative humidity, the aerosol grows due to
coalescence but no significant change in aerosol pH is observed. This can also be seen by
examining the sulfate vibrational mode (v SO4% , 985 cm™) in the Raman spectra. The
integrated peak area of the v SO4% clearly decreases with each coalescence event when
coalesced with an acidic solution (Figure 4.12a) as compared to the minor changes in the
vibrational band when coalesced with a solution of the same pH (Figure 4.12b). This
conclusion is imperative for the coalescence methodology because it ensures that any

changes in calculated pH are due to the addition of acid rather than dilution by water.

Similar experiments were performed to examine the influence concentration of the
coalescing acid has on the change in pH of a trapped droplet. Figure 4.4 shows the
calculated pH of sulfate droplets, trapped from the same initial bulk solution, titrated with
1 M or 3 M HCI. With both concentrations of acid, as coalescence progresses the calculated
pH of the droplet decreases since the droplet is further acidified with each coalescence
event. In Figure 4.4, the dashed line represents the pH value for which the calculated
droplet pH begins to level off at after multiple coalescence events. As expected, this pH
value is near the pH of the bulk acid sample (pH 0 and -0.48 for 1 M and 3 M HCI,
respectively). This is because as the number of coalescences increases, the mole fraction

of HCI increasingly dominates the droplet and therefore its pH approaches the pH of the
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coalescing acid. This observation is important to note as it is validation that the SIT method

is the best method to accurately determine droplet pH.

Additionally, the rate at which the droplet acidifies as it is titrated increases when
coalescing with aerosol droplets prepared from 3 M HCI solutions compared to 1 M HCI
solutions and fewer coalescence events are required to cause the same decrease in droplet
pH when using the more concentrated acid. For example, as seen in Figure 4.4, only one
coalescence event is required to reach a pH of approximately 0.5 with 3 M HCI whereas
two coalescence events are needed to reach the same pH with 1 M HCI. However, it should
be noted that the change in pH with each coalescence is not consistent which could be due
to multiple reasons. First, the pH scale is logarithmic, as a result, if each coalescence added
the same number of H* ions, the change in pH would be larger for cases where the starting
pH is higher. Therefore, the change in pH is expected to diminish over time as the
concentration of H* continues to increase. Second, the variation in amount of change in pH
per coalescence event may be attributed to the inconsistency in the size of the coalescing
droplet. With the current nebulization method, there is little control over the exact size of
the coalescing droplet (i.e. the incoming aerosol to be coalesced with the already trapped
droplet). The nebulizer used in these experiments produces a range of droplet sizes with a
reported mass median aecrodynamic diameter of 4.5 um. Although there is currently little
control of the size of the incoming droplet, the size can be estimated by calculating the
change in radius of the trapped droplet after coalescence, for this experiment, the average
coalescing droplet radius was 0.11 um. To obtain better control of droplet size, additional
nebulization methods should be considered. Nonetheless, the pH of a trapped droplet can

be changed and titrated via coalescence with more acidic droplets.
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To investigate if this method for determining and controlling droplet pH through
coalescence is applicable for other chemical systems, the same method was applied to the
carbonate/bicarbonate system. Using the concentration calibration curve determined via
AOT cavity enhanced Raman spectroscopy (Figure 4.8), the pH of a trapped carbonate
droplet titrated with acid was calculated and the results are summarized in Figure 4.5. Due
to the difference in chemical properties of sulfate and carbonate, titration was limited to
the pH region near the pKa (specifically, pKa2 = 10.33 °?) to avoid the formation and release
of carbon dioxide which occurs at lower pH. As shown in Figure 4.5, there is a decrease in
pH with each coalescence event and a leveling off of pH after multiple coalescences,
similar to the case with sulfate. A larger error is associated with the carbonate system, as
compared to sulfate, due to the changes in intensity in the Raman spectra. In the case for
sulfate, as the droplet was coalesced with acid, the v SO4> vibrational mode remained
prominent whereas for carbonate the v CO3? vibrational mode began to diminish with each
coalescence therefore resulting in greater uncertainty associated with the peak fitting
process. This error can be minimized by using a higher concentration of carbonate therefore
making the carbonate vibrational mode more pronounced. Additionally, it should be noted
that the calculated initial particle pH is lower than that of the bulk solution again

demonstrating the acidification effect on aerosolization of a bulk solution.

4.3. Conclusions

From this work we have shown that control of droplet pH is attainable through
coalescence with acid and can be applied to multiple chemical systems. Figure 4.6
summarizes the experimental technique used here to calculate and control droplet pH.

Additionally, future experiments include coalescing a trapped droplet with a basic solution
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to show that droplet pH can also be increased by coalescing with a basic solution. With
both acid and base coalescence, droplet titration and pH control are possible over a range
of pH values. In addition to control over droplet pH, this technique also allows for control
over the gaseous medium and relative humidity surrounding the trapped droplet. This
control over droplet pH and its environment would allow studies of individual droplets in
dynamic environments, similar to those in the atmosphere, to be mimicked and probed in
the laboratory. These laboratory-based single particle studies would provide valuable
information, such as chemical kinetics of individual aerosols or elucidating surface effects
by comparing bulk phase chemical reactions and kinetics to those in the aerosol phase, that
can be used to update atmospheric models to more accurately predict and simulate aerosol
chemistry. It is also worth noting that the method described in the current studies is capable
of measuring pH of the aerosol as a whole but cannot differentiate between the surface or
bulk of the aerosol. Therefore, future experiments designed to probe acidity or pKa at the
aerosol surface would require additional development of the current method or a different

technique all together.53-5°

These results also underscore the necessity of applying appropriate theories to pH
calculations. While DHT is appropriate for low ionic strength studies, SIT should be used
where possible when working with high ionic strength aerosols, such as those from polluted
environments. Here, two chemical validations of SIT calculations of pH have been
provided: i) SIT calculations for bulk solutions are in good agreement with the measured
bulk pH from the pH probe, an instrument which has been extensively characterized as an
accurate measure of pH, and ii) SIT shows that a particle repeatedly coalesced with acidic

aerosol approaches the pH of the bulk acid solution, which agrees with chemical intuition.

92



It is essential that similar validation experiments be performed for the other direct pH
measurement techniques, listed in Table 4.1, in order to verify that each can be reliably
used in appropriate contexts to measure environmental samples. Thus, the results presented
here provide evidence for a reliable method of controlling and confidently calculating
aerosol pH via droplet coalescence that will allow examination of pH dependent speciation

and reactions within a single aerosol droplet.
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Figure 4.1: Comparison of experimentally measured bulk solution pH to calculated bulk
solution pH using H-H equation (green), DHT (blue) or SIT (red) methods. Calculated pH
values are determined using the equations provided in the main text and sulfate
concentrations obtained from the calibration curve shown Figure 4.7a. The dashed line
represents the 1:1 line where bulk measured pH is equal to that of calculated pH.
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Figure 4.2: Comparison of measured bulk pH to calculated aerosol pH using the SIT
method for trapped sulfate droplets. Calculated pH values are determined by equations 4.2-
4.7 where sulfate concentration is obtained using the calibration curve from Figure 4.7b.
The dashed line represents the 1:1 line where measured bulk pH is equal to the calculated
aerosol pH. It can be seen that in most cases, the aerosol pH is more acidic than the bulk
pH.
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Figure 4.3: a) Calculated aerosol pH (closed, black circles) and radii (open, blue circles)
of a trapped sulfate droplet coalesced with 1 M HCI showing the decrease in droplet pH
and corresponding increase in radius as coalescence proceeds from coalescence event 0 to
9, where 0 is the initial droplet before any coalescence. b) Calculated droplet pH and radii
of a trapped sulfate droplet coalesced with water of the same pH (2.09), indicating that
taking up water from dosing, at a constant relative humidity, does not appear to
significantly change droplet pH. The dashed line is the average calculated droplet pH.
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Figure 4.4: Calculated pH of trapped sulfate droplets coalesced with 1 M (closed circles)
or 3 M (open circles) hydrochloric acid. Calculated pH is shown as a function of the number
of coalescence events where 0 is the calculated pH of the trapped droplet prior to acid
coalescence. The dashed line represents the value at which pH levels off for coalescence
experiments with 1 M HCI.
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Figure 4.5: Calculated pH of a trapped carbonate droplet, from a bulk solution with a
measured pH of 12.4, coalesced with 1 M HCI. Calculated pH is shown as a function of
the number of coalescence events where 0 is the calculated pH of the trapped droplet prior
to acid coalescence.
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coalescence with another aerosol at a different pH. Raman spectra from the trapped particle
are used in conjunction with calibration curves to determine concentration and ultimately
calculate aerosol pH following.
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46. Tables

Table 4.1: Summary of direct and indirect methods for determining aerosol pH.

Method ‘ Advantages ‘ Disadvantages ‘ Refs
Direct methods
Inorganic or Few empirical constants Requires time-intensive sample filtering; | 2735~
electrochemical needed; some methods poor resolution; prone to sampling 37
measurement of | portable; useful to observe artifacts such as failure to denuder and
filter extracts trends of changes in bulk remove alkaline particles or interaction of
properties particles with denuder coating
Individual Nondestructive; few Useful ion pair (e.g. SO42/HSO4) must 2931
particle assumptions required,; be present at detectable concentrations;
measurement via | precise information on size | works for limited size range; works best
spectroscopy and refractive index when ion pair peaks are of similar
simultaneously obtained intensity
Aerosol Particles need not be pre- Some indicators require correction for 32
deposition onto dried or filtered; ambient systematic bias; each indicator most
pH paper results can be obtained in ~2 | useful in the middle of its range; need to
hours account for species absorbing in the
visible
Fluorescent Highly sensitive; can pH range limited to ~2 units 38
probe monitor liquid-liquid phase
microscopy separation
Surface- Information on pH There is discussion that this method may | 3441
enhanced Raman | distribution within a droplet | measure the concentration of H* rather
spectroscopy can be obtained than activity
Indirect methods
lon balance Simple and useful for Organic compounds complicate results; 21
inorganic systems model failed to correlate with known
results of some field campaigns
Molar ratio Adaptable to various ion High uncertainty; disagrees with 27
composition profiles and established models
absolute concentrations
Thermodynamic | Widely applicable; can use | Various models substantially disagree; 27,394
equilibrium either total aerosol + gas models diverge when ammonia is dilute; 0
models (e.g. E- content (“forward”) or “reverse” mode highly sensitive to minor
AlM, individual component ionic measurement errors; low liquid
ISORROPIA, (“reverse”) concentrations water content of aerosols can result in low
AIOM-FAC) as input precision; many ignore organics; requires
equilibrium
Phase Recommended for high Requires system to have reached 33
partitioning accuracy equilibrium, which is often untrue,
especially for large aerosols; sensitive to
uncertainty in ammonia concentration and
variations in ionic strength
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4.7.Supporting Information

Details of the experimental methods, constants and table of ion interaction
coefficients used in DHT and SIT calculations, Raman spectra and calibration curves for
sulfate and carbonate, comparison of bulk and aerosol pH determined by deposition onto
pH paper, images of a trapped droplet undergoing coalescence, spectra of trapped droplets
coalesced with acidic aerosol and aerosol of the same pH, comparison of measured pH to

calculated pH for carbonate.

4.7.1. Calculation of solution and aerosol pH

The extended Debye-Huckel Theory (DHT) (Eg. 4.2 in main text) and Specific lon
Interaction Theory (SIT) (Eq. 4.6 in main text) were employed to calculate activity
coefficients. In the Debye-Hiickel equation, A and B are constants characteristic of the
solvent (water) the values of which are 0.5085 and 3.281x107°, respectively and effective
diameter of the ion in solution, given by a, can be found in Table 4.2.°%%7 In Specific lon
Interaction Theory, ¢ ( and &> where applicable) is the ion interaction coefficient, values of
which are listed in Table 4.2.**°! Additionally, the value for water activity in 2 M NaCl is
0.9284.%° For the sulfate and carbonate equilibrium systems, K, values of 1.0 x102 and 4.7

x10!! were used, respectively.>

4.7.2. Sample preparation

All aqueous sodium sulfate (Fisher) and sodium carbonate (Fisher) solutions, of
varying concentrations, were prepared using ultra-pure water (Thermo, Barnsted
EasyPure- II; >18.2 MQ cm resistivity) and the ionic strength of each sample was

controlled to 2 M using sodium chloride (Fisher). Coalescence experiments were
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preformed using 1 M HCI (Fisher) or 3 M HCI prepared from a 6 M HCI (Fisher) stock

solution. All chemicals were used as is without any further purification.

4.7.3. Confocal Raman spectroscopy and bulk solution measurements

Bulk aqueous phase Raman spectroscopy measurements are preformed using a
LabRam HR Evolution spectrometer (Horiba) equipped with an Olympus BX41 optical
microscope with a 100X magnification lens. Raman spectra were collected with a 532 nm
laser in the range of 100-4000 cm* with 10-second acquisitions and 5 accumulations. Bulk
phase experiments are carried out with confocal Raman analysis by first collecting spectra
of a bulk aqueous sulfate sample (1 M). Acid is then added drop wise to the solution, pH
is measured with a standard bench top pH meter (OAKTON Instruments), and a new set
of spectra are collected again. These bulk phase pH data are shown in Figure 4.1.

Calibration curves for bulk sulfate solutions are shown in Figure 4.7a.

4.7.4. Aerosol Optical Tweezers (AOT)

The instrument used in these studies is a commercially available aerosol optical
tweezer (AOT-100, Biral). In a typical experiment, a bulk aqueous solution is aerosolized
using an ultrasonic nebulizer (MicroAIR U22, OMRON). The aerosolized solution is then
introduced to the trapping chamber where a single droplet is confined by the trapping laser
(532 nm) and can be enlarged via coalescence with additional droplets from the nebulized
solution.®®>® Once a droplet is trapped, the trapping chamber is sealed and allowed to
equilibrate under a humidified nitrogen flow at a specific relative humidity, for these
studies relative humidity was set to 100%. Raman spectra of the trapped droplet were

collected with a 1 second exposure time and either a 300 or 1200 grove per mm grating.
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Raman spectra provide information on the chemical composition of the droplet from the
spontaneous Raman scattering while cavity enhanced Raman scattering (CERS) provides
a fingerprint to determine droplet size and refractive index.®®%! The proprietary Biral and
University of Bristol software (LARA 2.0) determines the size and refractive index of the
individual droplet from the wavelength position of whispering gallery modes (WGMs)
within the droplet as detected by Raman spectroscopy.®®? Additionally, the droplet is
imaged under brightfield illumination using a CCD camera that allows images and videos
to be taken at any point in the experiment. To ensure accurate wavelength position, the
spectrometer is calibrated using a Hg and Ne/Ar dual switchable USB light source
(Princeton Instruments). Calibration curves using the AOT for sulfate and carbonate

aerosol at different concentrations are shown in Figures 4.7b and Figure 4.8, respectively.

4.7.5. Description of pH measurements of aerosols deposited on pH paper

Colorimetric analysis was performed using ImageJ processing program with the
RGB_Measure plugin.®®% The pH papers used in this study were for the ranges of 0-2.5
and 2-4.5 (MColorpHast, EMD Millipore) and 3.0-5.5 (Hydrion, Micro Essential
Laboratory). For each aerosol trial, pH paper was placed in the center of AOT trapping
chamber on the coverslip and dosed with a nebulized sulfate solution of known pH for one
minute. Bulk solution pH was obtained by pipetting the solution directly onto the pH paper.
Each analyzed image, collected with a cellular phone camera, contained three pH papers
from the aerosol trials, one bulk solution pH paper, a blank pH paper and the pH color
scale. The blank pH paper was included as a control and the pH color scale was included

so a calibration curve could be created for each image therefore eliminating the need to
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take slight differences due to factors such as lighting and camera angle into account. Each
of these images were analyzed for R, G, and B values and a calibration curve was created
relating pH to the R values or the difference between the G and B values, similar to the
analysis performed by Craig et al.®> From these calibration curves, aerosol pH was

determined and the comparison of bulk and aerosol pH are shown in Figure 4.9.

4.7.6. Description of coalescence experiments with the AOT

The use of coalescence in an optical trap has been shown to be a useful technique
by others in the field.>®%-"1 In a typical AOT coalescence experiment, a sulfate droplet is
first trapped and fully characterized by Raman spectroscopy (chemical composition, size,
refractive index). After obtaining the initial characterization of the droplet, the trapping
chamber is opened and a nebulized solution, in this case hydrochloric acid at 1 or 3 M, is
introduced to the chamber until coalescence occurs. After coalescence the chamber is
sealed, allowed to equilibrate, and the droplet is characterized again for composition and
size. It should be noted that for coalescence, a cap is added to the nebulizer to help filter
out larger aerosol that are more likely to knock the trapped particle out of the laser.
Coalescence events are determined by visual observation in the real-time video of the
trapped droplet and then further verified by comparing the droplet radius before and after
dosing. This process can be repeated many times as the aerosol is titrated. This coalescence
process can be seen in the screenshots from the video, shown in Figure 4.10. In these
images, a sulfate droplet is trapped (trapped droplet) while acidic aerosol are introduced to

the trapping chamber (incoming droplet) until a coalescence occurs. Changes in the
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spectra following coalescence to different pH values are shown in Figure 4.10 at high

concentration and in Figure 4.11 at lower concentration.

4.7.7. S

upporting Information Figures

Figure 4.7: Raman spectra and sulfate concentration calibration curves relating integrated
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Figure 4.11: AOT cavity enhanced Raman spectra of a trapped sulfate droplet and the
corresponding calculated particle pH shown at three representative pH values. As the
droplet is titrated with acidic aerosol, calculated particle pH decreases and the v SO+ band
at 985 cm™ decreases while the v HSO4 band at 1055 cm increases.
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correspond to the coalescence experiments and calculated pH values shown in Figure 4.3.
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Figure 4.13: Comparison of measured bulk pH to calculated aerosol pH using the SIT
method for a trapped carbonate droplet. Calculated pH values are determined by equations
4.2-4.7 where carbonate concentration is obtained using the calibration curve from Figure
4.8. The dashed line represents the 1:1 line where measured bulk pH is equal to the
calculated aerosol pH. It can be seen that in most cases, the aerosol pH is more acidic than

the bulk pH.
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4.7.8. Supporting Information Tables

Table 4.2: lon interaction coefficients, ¢, and effective diameter, a, values.

e(kgmol) & (kgmol ) ax10
HSO,/Na  -0.01 50, 4
Sof'/sz -0.184 0.139 cof' 45
uer 0.086 -0.017 HCO, 4
HCO,/Na O H 9
CO,"/Na' -0.08
Na /OH 0.028 0.079
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Chapter 5  Influence of Glyoxal on the Catalytic
Oxidation of S(IV) in Acidic Aqueous Media

5.1.Synopsis

The role of glyoxal in S(1V) oxidation in acidic aqueous solutions catalyzed by iron
in the form of aqueous Fe®* ions and solid iron oxide was investigated under different
experimental conditions. It is found that the rate of Fe3*(aq) ion catalyzed-S(IV) oxidation
decreases in the presence of glyoxal. The results of mass spectral analysis and infrared
spectra suggest that the trapping of SO4™ radicals, as well as the formation of glyoxal-S(IV)
adducts, are responsible for this inhibition effect. Interestingly, although sulfur oxidation
is kinetically inhibited in the presence of glyoxal, S(IV) in the form of sulfite, is over time
completely converted to sulfate. Additionally, the inhibition effects of glyoxal can also be
observed in the reaction of S(IV) catalyzed by iron oxide particles, albeit less than that
catalyzed by dissolved Fe®*(aq). The observed inhibition effect for the iron oxide particles
is proposed to be attributed to competitive surface adsorption on the iron oxide particle
surface. Overall, these findings suggest that the effects of glyoxal on the catalytic oxidation
of S(1V) are highly dependent on the mechanism, form of iron (dissolved versus solid), and

the ambient conditions, including pH and concentration.

5.2. Introduction

The aqueous phase oxidation of sulfur dioxide (SO2) in cloud or fog droplets, is
considered the most important pathway for the formation of atmospheric sulfate.® In fact,

it is estimated that 9—17% of the global sulfate production is formed specifically via the
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oxidation of aqueous SO> in the presence of transition metal ions (TMI), e.g., iron and

manganese.?

Earlier studies have shown that the catalytic oxidation of S(IV) by TMI is a
complex process for which its mechanisms and kinetics are dependent on reaction
conditions including pH, temperature and light.> Furthermore, recent studies have shown
that this reaction can also be influenced by other reactions, in particular in the presence of
organic compounds. For example, it has been established that some organic acids, such as
oxalic acid and formic acid, have a strong inhibition effect on iron-catalyzed S(IV)
oxidation due to the complexation of organic ligands with iron.*® The catalytic oxidation
of S(IV) is a free radical chain reaction,®"® where sulfoxy radicals i.e., SOs-, SO4~ and
SOs™ radicals, are the major intermediates. Therefore, besides complexation with TMI,
organic compounds can also react with sulfoxy radicals, resulting in the decrease of sulfoxy
radical concentration and subsequently altering the rate of catalytic S(IV) oxidation as well
as the conversion of S(1V).%*® The three main pathways for these reactions in aqueous

phase are summarized in reactions R5.1-R5.3 (using SO4™ radical as an example):"1

.S0,” + HR » HSO,” +-R (R5.1)
+S0,” 4+ CcHg = C4Hgt 4+ 50,7 (R5.2)

Specifically, the -SO4™ radical can react with saturated organic compounds through
hydrogen abstraction (R5.1); transfer of an electron from an aromatic compound (R5.2);

and undergo addition reactions with organic compounds containing carbon-carbon double
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bonds (R5.3). Despite the fact that it is known that organic compounds can impact the
catalytic oxidation of S(IV),*®1® the understanding how this occurs for carbonyl
compounds, which are important species involved in atmospheric chemistry with some
having large apparent Henry’s law constants (e.g. carbonyl compounds including
formaldehyde, glyoxal and acetone),*® is still limited. Furthermore, in addition to aqueous
metal ions, previous studies have shown that S(IV) can also be oxidized by transition metal-
containing particles in the aqueous phase through homogeneous as well as heterogeneous
reactions,?®2® indicating that the mechanism by which S(IV) reacts with these particle
inclusions is different than that with TMI. However, very little is known about the process
of S(IV) oxidation by mineral dust particles in the presence of organic compounds in the

aqueous phase.

Glyoxal, the simplest a-dicarbonyl compound, is produced from the oxidation of
biogenic and anthropogenic VOCs, including isoprene, terpenes and aromatic
hydrocarbons.?’2° Due to its high solubility (Henry's law constant of 3.0—
4.2x10° M atm™* at 25 °C),% glyoxal easily partitions into the aqueous phase and is found

widely in atmospheric aerosols, clouds and fog droplets,

making it an important
contributor to the formation of aqueous secondary organic aerosols (SOA) and a source of
other water-soluble products.®*-2 Given its prevalence and importance in the atmosphere,
glyoxal was selected to investigate the impact it has on the catalytic oxidation of S(IV). In
particular, we have investigated the aqueous phase reaction of S(IV) and molecular oxygen
catalyzed by iron (Fe**(aqg) and Fe20s) in the presence and absence of glyoxal. The purpose

of this study is to determine the effect of glyoxal on the kinetics of this process under

various atmospherically relevant conditions and relevant possible mechanisms.
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5.3. Materials and Methods

5.3.1. Reagents and materials

Na>S03 (LabChem) and Na2S20s (>97%, Alfa Aesar) were used as the source of
aqueous S(IV). Aqueous Fe(l11) and solid Fe(l1l) were prepared from FeClz (98%, Alfa
Aesar)/Fez(SO4); (Sigma-Aldrich) and iron oxide (y-Fe2Os, 99%, Alfa Aesar),
respectively. The characterization of iron oxide is described in detail in our previous
study.?® Briefly, the BET surface areas of y-Fe,O3 was measured as 56+1 m? g~*. Solutions
were prepared with Na,SO3/Na»S:0s, glyoxal (Acros, 40 wt%), and Fe(lll) diluted in
ultrapure water (Milli-pore). Oxygen was dissolved in water by equilibration with
atmospheric air. The initial pH of the solution was adjusted to 5.0 or 3.0 by HCI (1 M,

Fisher)/H2SO4 (1 M, Fluka).

5.3.2. Aqueous phase reactor

In order to investigate the role of glyoxal in the reaction of S(IV) in the form of
sulfite/bisulfite solutions catalyzed by iron, kinetic studies of aqueous phase reactions were
conducted in a 0.1 L water jacketed quartz vessel. A solution of 0.1 mM Na2S>0s mixed
with different glyoxal concentrations (0-0.5 mM) and FeCls (~8 uM) or y-Fe203 (0.1 g L~
1y was introduced into the reactor for a total volume of 75 mL. The remaining space was
maintained over the liquid level for mixing. The details of the experimental conditions are
listed in Table 5.2. For all experiments, reactors were continuously stirred, and the
temperature was controlled to 25 °C in the dark. Aliquots of the reaction mixture were
extracted every 3 or 5 minutes for the duration of 18 or 30 minutes. After reaction, 75 pLL
formaldehyde (CH20, 0.1 M) were added to each sample to prevent further oxidation. In

the experiments with iron oxide, samples were filtered with a 0.2 pm
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polytetrafluoroethylene (PTFE) filter to remove solid particles before adding HCHO. After
reaction, samples were analyzed with ion chromatography to obtain accurate sulfite
concentrations. Selected samples were analyzed to monitor S(IV) oxidation using
attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy,
However, for these studies initial concentration of reagents (S(1V) (50 mM), glyoxal (50

mM) and y-Fe,03 (1 g L)) were used.

In addition to investigating the kinetics of these reactions, we also carried out
experiments to explore the mechanism of the reactions. The products from Na>SO3 reacted
with Fex(SO4)3 in the presence and absence of glyoxal were investigated using a 20 mL
glass reactor. The sample preparation for these experiments is described in detail
elsewhere.® The initial concentrations of Na,SOs, glyoxal and Fe**(aq) were 2 mM, 2 mM
and 0.25 mM, respectively. The highly concentrated solution was used to facilitate the
characterization of reaction products. All experiments were performed at 277 K under dark
conditions for ~12 h of reaction time and products were analyzed with a high-resolution
hybrid linear ion trap mass spectrometer equipped with a heated electrospray ionization

(HESI) source (HESI-HRMS, Thermo Orbitrap Elite).

5.3.3. Detection of reactants and products
5.3.3.1. The measurement of S(1V) and S(VI) concentration

The concentration of S(IV) and S(VI) were determined by ion chromatography (IC,
Dionex 1CS2000), equipped with a Dionex AS25 analytical column, which allowed peaks
for sulfite and sulfate to be completely separated under the following gradient program: the

concentration of eluent (KOH, Thermo Scientific) increased from 15 mM to 36 mM at 0—
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20 min, held at 36 mM for 10 min, and then decreased to 10 mM from 30 min to 35 min.
During each run, the eluent flow rate was maintained at 0.25 mL min* with a column

temperature of 30 °C. For each analysis 25 puL of sample was injected.

As noted above, CH,O was added to each sample immediately after solution
extraction, thus, the unreacted S(IV) can be combined with CH>O to form
hydroxymethanesulfonate (HMS). Control experiments revealed that the addition of CH,O
does not interfere with the determination of S(IV) concentration in this study. Additionally,
given that some residual S(IVV) may be in the form of glyoxal-S(IV) adducts, we also
evaluated the influence of different aldehyde-S(IV) adducts for the measurement of sulfite
concentration by comparing the retention time and intensity of the S(IV) peak in the form
of glyoxal-S(IV) adducts with that in the form of formaldehyde-S(1V) adduct. The results
showed that the different form of aldehyde-S(1V) adduct does not induce a discrepancy of
S(IV) measurement. Furthermore, we also determined the stability of the sample, finding
that the intensity of the sample did not change within 48 hours. In order to avoid

interferences, we measured the samples immediately after reaction.

5.3.3.2. Product analysis

Samples obtained from the experiments for mechanism studies were analyzed by
HESI-HRMS under negative ionization mode. Samples were diluted by a factor of 20 with
acetonitrile (ACN, Fluka) before analysis. The details of this method can be found in our

previous work.®

ATR-FTIR spectroscopy measurements of sulfur oxidation were taken using a

Thermo-Nicolet spectrometer equipped with an MCT/A detector. A background spectrum
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was collected of water (Milli-Q) on the blank Ge crystal in a horizontal ATR cell (Pike
Technologies, Inc.). Solution phase spectra were recorded for each aliquot extracted during
dissolution experiments by depositing approximately 1 mL of each filtered aqueous sample
onto the ATR crystal. A total of 200 scans were acquired at 4 cm™ resolution for each

spectrum.

5.3.3.3. Measured dissolved iron concentrations

Selected samples were analyzed with inductively coupled plasma-mass
spectrometry (ICP-MS) (iCAP RQ ICPMS, Thermo Fisher Scientific) to determine total
iron concentration. A 100 ppm Fe standard for ICP-MS (Inorganic Ventures) was diluted
to concentrations of 1, 0.1, 0.01, 0.001, 0.0001, and 0.00001 ppm to generate a calibration
curve. Samples were acidified using nitric acid and ICP-MS internal standard (Inorganic
Ventures) was added to each sample. The average and standard deviation are reported for

all dissolution measurements.

5.3.4. Aerosol Optical Tweezer Experiments

The oxidation of S(IV) in the presence of glyoxal was also examined in the aerosol
phase using an Aerosol Optical Tweezer (AOT-100, Biral). The AOT setup and
coalescence method used in these studies is described elsewhere (Chapter 3). Briefly,
aerosols were generated from a 1 M glyoxal solution using an ultrasonic nebulizer
(MicroAIR U22, OMRON) and introduced to the trapping chamber where a single micron-
sized droplet is trapped by the trapping laser. The glyoxal droplet was allowed to
equilibrate and cavity enhanced Raman spectra were collected. The stable glyoxal droplet

was then coalesced with an aerosolized solution of 1 M sodium metabisulfite and the
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occurrence of a successful coalescence was monitored visually with the real time video of
the droplet and via the Raman spectra and calculated droplet radius. After coalescence, the
droplet was again allowed to stabilize, and Raman spectra were collected. Metabisulfite
was used as the source of S(IV) rather than sulfite because initial trapping tests with sulfite
showed that oxidation occurred too fast during the nebulization and trapping process that
by the time the droplet was stably trapped there were no vibrational bands corresponding
to S(IV) species observed in the Raman spectra; the only band observed was that of the
stretching mode for sulfate. Metabisulfite on the other hand, was able to be stably trapped
and the Raman spectra showed characteristic S(1V) vibrational bands. However, it should
be noted that metabisulfite did still oxidize to form S(VI) as detected by the appearance of
the vibrational band for sulfate at 985 cm™ but the oxidation occurred slower than sulfite

allowing for S(IV) species to last long enough to get into the trapping chamber and react.

5.4. Results and Discussion
5.4.1. S(1V) oxidation with Fe(Il1) in the aqueous phase

Kinetic studies of S(IV) oxidized by Fe®*(aq) in the absence and presence of glyoxal
at pH 5 were investigated. Figure 5.1 shows the time dependence of [S(IV)]¢/[S(IV)]o ratio,
where [S(1V)]t is the concentration of S(IV) at time t and [S(IV)]o is the initial concentration
of S(IV). In this study, the loss of S(IV) with time is treated as a pseudo-first-order reaction
in all cases in order to compare the results measured under different experimental

conditions. Therefore, the reaction rate is described by:

d[S(IV)]
S dt

= k[SUV)]o
(E5.1)
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where k is the observed rate constant calculated from at least two repeated experiments. As
shown in Table 5.1, in the presence of Fe3*(aq) only, the value of k is measured as (9.1 +
0.5) x 107> mM s*. Even though considering the contribution of S(IV) oxidized by O2
(Figure 5.8), this value is still calculated to be (7.7 + 0.5) x 107° mM s™%, indicating that
Fe3+ plays an important role in the S(IV) oxidation. However, in the presence of 0.1 mM
glyoxal, the value of k decreases to (6.3 = 0.3) x 10—5 mM s ™%, suggesting that glyoxal
inhibits the reaction. It is expected that this inhibition effect is closely related to the glyoxal
concentration. Increasing the glyoxal concentration from 0.1 mM to 0.5 mM resulted in a

decrease of the rate by ~54%.

Solution pH is a major factor in the catalytic oxidation of S(IV), which can affect
the mechanism and rate of reaction by controlling the distribution of both S(IV) and metal
ion species and altering the stability of the produced metal-sulfur complexes.® Thus, the
effect of glyoxal on this catalytic reaction at different pH was investigated. Analogously,
the change of [S(IV)]¢/[S(IV)]o ratio as the function of time is depicted in Figure 5.2. It can
be seen that the rate of S(IV) loss at pH 3 is much faster than that at pH 5, and the reaction
order with respect to S(IV) changes to approximate first order (Figure 5.9). The change in
reaction order at different pH values has been previously reported.® In the presence of
Fe3*(aq) only, the rate constant, k, was calculated to be 6.0+0.3x10~ s (Table 5.1).
Similar to pH 5, we also find the rate constant to have a negative dependence on glyoxal
concentration at pH 3. To estimate the magnitude of the inhibition effect of glyoxal on this
reaction the ratio of 4/k’, where &’ is the observed rate constant in the presence of glyoxal,
was determined. At pH 3, the value of the ratio of 47k’ is 2.5, which is higher than that at

pH 5 (k/k’=1.4), suggesting that the inhibition effect of glyoxal is more pronounced at pH
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3; the possible explanations are discussed below. Interestingly, as shown in Figure 5.2, the
remaining S(IV) is barely detected after 30 minutes of reaction, even in the presence of
glyoxal. We calculated the sulfur balance, i.e., the measured concentration of S(1V) added
with SO+, during the reaction. Figure 5.3 shows a decrease in S(IV) concentration with a
concomitant increase of SO4>~ concentration. The value of the sulfur balance after reaction
is nearly identical to that in the beginning, suggesting that almost all of the S(IV) is
converted to sulfate. This observation is in agreement with mass spectral data that shows
that other organosulfur compounds are not observed, except adducts, during this process
(Figure 5.4). This result indicates that although the presence of glyoxal can slow the

oxidation of S(IV) by Fe®*, S(1V) is ultimately oxidized to S(V1) over time.

Based on the experimental and literature results, the possible mechanisms for
explaining the inhibition effect of glyoxal on the Fe®**-catalyzed S(IV) oxidation were
elucidated. Schaefer et al.*> measured the rate constant for the reaction of the SO4~ radical
with glyoxal as 2.4x107 L mol* s%, indicating that SO4~ radicals can also abstract a H atom
of glyoxal like OH radicals. They suggested that this value is comparable with those of
other mono and polyfunctional alcohols.** However, previous study reported that the
hydrogen abstraction by the SOz ~ radical can be negligible for alcohol.*? Therefore,
although the SO3™ radical is the primary radical formed in the catalytic reaction, the reaction
of glyoxal with SO3™ radicals is not considered to be important here. If alcohol inhibits the
reaction via trapping SO4~ radicals,* glyoxal may undergo a similar mechanism. The main
products generated through this pathway are glyoxylic acid and oxalic acid assuming that
the mechanism of H atom abstraction by SO4  radicals is analogous to OH radicals in

aqueous phase reaction.”® Figure 5.4 shows the negative-ion mass spectra of glyoxal
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reacted with S(1V) in the absence and presence of Fe3*(aq) at pH 5. The peak at m/z 154.97
corresponding to the structure of CoH3SOs was observed, which is produced from the
reversible reaction of HSO3~ with glyoxylic acid that has been previously proposed.*® The
observation of the formation of glyoxylic acid demonstrates that the inhibition effect of
glyoxal can contribute to some of the consumption of the SO4 radicals. The more
convincing evidence is that this peak does not exist in the absence of Fe3*(aq). However,
the peak of another major product, oxalic acid, is not observed in the mass spectra. This
may be attributed to oxalate formation and oxalate complexation with iron during the
reaction. It is worth noting that the formation of oxalate will reduce the concentration of

Fe3*(aq), thereby affecting the catalytic oxidation as well.

Because of its high solubility, glyoxal can react with S(IV) to form aldehyde-
bisulfite adducts in the aqueous phase. In this study, the formation of glyoxal-S(IV) adducts
was verified using ATR-FTIR. Figure 5.10 shows the IR spectra of the sulfite solution and
the sulfite solution mixed with glyoxal. In the spectra of sulfite mixed with glyoxal the
band at 1023 cm™, which is assigned to the stretching mode of bisulfite, disappears while
a new band appears at 1032 cm.44%> Kaun et al.*® reported that one of the characteristic
IR peaks of the HCHO-S(1V) adduct is at 1037 cm™2. Thus, the band at 1032 cm™ observed
in this study is assigned to hydroxyalkylsulfonate. The mechanism for glyoxal-S(1V)
adduct formation under acidic conditions has been proposed previously. Here, the

simplified mechanism is shown in reactions R5.4-R5.7:4’

CHOCHO + H,0 = CH(OH),CHO (R5.4)
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CH(OH),CHO + H,0 = (CH(OH),), (R5.5)
CHOCHO + HSO;~ = CHOCH(OH)SO5~ (R5.6)
CHOCHO + 2HS0;~ = (CH(OH)S057), (R5.7)

Since the formation of the dihydrate (R5.5) is an extremely favorable process for
the hydration of glyoxal in aqueous phase, “¢*° the glyoxal-monobisulfite adduct, as well
as the glyoxal-dibisulfite adduct, can be formed during the process of adduct formation. As
shown in Figure 5.4, the observed peaks at m/z 138.97 (C2H30sS) and 156.98 (C2Hs06S)
verify the existence of these two species. Interestingly, in addition to the monomer adducts,
the peaks at m/z 196.97 and 214.99 correspond to the structures of C4HsO7S and C4H70sS,
respectively, indicating the formation of oligomeric adducts that have not been reported
previously. Given that glyoxal can undergo oligomerization in the aqueous phase,
particularly under acidic conditions,>*°! it is expected that the mechanism for the formation
of oligomeric adducts may be similar to monomer adducts. Previous studies reveal that the
formation of adducts are not directly oxidizable by oxidants, such as Oz, H20, and 3.5
Thus, in addition to trapping SO4 radicals, this nonradical reaction may be responsible for

the inhibition of S(IV) catalytic oxidation as well.

To investigate the contribution of these two mechanisms, we carried out control
experiments under the same experimental conditions with the exception of the initial S(1V)
concentration at pH 3. The concentration of S(1V) was adjusted to 2 mM, which is 10 times
larger than that used before. If the inhibition effect is mainly induced by reacting with SO4~
radicals, a significant inhibition effect should still be observed since the protected S(1V)

only accounts for less than 10% of the total S(1V). However, the rate of S(IV) loss in the
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absence of glyoxal is only 1.1 times larger than that in the presence of glyoxal, indicating
that the inhibition effect is dominated by the formation of glyoxal-S(IV) adducts.
Furthermore, these results also reveal that this inhibition effect is closely related to the ratio
of S(1V) to glyoxal in the solution. If the concentration of glyoxal is comparable to S(1V),
the presence of glyoxal can significantly affect the oxidation of S(IV), however, if the
concentration of S(1V) is excessive, the presence of glyoxal will have a weaker impact on

this catalytic reaction.

It is worth noting that the trapping of SO4™ radicals and the formation of adducts
explains the significant decrease in the loss of S(IV) with increasing glyoxal concentration.
The higher concentration of glyoxal can accelerate the hydrogen abstraction as well as the
formation of glyoxal-S(IV) adducts resulting in the enhancement of the inhibition effect.
However, the inhibition effect is significantly enhanced with decreasing pH, which cannot
be explained by the mechanism mentioned hereinbefore. Schaefer et al.*° found that the
rate SO, radicals reacted with glyoxal is pH independent. Thus, the discrepancy of the
inhibition effect between pH 3 and pH 5 may not be related to the mechanism of trapping
SOy radicals. Additionally, Olson and Hoffmann*’ investigated the kinetics of glyoxal-
S(IV) adduct formation as a function of pH and found that the rate of adduct formation
increases with increasing pH, but the dissociation of these adducts is also positively pH
dependent. Although they have not investigated the adduct stability constants of glyoxal-
adducts as a function of pH, they suggested that this constant should be independent over
the range of pH 3-5 since the form of adducts, S(1V) and glyoxal species remain the same
in this pH range. However, the major assumption of their inference is that the glyoxal-

adduct contains two monomer structures, i.e., glyoxal-monobisulfite and glyoxal-
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dibisulfite. In this study, we point out the existence of oligomeric adducts and find that the
intensity of C4HsO-S peak at pH 3 is twice as large compared to that at pH 5 suggesting
that oligomeric adducts may be easily formed at lower pH. The oligomeric adducts formed
may be more stable than monoadducts, thus, we speculate that the more pronounced
inhibition effect at more acidic conditions results from the higher amount of oligomeric

adducts formed. Further studies should be carried out to verify this speculation.

5.4.2. S(1V) oxidation in solid phase Fe(l11)

In addition to aqueous Fe(l1l), previous studies have also shown that the oxidation
of S(IV) can be driven by aqueous suspensions of solid catalysts, such as iron oxide.3?1:2
Therefore, in this study, we also investigated the influence of glyoxal on S(IV) oxidation
by solid Fe(Ill), i.e., y-Fe20s. Figure 5.5 shows the change of [S(IV)]/[S(IV)]o ratio over
time for the reaction of S(IV) with y-Fe>Oz3 particles in the presence and absence of glyoxal
at different pH values. The rates of reaction are summarized in Table 5.1. At pH 5, the rate
constant in the absence of glyoxal was measured as 4.7x107° s, which is 1.4 times large
than in the presence of 0.1 mM glyoxal. Interestingly, at pH 3, in contrast to Fe3*(aq), the
extent of the inhibition effect significantly decreased, where the reaction is only slightly
influenced by the presence of glyoxal (Figure 5.5), suggesting that the mechanism of S(I1V)
oxidation may be quite different. Note that, under acidic conditions, iron can be leached
from particles and then participate in homogeneous catalytic reactions.?%3%* Thus, the
contribution of heterogeneous reaction to the overall S(IV) oxidation is evaluated. We
employed ICP-MS to measure the concentration of total dissolved iron (Fe** + Fe?*), which
showed that at pH 5 the concentration of dissolved Fe is estimated to be less than 0.01 uM,

meaning that there is little dissolved Fe3* to participate in the oxidation of S(IV). However,
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the rate constant of S(IV) reacted with y-Fe>Os particles is 3.5 times higher than with
oxygen only (Figure 5.8); hence, we infer that the oxidation of S(IV) is dominated by
heterogeneous surface reaction. At pH 3, the concentration of dissolved iron is 2 orders of
magnitude larger than at pH 5, which is attributed to increased proton promoted dissolution,
but the measured concentration of dissolved iron is still less than 1 uM, and the loss of
S(IV) is also much higher than that with oxygen only (Figure 5.8). Furthermore, the
observed weak inhibition effect in the presence of glyoxal is not in agreement with the
homogenous catalytic reaction discussed above. Therefore, the heterogeneous catalysis

may also contribute to the loss of S(IV) at pH 3.

Since the oxidation of S(IV) is dominated by the heterogeneous reaction, the
mechanism for observed inhibition effect here seems to be different to that observed for
aqueous Fe(l1). The possible explanation for this is as follows. It is well known that surface
hydroxyl groups are the principal reactive sites on metal oxides surfaces and participate in
the conversion of S(IV) to S(VI) on the surface of Fe>Os particles. As noted previously,
glyoxal and S(IV) can form glyoxal-S(IV) adducts to resist the oxidization by some
oxidants (e.g., H202 and Og), but it can be fairly rapidly oxidized by aqueous OH radicals
producing glyoxal and SOs5™ radicals.>® According to the results of formaldehyde-S(IV)
adducts investigated by previous studies,***’ the rate of glyoxal-S(IV) adducts reacted with
OH radicals may be lower than that of HSO3™ reacted with OH radicals.® Thus, the
different reactivity of HSOs™ and glyoxal-S(1V) adducts can potentially induce the different
rates of S(1V) loss. Another possible explanation is competition between S(1V) and glyoxal
for adsorption and reaction with hydroxyl groups. Faust et al.?* suggested that the number

density of surface hydroxyl groups on a-Fe;Os particles is 9 nm=2. Assuming that the
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density of surface hydroxyl groups on these Fe>Os particles is on the same order, the
amount of surface hydroxyl groups is estimated to be ~4x10*® and the amount of S(IV) and
glyoxal in solution is ~7x10%8 and 4.5x10'8, respectively. Although the heterogenous
reaction of glyoxal on Fe>Os3 particles has not been explored, previous studies reported that
glyoxal can react with Al,Os particles to produce organic acid.>® Given that y-Fe,O3 are
also active particles, it is reasonable to infer that glyoxal can be adsorbed on the surface of
v-Fe203 particles and undergo further conversion. Since the amounts of S(IV) and glyoxal
are comparable to surface hydroxyl groups, the observed inhibition effect of glyoxal may
be partially explained by competition of surface OH groups with S(IV). Importantly, a
glyoxal molecule is released from the reaction of glyoxal-S(IV) adducts with the surface
hydroxyl group, suggesting that the formation of glyoxal-S(1V) adducts in the initial step
do not retard the competition between glyoxal and S(IV) due to the regeneration of glyoxal.
Furthermore, we performed the reaction at a much higher ratio of glyoxal/S(1V) to surface
OH groups (~50) using ATR-FTIR spectroscopy. Figure 5.6 shows the spectra of the
filtered solution obtained from the reaction of S(IV) with y-Fe>Os particles in the presence
and absence of glyoxal. Previous studies revealed that S(1V) is capable of displacing sulfate
ions from surface coordination sites after their production,?®?® thus the formed sulfate
remaining on the surface of particles during solution extraction can be excluded. In the
absence of glyoxal, the distinct formation of sulfate is observed with the high intensity of

the band at 1102 cm™, assigned to the asymmetric stretching of sulfate, 56261 whereas the
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1102 cm peak is barely visible in the presence of high concentrations of glyoxal. This

result indicates that the reaction is significantly inhibited under the conditions used.

5.4.3. Reactions of Organic Aqueous Aerosols with S(1V)

The results of the oxidation of S(IV) in the presence of glyoxal in the aerosol phase
are summarized in Figure 5.7. Figure 5.7 shows the Raman spectra of the initial trapped
glyoxal droplet and the resulting spectra after coalescing, or dosing, with metabisulfite as
well as the Raman spectrum for a trapped metabisulfite droplet. Additionally, for reference,
the Raman spectra of glyoxal and metabisulfite, for both bulk and aerosol phase, are shown
in the Supporting Information (Figures 4.11-4.15). In the metabisulfite spectrum of Figure
5.7, the vibrational bands and 1060 cm™ and 1098 cm™ are assigned to S20s> while the
band at 986 cm™ is characteristic SO4>.52% As previously mentioned, although
metabisulfite is able to be trapped with S(IV) species present, the droplet will oxidize
resulting in the appearance of this sulfate band regardless. After the glyoxal droplet is
coalesced with the S(IV) solution, the vibrational band near 1050 cm™, with a shoulder at
approximately 1040 cm™, appears. This band can be assigned to an RSO3 group and
appears likely due to the formation of glyoxal-S(1V) adducts.®® As mentioned above, the
bulk phase reaction between glyoxal and S(1V) results in the formation of glyoxal-S(IV)
adducts and the presence of glyoxal inhibits the oxidation of S(1V) to S(VI); the formation
mechanism and extent of inhibition are dependent on concentration, pH and presence of
transition metal ions.”® The sulfate stretching band is present in the Raman spectra of
metabisulfite in the presence and absence of glyoxal indicating S(1V) to S(VI) oxidation
occurs but the relative peak intensity in the presence of glyoxal is much less when

compared to the absence of glyoxal which may be indicative of the inhibitory effect of
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glyoxal on the oxidation of S(IV). However, additional studies should be conducted to
quantitatively compare the relative amounts of S(V1) formed in the presence and absence
of glyoxal. Additional studies in the aerosol phase examining the reaction kinetics as well
as the influence of transition metal ions should also be conducted to gain a better
understanding of any differences in the glyoxal-S(IV) reaction as compared to bulk phase

studies.

5.5. Conclusions

The present study shows that the catalytic oxidation of S(IV) can be inhibited by
the presence of glyoxal. The extent of the inhibition effect depends on the concentration of
glyoxal as well as solution pH. For TMI catalyzed sulfur oxidation, this inhibition effect is
proposed to arise from the trapping of SO4 radicals as well as the formation of glyoxal-
S(IV) adducts and the contribution of these processes depends on the ratio of S(IV) to
glyoxal. Although the presence of glyoxal can slow the rate of S(IV) catalytic oxidation,
the conversion of S(1V) to S(V1) does eventually occur, suggesting that the S(IV) lifetime
is longer in aqueous aerosols as well as cloud and fog droplets. Additionally, with the
exception of glyoxal-S(IV) adducts, there is no observation of organosulfur compounds
formed. This observation is quite different from our previous study,® which investigated
the mechanism of TMI-catalyzed S(IV) oxidation influenced by two other carbonyl
compounds, methacrolein (MACR) and methyl vinyl ketone (MVK), finding that various

organosulfur compounds can be formed during this process. This discrepancy can be
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ascribed to the much faster rate of the sulfoxy radical addition reactions across the carbon-

carbon double bond within MACR and MVK than the hydrogen abstraction reactions.

Additionally, we also investigated the role glyoxal plays in the reaction of S(IV)
with solid iron oxide particles when the oxidation of S(IV) is dominated by heterogeneous
reaction. For these particles, inhibition effects of glyoxal on sulfur oxidation is ascribed to
competitive adsorption of glyoxal and sulfite with surface hydroxyl groups. Overall, our
findings shows that glyoxal can inhibit the oxidation of S(IV) catalyzed by aqueous Fe(l11)
as well as solid Fe(lll), which is the most abundant transition metal in the atmospheric
aqueous phase and mineral dust.”%"2 Given that the catalytic oxidation of S(IV) is an
important in-cloud sulfate formation pathway, consideration of the effects of water soluble
organics such as glyoxal, as well as other carbonyl compounds, on this catalytic reaction

is needed in order to accurately predict the formation of sulfate in the atmosphere.
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Figure 5.1: Effect of glyoxal on Fe3*-catalyzed S(IV) oxidation at pH 5. Experimental
conditions: [S(IV) Jo = 0.18 mM; [glyoxal] = 0.1-0.5 mM; [Fe*"] = 8 uM; T = 25 °C.
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Figure 5.2: Effect of glyoxal on Fe**-catalyzed S(IV) oxidation at pH 3. Experimental
conditions: [S(IV) Jo = 0.16 mM; [glyoxal] = 0.1-0.5 mM; [Fe**] = 8 uM; T = 25 °C.
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Figure 5.3: The sulfur balance during the oxidation of S(1V) to S(V1) (S04*) by Fe**(aq)
in the presence of 0.1 and 0.5 mM glyoxal at pH3.
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Figure 5.5: Effect of glyoxal on the reaction of S(IV) with Fe>Oz particles. Experimental
conditions: [S(IV) Jo = ~0.16 mM; [glyoxal] = 0.1 mM; Fe;03=0.1g L ; T =25 °C.
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Figure 5.6: ATR-FTIR spectra of oxidation products from S(IV) oxidation by Fe,O3
particles in the presence and absence of glyoxal at pH 5. Experimental conditions: [S(IV)
Jo = 50 mM; [glyoxal] = 50 mM; Fe;Os3 =1 g L; T = 25 °C. The spectra were collected
after 1 hour of reaction. The band at 1102 cm is characteristic of aqueous phase sulfate.
Under these conditions of pH, temperature and glyoxal concentrations the S(1V) oxidation
is inhibited during the 1-hour reaction time.
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Figure 5.7: Cavity enhanced Raman spectra from trapped droplets of glyoxal (red),
metabisulfite (black), and the reaction of glyoxal with metabisulfite via coalescence (green
and blue). A glyoxal droplet is first trapped then coalesced with metabisulfite and
coalescence is confirmed by comparing the droplet radius which increases from 3.59 pm
to 3.64 um with the first coalescence and then increases again to 3.84 pm after a second
coalescence. The sulfate stretching mode at 986 cm™ is inhibited in the presence of glyoxal
and the spectral band at 1055 cm™ is attributed to RSO3 likely due to the formation of
glyoxal-S(IV) adducts.
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5.8. Tables

Table 5.1: Observed rate constants, k, for the catalytic oxidation of S(IV) in the presence
and absence of glyoxal.

[Glyoxal] (mM) k (mMs™) k(s

pH5 pH 3
Fe3* 0 9.1+0.5x10°  6.0+0.3x10°°
0.1 6.3+0.3x10°  2.4+0.1x10°3
0.5 2.9+0.1x10°  1.4+0.1x10°3
v-Fe203 0 4.6+0.1x10°  3.7+0.2x107
0.1 3.5+0.1x10°  2.8+0.1x107°
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5.9. Supporting Information

5.9.1. Supporting Information Figures
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Figure 5.8: Time dependence of S(IV) oxidized by O, at different pHs. Experimental
conditions: [S(IV)]o = 0.18 mM (pH 5), 0.16 mM (pH 3); T = 25 °C.
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Figure 5.9: In([S(IV)]/[S(IV)]o)-time plots for Fe**-catalyzed S(IV) oxidation in the
presence of different glyoxal concentration at pH 3. Experimental conditions: [S(IV)]o =
0.16 mM; [glyoxal] = 0-0.5 mM; [Fe**] =8 uM; T =25 °C.
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Figure 5.10: ATR-FTIR spectra of Na2SOs (50 mM), glyoxal (50 mM) and Na.SOz (50
mM) mixed with glyoxal (50 mM) at pH5. Several vibrational bands between 1000 and
1100 cm™? correspond to the different forms of S(1V) in the aqueous phase.
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Figure 5.11: Cavity enhanced Raman spectra for a trapped 1 M sodium metabisulfite
droplet showing the oxidation of metabisulfite to sulfate over time (approximately 6
minutes). As time progresses the vibrational bands corresponding to S,0s% at 1060 cm™
and 1098 cm disappear while the SO4? band at 986 cm™ grows in.
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Figure 5.12: Confocal Raman spectrum of bulk 1 M glyoxal over the a) full range and b)
focusing in on the 700-1800 cm™* range. A full table of peak assignments for glyoxal can
be found in Table 5.3.
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Figure 5.13: Cavity enhanced Raman spectrum of a trapped 1 M glyoxal droplet over the
a) full range and b) focusing in on the 700-1800 cm™ range. A full table of peak
assignments for glyoxal can be found in Table 5.3.
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Figure 5.14: Confocal Raman spectrum of bulk 1 M sodium metabisulfite at pH 5 The
inset focuses on the 900-1200 cm™ range showing the S(1V) vibrational bands at 1055 cm-
1 and 1024 cm™ corresponding to S,0s%" and HSOs", respectively, in addition to a small
band at 983 cm™ corresponding to SO4%.
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Figure 5.15: Cavity enhanced Raman spectrum of a trapped 1 M sodium metabisulfite at
pH 3.8. The inset focuses on the 900-1200 cm™ range showing the S,0s?" vibrational bands
at 1055 cm™ and 1095 cm™ in addition to a small band at 983 cm™ corresponding to SO4*
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5.9.2. Supporting Information Tables

Table 5.2: Experimental conditions of the aqueous reactions of Na>S>0Os mixed with
glyoxal and iron.

Na2S205 (MM) Glyoxal (mM) FeClz (uM) y-Fe:Os(gL™) pH

0.1 - - - 5/3
0.1 0/0.1/0.5 8 - 5/3
0.1 0/0.1 - 0.1 5/3
1 0.1 8 - 3

Table 5.3: Peak assignments for the Raman spectrum of glyoxal collected in the bulk phase
with confocal Raman spectroscopy and the aerosols phase with AOT cavity enhanced
Raman spectroscopy.

Confocal AOT Literature Assignment

772 769 7622 6 0-C-O

874 878 8722 vC-C+6 O-H
949 959 9522 ring stretching
1008 1007 10082
1042 1050 joaze OO
1067 1071 10652 v C-OH
1113 1119 11102 v C-OH

1161 11552 v C-C + ring stretch
----- 1275 12782 dC-H+380-H
1321 1358 13532
1455 ager
1640 1646 1640? 6 O-H
2934 2936 2800-

2978 31000 VCH
3268 3244 3200-
3407 3385 300" VOH

a Avzianova, 2013:%1 ? Brand, 1954:7 ¢ Socrates, 2001.74
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Chapter 6  Aqueous Phase Catalytic Oxidation of
S(1V): Influence of pH, lonic Strength, and the Presence
of Organic Compounds

6.1. Synopsis

The aqueous phase oxidation of S(IV) is an important oxidation pathway of SO in
the atmosphere leading to the formation of particulate sulfate. Although the catalytic
oxidation of S(IV) has been well studied, the effects of a number of atmospherically
relevant variables on the reaction mechanism and kinetics are not well understood.
Therefore, herein we have investigated the influence of a range of variables including pH,
ionic strength, and presence of organic compounds on the aqueous phase oxidation of S(1V)
in the presence and absence of transition metals to gain a better understanding of how this
reaction may be altered under various atmospheric conditions found for aqueous aerosols
as well as cloud and fog droplets. As discussed in more detail below, these results show
that at relatively low ionic strength, the effect of ionic strength on sulfur oxidation varies
depending on the pH and type of transition metal ion present. However, at high ionic
strength, S(1V) oxidation to S(VI) is greatly inhibited. The presence of atmospherically
relevant organic compounds, glyoxal and methacrolein, also inhibit the transition metal
catalyzed oxidation of inorganic S(IV) to inorganic S(VI) with concomitant increase in
organosulfur compound formation. These results considerably expand upon the conditions
that have been previously studied on this important sulfur oxidation chemistry and clearly

demonstrates that the variety of conditions found in aqueous droplets (high ionic strength,
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presence of organics, etc.) influences atmospheric sulfur processes that need to be

understood in order to be included in atmospheric chemistry models.

6.2. Introduction

It has been well known for some time that sulfur oxidation chemistry plays an
important role in atmospheric chemistry as SO is a primary pollutant from many
anthropogenic sources and contributes to the formation of acid rain and sulfate aerosol.*
Reaction mechanisms and kinetics for the oxidation of S(IV) and catalysis by transition
metals has been studied for many years. Although many atmospheric sulfur oxidation
pathways and sulfate formations mechanisms have been elucidated, current atmospheric
models underestimate sulfate concentrations partly due to a lack of understanding as to
how the reaction kinetics are influenced under various atmospheric conditions (pH and
ionic strength) or by the presence of atmospherically relevant organics.*’ With some of
the highest levels of particulate sulfate measured in China and an estimated increase in fine
particulate matter (PM2.5) of 0.55 pg/m3/yr, the increased complexity of the atmosphere

and atmospheric conditions need to be accounted for in atmospheric chemical models.”

Previous studies have shown that sulfate production can be enhanced by the
catalytic oxidation of aqueous inorganic S(IV) (sulfite and bisulfite) in the presence of
transition metal ions.*!+!2 Transition metal ion catalyzed oxidation of S(IV) is considered
as a major in-cloud oxidation pathway of SOz and contributes 9 to 17% to the global sulfate
budget with greater percentages reported in polluted industrial regions.>*3-1° The transition
metal catalyzed oxidation of S(IV) can proceed through a homogeneous pathway in the

solution phase or a heterogeneous pathway at the particle-water interface.'>® The main
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mechanism for the transition metal ion catalyzed oxidation of S(IV) by dissolved oxygen

is summarized in reactions R1-R6.121718

S0Z™ + M™ = S03; + M®-D+ (R1)
SO;~ +0, = SO.~ (R2)

SO:™ + SOZ™ = SO + SO;~ (R3)
SO:” + S0Z = S02™ +S0,” (R4)
SO0Z~ + S02~ = 280}~ (R5)
S0;,~ + SO0Z2~ = S02™ +S0;~ (R6)

A similar mechanism can be written for the oxidation of S(IV) in the form of bisulfite,
HSOz3". In this mechanism, transition metals with multiple stable oxidation states, such as
iron, manganese, copper, cobalt and vanadium, can catalyze the oxidation of S(IV) with

iron and manganese being the most efficient catalysts under atmospheric conditions.®

Besides the presence of transition metals ions, there are a variety of other factors
that can potentially influence sulfur oxidation reaction pathways and Kinetics.
Atmospheric conditions readily change with factors such as pollution or regional
emissions, acidity, relative humidity, temperature, and solar radiation, all of which can
influence reaction pathways and kinetics. For example, cloud water is generally acidic,
with a pH around 5, but more alkaline cloud pH values around 7 have been reported and
very low pH aqueous environments within aerosols (pH less than 3) have been proposed

as well.1920-24 " Additionally, pollution and other regional emissions sources will impact
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the amount and type of organic compounds present. Previous studies have shown that the
presence of organics can inhibit the oxidation of S(1V)?2¢ and, depending on the type of
organic, can also lead to the formation of organosulfur compounds.?~33 Interestingly,
results from recent studies examining the formation of organosulfates and other
organosulfur compounds suggest that the reaction rates and mechanisms can be affected
by numerous factors including physical state of the reactants, nature of the double bonds
(cis, trans, terminal), use of irradiation, the presence of an acid group, and the presence of
transition metal ions.?8323% These results highlight the variables that can influence
atmospheric chemical processes leading to not only impacted reaction kinetics and

pathways but also the formation of new products.

Due to the complexity of the atmosphere, such as the wide range of acidity and
presence of salts, metals, and organics in atmospheric cloud or fog water, it is imperative
to understand the influence these variables can have on atmospheric processes like sulfur
oxidation. Therefore, in the current study, we aim to gain a better understanding of the
influences of these different scenarios by investigating the influence of acidity, ionic
strength, and the presence of organics on the oxidation of inorganic S(IV) as

sulfite/bisulfite to S(VI) as sulfate/bisulfate in the presence and absence of transition
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metals. Overall, understanding processes that influence sulfur chemistry is crucial to being

able to accurately model atmospheric chemical processes.

6.3. Materials and Methods
6.3.1. Reagents and materials

Aqueous sulfur (IV) solutions were prepared using Na;SOs (LabChem). The pH of
each S(IV) solution was controlled using hydrochloric acid (HCI, Fisher). Solid iron oxide
(y-Fe20s3, Alfa Aesar) and manganese oxide (Mn203, 99.2%, US Research Nanomaterials
Inc) were used as the sources of transition metal ions. The Brunauer-Emmett-Teller (BET)
surface area of y-Fe;Os; and Mn,Oz were measured as 56 = 1 and 9.2 + 0.6 m? g*,
respectively. The ionic strength was controlled using NaCl (Fisher). Aqueous solutions
containing organics were prepared from glyoxal (40 wt%, Acros) or methacrolein (MACR,
96%, Alfa Aesar). For ion chromatography analysis, VeriSpec Sulfite and VeriSpec Sulfate
(Ricca Chemical) were used to prepare S(IV) and S(V1) standard solutions, respectively.
All aqueous solutions were prepared with ultra-pure water (Thermo, Barnsted EasyPure-

I1; >18.2 MQ cm resistivity).

6.3.2. Aqueous phase reactor

Bulk aqueous phase reactions were carried out using custom water-jacketed glass
reactors described in detail in Chapter 2. Each reactor is filled with 0.2 mM S(1V) solution,
controlled to pH 3, 5, or 7, for a total volume of 50 mL. Powdered forms of the metal oxides
were added to the reactors using a 1 g/L solid loading of iron or manganese oxide. For
experiments investigating ionic strength, the ionic strength of each S(IV) solution was

controlled to 1 mM or 50 mM. For experiments investigating the influence of organics, 0.2
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mM solutions of glyoxal or methacrolein were used and each reactor contained a 1:1 ratio
of S(IV) solution to organic solution. Throughout the duration of the experiments,
temperature was held constant at 25 °C and the reactors were continuously stirred and
remained fully sealed to exclude any additional air from taking part in the reaction. The
temperature in the reactor was controlled using a refrigerated water circulator (Julabo) to
flow water, at a specified temperature, through each water-jacketed reactor. Aliquots were
extracted every 5 minutes for a total of 30 minutes. After extraction, each 1.5 mL aliquot
was filtered with a 0.2 um polytetrafluoroethylene (PTFE) filter to remove any solid
particles then added to a vial containing 45 pL of 0.1 M formaldehyde (HCHO, Fisher) to

guench the reaction.

6.3.3. Detection of reactants and products

Inorganic S(IV) and S(V1) concentrations were determined by ion chromatography
(IC, Dionex ICS2000). The IC was equipped with a Dionex AS25 analytical column, which
allowed for sulfite and sulfate peaks to be completely separated using the following
gradient program: the concentration of eluent (KOH, Thermo Scientific) increased from 15
mM to 36 mM at 0—20 min, held at 36 mM for 10 min, and then decreased to 10 mM from
30 min to 35 min. Throughout each run, the eluent flow rate was held at 0.25 mL min?
with a column temperature of 30 °C. For each analysis, an injection volume of 25 uLL was

used for each sample. Additionally, for each experiment, 0.1, 1, 5 and 10 ppm standard
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solutions were prepared for S(IV) and S(VI) from which calibration curves were created to

determine S(IV) and S(VI) concentrations.

6.4. Results and Discussion
6.4.1. Influence of Different Oxide Particles as Transition Metal lon Sources

The results of the oxidation of S(IV) in the absence and in the presence of iron or
manganese are shown in Figure 6.1 with corresponding rate constants, k, summarized in
Table 6.1. Figure 6.1 shows that, at a constant pH, iron and manganese oxides enhance the
rate of S(IV) loss. This is also reflected in the rate constants where the rate of S(1V) loss in
the presence of the metal oxides is at least an order of magnitude greater than in the
absence. The extent of the catalytic effect varies with each metal oxide and with acidity.
Additionally, the catalytic effect of the formation of sulfate in the presence of the transition
metal oxides can be seen spectroscopically. For example, Figure 6.2 shows the ATR-FTIR
spectra for the oxidation of S(IV) on thin films of iron or manganese oxides. When these
metal oxide films are present, there is an enhancement in the growth of the sulfate
stretching mode near 1100 cm™ indicating a catalytic effect on the transformation of S(IV)
to S(VI) (i.e. sulfite to sulfate) compared to when these oxide films are not present (control

experiments).

The oxidation of S(IV) was also examined when both iron and manganese oxides
are present in a 1:1 ratio. The concentration of S(IV) was below the limit of detection for
the instrument for some trials and therefore the total amount of S(VI) (i.e. sulfate) after
reaction was examined. When both metal oxides are present, the rate of sulfate formation

increases as pH increases. Additionally, when both metals are present in a 1:1 mixture, the
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total amounts of S(V1) formed after 30 minutes of reaction were ca. 9, 6, and 3 times greater
than when no metals are present for pH 3, 5, and 7, respectively. The increased
concentrations of S(VI) after 30 minutes confirms there is a catalytic effect of iron and
manganese on the oxidation of S(IV) to inorganic S(VI). Furthermore, the total amount of
S(VI) formed after 30 minutes of reaction was greater in the presence of the
iron/manganese mixture as compared to when only iron or manganese is present which
may suggest a synergistic catalytic effect which would be consistent with previous

studies 12,26,34-37

6.4.2. Influence of pH

The results of the oxidation of S(IV) in the absence of any metal oxides and in the
presence of iron or manganese oxide as a function of pH are shown in Figure 6.1. When
no metal oxide is present the rate of S(IV) loss by oxidation with O increases as pH
increases. However, when iron is present, the reaction is catalyzed, and extent of the
catalysis increases at lower pH showing a greater catalytic effect at pH 3 as compared to
pH 7, consistent with earlier studies.!>%® Additionally, the presence of manganese oxide
catalyzed the oxidation of S(IV) and the rate of S(IV) loss decreases under strongly acidic
conditions. The increased rate of S(IV) loss with increasing pH observed for the oxidation
of S(IV) in the absence of any transition metals may be explained by a change in the
predominate S(1V) species present at each pH (see Figure 1.3 in Chapter 1). AtpH 3and 5
bisulfite (HSO3) is the main S(IV) species but at pH 7 sulfite (SOs%) is the primary S(IV)
species. Sulfite is easier oxidized by oxygen than bisulfite and bisulfite has been shown to
be 20-40 times less reactive than sulfite.!23® For example, Ali et al. report the reactivity

order SOs* > HSO3 > SO,+H,0 for the oxidation of S(IV) by a cobalt(I11) complex.*
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Similarly, the rate of S(IV) loss in the presence of manganese increased from pH 3 to 5,
but then decreased slightly from pH 5 to 7. Similar trends in acidity for the manganese
catalyzed oxidation of S(IV) have been reported and is explained by differences in the
ratios of S(IV) species present at each pH.**? The increased catalytic activity for iron at
lower pH values may be attributed to the contribution from the homogeneous reaction with
iron. Under acidic conditions, iron can be leached from solid particles and participate in
homogeneous catalysis with iron ions in addition to the heterogeneous catalysis with solid

iron particles,3843-46

6.4.3. Influence of lonic Strength

The influence of ionic strength on the iron or manganese catalyzed oxidation of
S(1V) is summarized in Figure 6.3. In Figure 6.3, the change in S(IV) concentration as a
function of time, for both iron and manganese, at ionic strengths of 0, 1, and 50 mM are
shown. At an ionic strength of 1 mM the iron-catalyzed oxidation of S(IV) is enhanced.
Additionally, at 1 mM ionic strength, the rate of S(IV) loss increases as pH decreases
similar to the case when there is no ionic strength control. However, when the ionic strength
is increased to 50 mM, catalytic activity of iron is suppressed, as compared to the lower
ionic strength, and at pH 3 and 7 iron catalysis is shutdown. Similar results of reaction rate
acceleration or inhibition based on anion concentration have been previously reported.124"
9 For example, Dasgupta et al. report an increase in reaction rate with increasing chloride

concentration up to a certain point before decreasing again.*’ Additionally, Brandt et al.
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report a higher observed rate constant at higher ionic strength for the iron(ll) catalyzed

autoxidation of S(IV) similar to what is observed here.>°

The manganese catalyzed oxidation of S(IV), shown in Figure 6.3, is inhibited by
an ionic strength of 1 mM. This inhibition effect is accentuated when the ionic strength is
further increased to 50 mM, resulting in a shutdown of any catalytic behavior by
manganese under all three pH conditions. This observed inhibition effect on the oxidation
rate of S(IV) is consistent with previous studies.**2 For example, Martin and Hill>
found that the reaction rate of the manganese catalyzed oxidation of S(IV) slowed as the

ionic strength of the reaction medium increased

The influence of ionic strength on the oxidation of S(IV) was also examined when
both iron and manganese are present. However, because the concentration of S(1V) was
below the limit of detection for these experiments, the formation of S(VI) was examined
instead. Figure 6.4 shows the change in concentration of sulfate ( plotted as 1-e™*') as a
function of time for 0, 1, and 50 mM ionic strength at pH 3, 5, and 7. At pH 5 and 7, the
initial rate of S(\V1) formation decreased with 1 mM ionic strength and this inhibition effect
was enhanced as ionic strength increased. However, at pH 3 1 mM ionic strength showed
very little influence on the rate of S(VI) formation but under high ionic strength conditions

the rate of S(V1) formation increased.

The effect of ionic strength on the transition metal catalyzed oxidation of S(IV)
reported in the literature varies across different studies.*247-4951-53 While the influence of
ionic strength on reaction rate is complex and the reasons for enhancement or inhibition

are not well understood, one possible explanation is that ionic strength affects reaction rate
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through effects on the activity coefficients of reactants and products.*®? Related through
the extended Debye-Huckel equation, increasing ionic strength influences the activity
coefficients thereby impacting the reaction rate constant.*¢4%°2 Additionally, Tursic et al.
report that the inhibition effect observed for the manganese catalyzed S(1V) oxidation in
an NaCl medium is due to both the primary kinetic salt effect and the ability of CI" to act
as a radical scavenger for the SO4 radical thereby reducing the concentration of the
catalytically active species and inhibiting the reaction (reactions R4 and R6 mentioned
above).*® Furthermore, Dasgupta et al. explains the accelerated reaction rate at low chloride
concentrations but inhibited rate at higher chloride concentrations by a shift in
complexation with chloride at higher concentrations at the expense of complexation with

sulfite.

6.4.4. Influence of Organics

The influence of organics on the oxidation of S(IV) was also examined.
Specifically, the effects of glyoxal and methacrolein were examined on the oxidation of
S(1V) in the presence and absence of iron or manganese under three pH conditions. The
results are summarized in Figure 6.5. Firstly, in conjunction with our previous work, in the
presence of glyoxal at pH 3 and 5, the iron catalyzed oxidation of inorganic S(IV) to
inorganic S(VI) is inhibited.?> However, at pH 7 this oxidation reaction is slightly
enhanced. Similarly, the presence of MACR also enhances the rate of S(IV) loss at pH 7
as well as at pH 5. At pH 3 the presence of MACR has a similar inhibitory effect on the
iron-catalyzed oxidation of S(IV) as glyoxal. Additionally, a trend in acidity is observed in
the presence of MACR showing an increase is the rate of S(IV) loss as pH decreases. For

glyoxal, the rate of S(1V) loss at pH 5 and 7 are similar and both slower than the rate at pH
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3 exhibiting a similar inverse relationship between the rate of S(IV) loss and pH. The
influence of organics on the manganese catalyzed oxidation of S(IV) is summarized in
Figure 6.5b. In the presence of either glyoxal or MACR, the rate of S(1V) loss is inhibited
under all three pH conditions. The inhibition effect is greatest at pH 3 where catalytic
activity is essentially shutdown in the presence of both glyoxal and MACR. At pH 5 and 7
glyoxal appears to have a stronger inhibition effect than MACR. Both organics, at each
pH, exhibit some sort of effect on the oxidation of S(IV), whether an inhibition or
enhancement, which may be ascribed to the ability of the organic compounds to scavenge
or react with radicals. Previous work by Brandt et al. has shown that radical scavengers can
influence the iron catalyzed oxidation of S(1V).%° Glyoxal and MACR have both been
shown to react with sulfoxy radicals (SO3", SO47, SOs’) forming organosulfur compounds
and their oligomers rather than following reactions R6.1-R6.6 to form sulfate.?>?854
Similarly, Meena et al. report the inhibition of sulfur(l\V) oxidation via scavenging of

sulfate radicals when volatile organic compounds are present.>®

In addition to examining the rate of S(1V) loss for the influence organics have on
the oxidation of S(IV), the relative amount of organosulfur compounds formed was
calculated. Table 6.2 summarizes the percentage of organosulfur compounds formed,
relative to the total amount of sulfur, at pH 3, 5, and 7 in the presence of manganese, iron,
or a 1:1 mixture of manganese and iron. The amount of organosulfur compounds formed
is determined by the difference between the concentration of inorganic sulfur (S(1V) +
S(VI)) and total sulfur. More details on the organosulfur calculations can be found in our
previous work.>* Approximately 10-25% more S(IV) is converted to organosulfur

compounds in the presence of iron as compared to manganese which may indicate that iron
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is a more efficient catalyst for forming organosulfur compounds. Interestingly, when iron
and manganese are both present, the percent of organosulfur compounds formed is less
than that formed when only iron is present indicating there is no enhancement due to
synergistic effects on the formation of organosulfur compounds. In fact, in most cases, the
percentage of organosulfur compounds formed when both iron and manganese were
present is less than when only manganese is present. Nonetheless, the relatively high yields
indicate that these pathways with iron and manganese for the formation of organosulfur
compounds may be important in the atmosphere. However, as discussed in our previous
work, it should be noted that the retention time of unreacted sulfite, in the form of MACR-
S(IV), is different than that of free S(IV) resulting in an underestimation of residual
inorganic sulfite and therefore an overestimation of the amount of organosulfur compounds
formed.>* This is not an issue in the case of glyoxal because the retention time of glyoxal-

S(IV) adducts is the same as free S(I1V).

The influence of organics on S(IV) oxidation in the presence of both iron and
manganese oxides were also examined. A direct comparison of the influence organics have
on the oxidation of S(IV) cannot be made since the amount of S(IV) is below the limit of
detection for the “blank” synergism (i.e. S(IV) oxidation with a 1:1 ratio of iron and
manganese with no organics present). Therefore, the total amounts of S(V1) (i.e. inorganic
sulfate) after 30 minutes of reaction were compared. Figure 6.6 shows the total amount of
S(VI), after 30 minutes of reaction, in the absence and presence of glyoxal or MACR at pH
3,5, and 7. The results shown in Figure 6.6 clearly depict the inhibitory effect the presence
of glyoxal and MACR have on the oxidation of S(IV) to inorganic S(V1). When no organic

compounds are present, the total amount of S(VI) is approximately 1.6-2.3 times greater
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than when either glyoxal or MACR is present. More inorganic S(VI) was measured at pH
3 in the presence of glyoxal and MACR, as compared to pH 5 and 7, indicating that the
catalytic effect of iron and manganese is strongest at lower pH despite the overall inhibition
from the organic compounds. This observed trend in acidity, increase in rate of oxidation
as pH decreases, is similar to that observed when only iron is present which may suggest

that the oxidation is dominated by iron when both metals are present.

6.5. Conclusions

The data presented here show that acidity, ionic strength, and presence of organics
can have an influence on the kinetics of inorganic S(IV) oxidation to inorganic S(VI). In
particular, high ionic strength conditions and the presence of organics can significantly
inhibit the oxidation of S(1V). The impact of solution pH is likely due to changes in S(IV)
speciation and contributions to transition metal ion mechanisms due to solubility of these
oxide minerals. Further studies should be conducted to examine influences over a full range
of ionic strengths and other organic compounds in addition to exploring how the variables
investigated here influence S(IV) oxidation catalyzed by other minerals. Gaining a more
complete understanding of the variables that influence key atmospheric processes, such as

sulfur oxidation, is key to reducing the uncertainties in atmospheric chemistry models.
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6.7. Figures

[SIMIIS(IV)]o

Figure 6.1: Time dependence of S(IV) oxidation in the presence of Oz at pH 3, 5, and 7 in
the absence of any metals (blue circles) and in the presence of iron (orange triangles) or
manganese (grey squares).
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Figure 6.2: ATR-FTIR spectra for the oxidation of S(IV) a) in the absence of metals and
in the presence of b) manganese or c¢) iron. The dashed line marks the sulfate stretching
mode at ~1100 cm™ for each reaction. It should be noted that ATR-FTIR experiments were
carried out with a higher concentration of S(IV) (50 mM Na2SOs, pH 5). Details of the
ATR-FTIR experiments can be found in Chapter 2.
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Figure 6.3: Influence of ionic strength on the transition metal catalyzed oxidation of S(IV)
at pH 3, 5 and 7 in the presence of a) iron and b) manganese. lonic strength is varied using
0 mM (blue circles), 1 mM (green triangles), or 50 mM (orange squares) sodium chloride.

178



014_' ® pH3 ® pH5 pH 7
' e 0OmM A 1mM o 50mM
T °
0.12
] o
0.10
£ ] @
o 0.08 — n
~0.06 - ¢ a "
| ° A
0.04 — A G é ®
0.02 - ® % ®
0.00 s O O R . -
I I I I I | I I LI | I I LI I I L | I 1 I | LI I |
0 5 10 15 20 25 30
Time (min)

Figure 6.4: Plot of 1-e™! for sulfate formation in the presence of a 1:1 mixture of iron and
manganese oxides at pH 3 (blue), pH 5 (green), and pH 7 (orange) with ionic strength of 0
mM (closed circles), 1 mM (open triangles) or 50 mM (open squares).
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catalyzed oxidation of S(IV) at pH 3, 5 and 7 in the presence of a) iron and b) manganese.
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oxidation of S(IV) in the presence of iron and manganese in a 1:1 ratio at pH 3 (orange), 5
(green), and 7 (blue) in the presence of glyoxal, MACR or no organics (blank).
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6.8. Tables

Table 6.1: Observed rate constants, k, for the oxidation of S(IV) in the presence and
absence of transition metals.

k (s1) k (mM s™) k (mM*s?
pH 3 pH 5 pH 7
No metals 1.25+0.08 x10° 1.17+0.05x10° 7.70+0.6 x10°3
Iron 276 £0.3x10 2.27+0.03x102 1.90+0.02 x107

Manganese 2.29+0.4x102% 215+0.8x10° 8.30+0.6 x10™*

Table 6.2: Percentage of organosulfur compounds formed relative to the total amount of
sulfur at pH 3, 5, and 7 in the presence of manganese, iron, or a 1:1 mixture of manganese

and iron.

Mn Mn/Fe Fe

pH 3

Glyoxal 63% 59% 88%

MACR 68% 59% 86%
pH5

Glyoxal 63% 67% 85%

MACR 64% 67% 85%
pH 7

Glyoxal 66% 65% 84%

MACR 75% 66% 86%
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Chapter 7  Conclusions and Future Work

7.1.Synopsis

The overall goal of this dissertation was to perform laboratory studies designed to
obtain a better understanding of the various factors influencing the oxidation of S(1V) to
S(VI) in the atmosphere and to further develop the Aerosol Optical Tweezer system to
study the chemistry within individual droplets. Aerosols are unique microenvironments,
distinct from the bulk, and therefore result in differences between bulk and aerosol phase
processes, such as reactivity and kinetics, acidity and interaction with light, due to the
unique physiochemical properties of aerosols. By better understanding the chemical
processes occurring within aerosols, as well as cloud or fog droplets, and the factors
influencing them, we can help reduce some of the uncertainties in atmospheric models.
This thesis aimed to do so with laboratory-based studies using spectroscopic and analytical
techniques. First, the Aerosol Optical Tweezer coupled with cavity enhanced Raman
spectroscopy was further developed as a method to study chemistry occurring within
individual droplets. This technique was shown that this method can be used for studying
changes within a droplet, such as monitoring pH changes induced by coalescence with
acidic aerosol or changes in relative humidity, or reactions with the droplet, like monitoring
the oxidation of S(IV) or reaction of glyoxal with sulfite. Then the influence of various
atmospherically relevant conditions (presence of organic compounds, ionic strength, etc.)
on the oxidation of S(1V) in the presence and absences of transition metals were examined.
The findings from these studies can improve our understanding of the factors influencing

sulfur oxidation chemistry and help to further develop a method to study the chemistry
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occurring within individual aerosols in order to reduce some of the uncertainty associated
with aerosols chemistry and improve atmospheric chemistry models. The following

sections summarize the main conclusions from each study and introduce future studies.

7.2. Chapter 2 Summary

Chapter 2 provided details on the primary spectroscopic and analytical techniques
used to qualitatively and quantitatively study sulfur oxidation chemistry in the experiments
described herein. Attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) and confocal Raman spectroscopy were the primary spectroscopic techniques
used. Additionally, bulk aqueous phase reactions were carried out using batch reactors in
conjunction with analytical methods such as ion chromatography or inductively coupled

plasma-mass spectrometry.

7.3. Chapter 3 Summary

Chapter 3 focused on the theoretical background and characterization of the
Aerosol Optical Tweezer (AOT) system. Unlike the spectroscopic techniques described in
Chapter 2, the AOT allowed for studies of individual optically levitated micron-sized
droplets. This AOT system was developed to study the physiochemical properties and
chemical reactions occurring within individual trapped droplets. Details of the forces
involved in trapping a droplet, the components of cavity enhanced Raman spectroscopy,
and calculations from whispering gallery modes were also presented. VVarious experiments
to characterize the instrument were conducted. These include examining the influence of
trapping lifetime on spectral intensity and the influence of exposure time on cavity

enhanced Raman spectra. Other experiments included inducing changes in droplet pH
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using coalescence, using relative humidity to alter size and acidity of droplets, and trapping
droplets containing solid inclusions. These characterization experiments helped us to
optimize and better understand the limitations of the instrument while also exploring

methods that will be potentially useful in future studies.

7.4. Chapter 4 Summary

The acidity of aqueous aerosols, including cloud and fog droplets, is an important
factor influencing the chemical processes that occur within these unique
microenvironments. The microenvironment within individual droplets can be quite
different from that of a bulk solution and therefore it was imperative to develop a method
in which the pH of individual droplets could be measured and controlled. This was done
by calculating and controlling changes in pH of a suspended micron sized droplet using an
Aerosol Optical Tweezer coupled with cavity enhanced Raman spectroscopy. Specifically,
we showed that the pH within individual aqueous aerosol droplets could be titrated via
droplet coalescence with acidic aerosol. Using conjugate acid/base pairs to infer pH
changes, the pH of trapped droplets was determined before and after coalescence with
smaller droplets containing a strong acid. The pH within the trapped droplet was calculated
using Specific lon Interaction Theory (SIT). Results from this work showed that not only
can the pH of individual droplets be calculated from the Raman spectra, but that control of
droplet pH is attainable through coalescence with acid and can be applied to multiple

chemical systems.

This study also highlighted the importance of applying appropriate theories to pH

calculations. For example, Debye-Huckel theory is appropriate for low ionic strength
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studies, whereas SIT is better suited for high ionic strength aerosols, such as those from
polluted environments. The results presented here provided two validations of SIT
calculations: i) SIT calculations for bulk solutions were in good agreement with the
measured bulk pH from the pH probe and ii) SIT showed that a particle repeatedly

coalesced with acidic aerosol approached the pH of the bulk acid solution.

Results from this study provided evidence for a reliable method of controlling and
confidently calculating aerosol pH via droplet coalescence allowing for the examination of
pH dependent speciation and reactions within a single aerosol droplet. Controlling the pH
within individual suspended droplets takes us one step closer to being able to more
accurately mimic and probe the dynamic environments within individual droplets, similar
to those in the atmosphere. Laboratory-based single particle studies simulating the
complexity of aerosol microenvironments could provide valuable information, like
chemical kinetics of individual aerosols or elucidation of surface effects by comparison
with bulk phase chemical reactions and kinetics to those in the aerosol phase, that can be
used to update atmospheric models to more accurately predict and simulate aerosol

chemistry.

7.5. Chapter 5 Summary

The aqueous phase oxidation of S(IV) catalyzed by transition metal ions is
considered to be the most important pathway for the formation of atmospheric sulfate.
However, this oxidation pathway can be influenced by organic compounds, like glyoxal,
present in atmospheric aerosols, cloud and fog droplets. Therefore, in Chapter 5 the role of

glyoxal on the oxidation of S(1V) in acidic aqueous solutions catalyzed by iron in the form
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of aqueous Fe®* ions and solid iron oxide was investigated under various experimental
conditions. This was done using batch reactors in conjunction with ion chromatography
and high-resolution hybrid linear ion trap mass spectrometry analysis. In addition to these
analytical techniques, spectroscopic methods were also used to study these reactions.
Attenuated total reflectance-Fourier transform infrared spectroscopy was used to monitor
the bulk agueous phase reaction while cavity enhanced Raman spectroscopy in the AOT
system was used to study the reaction within a single droplet using droplet coalescence to

induce the reaction.

Results from these studies showed that the presence of glyoxal can inhibit the
catalytic oxidation of S(IV) and that the extent of the inhibition effect depends on the
concentration of glyoxal as well as solution pH. The inhibition effect on the transition metal
ion catalyzed oxidation of S(IV) was proposed to arise from the trapping of SO4 radicals
and the formation of glyoxal-S(1V) adducts. However, the observed inhibition caused by
glyoxal in the oxidation of S(IV) catalyzed by solid iron particles, where the oxidation is
dominated by the heterogeneous reaction, was ascribed to competitive adsorption of
glyoxal and sulfite with surface hydroxyl groups. Additionally, with the exception of
glyoxal-S(IV) adducts, the formation of organosulfur compounds was not observed. The
inhibition effect and the formation of glyoxal-S(IV) adducts was also observed

spectroscopically in both the bulk phase and within a single particle.

The lack of organosulfur compounds formed from the reaction of glyoxal with
S(1V) was quite different than our previous findings. In our previous study that investigated

the mechanism of the transition metal ion catalyzed oxidation of S(IV) in the presence of
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two other carbonyl compounds, methacrolein and methyl vinyl ketone, we showed that
various organosulfur compounds were formed.* The discrepancy between these two studies
was ascribed to the much faster rate of the sulfoxy radical addition reactions across the
C=C double bond in methacrolein and methyl vinyl ketone as compared to the hydrogen

abstraction reactions.

Overall, our findings showed that glyoxal can inhibit the oxidation of S(1V)
catalyzed by aqueous or solid Fe(lll) and that the effects of glyoxal are dependent on the
mechanism, form of iron (dissolved versus solid), and the ambient conditions, including
pH and concentration. Given that the catalytic oxidation of S(1V) is an important in-cloud
sulfate formation pathway, the effects of water-soluble organics such as glyoxal, as well as
other carbonyl compounds, on this catalytic reaction should be considered in order to

accurately predict the formation of sulfate in the atmosphere.

7.6. Chapter 6 Summary

Although the catalytic oxidation of S(IV) has been well studied, the effects of a
number of atmospherically relevant variables on the reaction mechanism and kinetics are
not well understood. Therefore, in Chapter 6 we investigated the influence of a range of
variables including pH, ionic strength, and presence of organic compounds on the aqueous
phase oxidation of S(IV) in the presence and absence of transition metals to gain a better
understanding of how this reaction may be altered under various atmospheric conditions

found for aqueous aerosols as well as cloud and fog droplets. Experiments were conducted
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in batch reactors followed by analysis of S(IV) and S(VI) concentration with ion

chromatography.

Results from this study showed that acidity, ionic strength, and presence of organics
influence the kinetics of the transition metal catalyzed oxidation of S(IV) to inorganic
S(VI). Specifically, at relatively low ionic strength, the effect of ionic strength on sulfur
oxidation varies depending on the pH and type of transition metal ion present, but at high
ionic strength S(1V) oxidation to S(V1) is greatly inhibited. The transition metal catalyzed
oxidation of S(1V) to inorganic S(VI) was also inhibited by the presence of atmospherically
relevant organic compounds, glyoxal and methacrolein, with concomitant increase in
organosulfur compound formation. The impact of solution pH was likely due to changes
in S(IV) speciation (sulfite vs bisulfite) and contributions of transition metal ion
mechanisms due to solubility of these oxide minerals. The observed inhibition effects may
be explained by scavenging of sulfate radicals and the formation of organosulfur products
for reactions with organic compounds. Overall, this study demonstrated that the variety of
conditions found in aqueous droplets (high ionic strength, presence of organics, etc.)
influence atmospheric sulfur processes that need to be understood in order to be included

in and reduce uncertainties atmospheric chemistry models.

7.7. Future Studies

Although the studies presented in this thesis worked to better understand the factors

influencing S(1V) oxidation and develop a method to study the chemistry of individual
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droplets, many questions and unexplored areas still remain and require further

investigation. Future work and directions include:

1. Expanding on our previous work investigating the formation of organosulfur
compounds from reactions of S(IV) with glyoxal, MVK, or MACR with iron by
exploring the effects other transition metals (e.g. copper) and atmospheric variables
(temperature or light) on these reactions. After thorough examination of the
influence transition metals, as ions and solid particles, have on the formation of
organosulfur products, increase complexity by investigating the effects of authentic
dust samples (e.g. mineral dust or fly ash), which contain multiple transition metals,

on these reactions.

2. Identification of additional organosulfur compounds and elucidation of formation
mechanisms and kinetics from reactions of S(1V) with additional atmospherically

relevant organic compounds.

3. Comparing bulk phase (batch reactor studies) and aerosol phase (AOT) reactions
and Kkinetics of atmospheric relevance, especially those related to sulfur oxidation

chemistry, to elucidate any differences between the two phases.

4. Further development of the AOT to study the chemistry occurring within trapped
droplets containing solid inclusions. Previous studies as well as some preliminary
experiments of our own have shown that droplets containing solid inclusions can

be stably trapped in the AOT.?* Trapping a droplet containing a transition metal
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oxide or mineral dust particle would allow us to more accurately mimic aerosol and

cloud or fog droplets, similar to those found in the atmosphere, in the laboratory.

Exploring gas-particle reactions in the AOT by introducing gas phase reactants to
the trapping chamber. This would allow us to not only explore multiphase chemical
reactions and gas partitioning but would also expand the range of chemicals we are
able to study with the AOT due to limitations of the current nebulization methods

for aqueous or solution phase samples.

Expanding beyond sulfur chemistry in the AOT to study additional chemical
systems or more complex chemical systems. One direction may be studying marine
related aerosols and their reaction or aging with various atmospherically relevant

compounds.

In summary, these studies have improved our understanding of the factors

influencing sulfur oxidation chemistry and helped to develop a method to investigate the

chemistry occurring within single droplets; the future directions of these studies will

continue to expand our knowledge of atmospheric aerosol chemistry.
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A Spectral Library

Library of spectra collected with ATR-FTIR, confocal Raman spectroscopy, or

AOT cavity enhanced Raman spectroscopy.

7.9. ATR-FTIR spectra
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Figure A.1: ATR-FTIR spectra of sodium sulfate, Na2SO4, (pH unadjusted) as a function
of concentration.
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Figure A.2: ATR-FTIR spectra of sodium sulfite, Na2SOs, as a function of concentration
at pH 5.
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Figure A.3: ATR-FTIR spectra of sodium sulfite, Na.SO3, (50 mM) as a function of pH
showing the change in speciation from HSO3™ to SOs% as pH increases from 5 to 10.
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Figure A.4: ATR-FTIR spectrum of sodium metabisulfite, Na2S20s (50 mM, pH 5). As

time proceeds, the S(IV) bands near 1060-1020 cm™ disappear while the S(V1) band at
1100 cm™* grows in.
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Figure A.5: ATR-FTIR spectra of standard organosulfur solutions; a) ethyl sulfate, b)
methyl sulfate, c) butanesulfonic acid, and d) methanesulfonate.
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Figure A.6: ATR-FTIR spectra of a) sodium sulfite, b) sodium sulfite with iron chloride
c) methyl vinyl ketone (MVK) with sodium sulfite and iron chloride, d) methacrolein
(MACR) with sodium sulfite and iron chloride, and e) butanesulfonic acid for reference.
Sodium sulfite: 20 mM and pH 5; MVK: 20 mM; MACR: 20 mM; iron chloride: 2.5 mM;
butanesulfonic acid: 0.1 M.
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Figure A.7: ATR-FTIR spectra of the oxidation of sodium sulfite a) in the absence of
metals b) in the presence of iron ions (iron chloride, FeCls), c) iron particles (iron oxide, y-
Fe203) and in the presence of glyoxal d) without metals, e) in the presence of iron ions, and
f) in the presence of iron particles. Sodium sulfite: 50 mM; glyoxal: 50 mM; iron chloride:
2.5 mM; iron oxide: 0.1 g L solid loading.
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Figure A.8: ATR-FTIR spectra of the photochemical oxidation of a) sodium sulfite with
no metals, b) in the presence of iron ions (iron chloride. FeCls), ¢) iron particles (iron oxide,
v-Fe203) and in the presence of glyoxal d) without metals, €) in the presence of iron ions,
and f) in the presence of iron particles. Sodium sulfite: 50 mM; glyoxal: 50 mM; iron
chloride: 2.5 mM; iron oxide: 0.1 g L solid loading.
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Figure A.9: ATR-FTIR Spectra of oxalic acid, C2H204, (1 M, pH unadjusted).
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Figure A.10: ATR-FTIR spectra sodium oxalate, Na,C>0a, (0.5 M, pH unadjusted) and
the reaction of aqueous glyoxal (0.5 M) with solid iron oxide particles (y-Fe203).
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7.10. Confocal Raman spectra
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Figure A.11: Confocal Raman spectrum of ammonium sulfate, (NH4)2.SO4, (1 M, pH
unadjusted). Inset shows the spectrum in the 900-1100 cm™ range.
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Figure A.12: Confocal Raman spectrum of sodium sulfate, Na>SOg, (1 M, pH unadjusted).
Inset shows the spectrum in the 900-1200 cm range.
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Figure A.13: Confocal Raman spectra of sodium sulfate, Na2SOs, (0.5 M) as a function of
pH. Inset shows the spectra over the 800-1300 cm? range.
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Figure A.14: Confocal Raman spectrum of sodium sulfite, Na;SOs, (1 M) at pH 5. Inset
shows the spectrum in the 900-1200 cm™ range.
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Figure A.15: Confocal Raman spectrum of sodium sulfite, Na;SOs, (1 M) as a function of
pH. Inset shows the spectrum in the 900-1200 cm™ range.
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Figure A.16: Confocal Raman spectrum of sodium metabisulfite, Na>S20s, (1 M) at pH 5.
Inset shows the spectrum in the 900-1200 cm range.
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Figure A.17: Confocal Raman spectra of organosulfur solutions (0.5 M); ethyl sulfate,
methyl sulfate, butanesulfonic acid, and methanesulfonate over a) the full spectral range
700-4000 cm™ and b) the 700-1300 cm range.
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Figure A.18: Confocal Raman spectrum of sodium nitrate, NaNOa. (1 M, pH unadjusted).
Inset shows the spectrum in the 900-1150 cm range.
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Figure A.19: Confocal Raman spectra of sodium acetate, CH3COONa, (1 M) as a function
of pH over a) full spectral range and b) in the 700-1700 cm range.
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Figure A.20: Confocal Raman spectra of sodium carbonate, Na>COs, (1 M) as a function
of pH over a) full spectral range and b) in the 700-1700 cm range.
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Figure A.21: Confocal Raman spectrum of glyoxal, C2H20-, (40% wt, stock solution, pH
unadjusted). Inset shows the spectrum over the 700-1700 cm™ range.
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Figure A.22: Confocal Raman spectra of glyoxal (1 M) (red), sodium sulfite, Na>SOs, (1
M, pH 5) (black), and the reaction between a 1:1 ratio of glyoxal and sodium sulfite (blue)
over a) full spectral range and b) in the 800-1300 cm™ range.
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Figure A.23: Confocal Raman spectra of malonic acid, CH2(COOH)_, in a) solution phase
(12 M, pH unadjusted) and b) solid/crystalline phase.
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Figure A.24: Confocal Raman spectrum of oxalic acid, CoH204, (1 M). Inset shows the
spectrum in the 300-2000 cm* range.
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Figure: A.25 Confocal Raman spectra of L-histidine (0.25 M) as a function of pH over a)
full spectral range and b) in the 900-2000 cm range.
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7.11. AOT cavity enhanced Raman spectra
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Figure A.26: Cavity enhanced Raman spectrum of a trapped 1 M ammonium sulfate,
(NH4)2S04, (1 M, pH unadjusted) droplet. Inset shows the spectrum in the 900-1200 cm™
range highlighting the sulfate stretching mode near 985 cm™.
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Figure A.27: Cavity enhanced Raman spectrum of a trapped sodium sulfate, Na;SOas, (1
M, pH unadjusted) droplet. Inset shows the spectrum in the 900-1200 cm™ range
highlighting the sulfate stretching mode near 985 cm™.
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Figure A.28: Cavity enhanced Raman spectrum of a trapped sodium metabisulfite,
NazS20s, (1 M, pH unadjusted) droplet. Inset shows the spectrum in the 950-1125 cm'?
range.
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Figure A.29: Cavity enhanced Raman spectrum of a trapped sodium nitrate, NaNO3, (1
M, pH unadjusted) droplet. Inset shows the spectrum in the 900-1200 cm™ range
highlighting the nitrate stretching mode.
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Figure A.30: Cavity enhanced Raman spectra of a trapped sulfuric acid, H2SOa, (0.5 M)
droplet as a function of pH over a) full spectral range and b) in the 700-1300 cm™ range.

227



300

250 — V(C-C)
CH,COO
| 936
2 200 " v(C-0) e VOH)
S . 1418 5038
£ 150 ! '
c
£
S 100
[0
50 —
0_

lllllllll‘llllllllllllllllllllllllll

1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm )

Figure A.31: Cavity enhanced Raman spectrum of a trapped sodium acetate, CH3COONga,
droplet (1 M, pH 9).
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Figure A.32: Cavity enhanced Raman spectrum of a trapped glutaric acid, CsHg(COOH)2,
(1 M, pH unadjusted) droplet.
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Figure A.33: Cavity enhanced Raman spectrum of a trapped malonic acid, CH2(COOH)a,
(1 M, pH unadjusted) droplet.
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Figure A.34: Cavity enhanced Raman spectrum of a trapped oxalic acid, C2H204, (1 M,
pH unadjusted) droplet.
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Figure A.35: Cavity enhanced Raman spectra of L-histidine (0.25 M) as a function of pH
over a) full spectral range and b) in the 900-2000 cm™ range.
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