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Aerosols, tiny solid or liquid particles, are ubiquitous in the atmosphere yet their impact on climate
remains poorly understood. One prominent way aerosols are able to impact the climate is through
their ability to uptake water and form clouds. The chemical diversity and aerosol interactions in
the atmosphere can greatly complicate the investigation of aerosol-cloud interactions. This
complexity is expressed with a large uncertainty associated with aerosols’ role on climate change.
This dissertation investigates the aerosol-cloud interaction by measuring the water uptake of
atmospherically relevant aerosols. Our results highlight the importance of accounting for various
physiochemical properties when exploring the water uptake of atmospheric aerosols. One such
property is liquid-liquid phase separation (LLPS) in ternary mixtures. Our work offers new
evidence, insight, and a paradigm shift to the contribution of LLPS to supersaturated droplet
activation. We complemented this finding with a theoretical model, that incorporates solubility,
O:C ratio, and LLPS, for predicting x-hygroscopicity of ternary mixtures. Another physiochemical

property that was shown to play a key role in droplet activation of polymeric aerosols is chemical



structure. Our study shows that polycatechol is more hygroscopic than polyguaiacol and the
difference in hygroscopicity is attributed to the density of hydroxyl groups in both structures.
Polycatechol has a higher density of hydroxyl groups than polyguaiacol, resulting in polycatechol
having stronger water uptake affinity than polyguaiacol. When maintaining the same structural
makeup by investigating the water uptake of two isomeric compounds, we discovered that
solubility was the driving force in water uptake. The more soluble isomer o-aminophenol was more
hygroscopic than p-aminophenol. Hence, a small change in the position of functional groups can
impact solubility which in turn influence hygroscopicity. Lastly, we explored the presence of gas-
phase organics on the water uptake of isomers with a wide range of solubilities. Our work
highlights that gas-phase organics, specifically ethanol, can influence the water uptake of aerosols.
Ethanol was shown to increase water uptake efficiencies based on solubility, with the least soluble
compound showing stronger affinity to water uptake. Overall, this thesis advances our knowledge

and understanding of aerosol-cloud interactions and its implications on climate change.
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Chapter 1: Introduction

Global warming is a major threat to our planet and to human life. Since the industrial
revolution, human activities have significantly contributed to the warming trend that saw the
Earth’s surface temperature rise to nearly 1 degree Celsius (1.8°F) (IPCC, 2007). The effects of
such a small change in temperature has led to catastrophic events all over the globe that include
health effects, declining crop production, and extreme natural disaster events such as wildfires,
tornadoes, and tsunamis. Based on climate projections, the Earth’s temperature is expected to raise
by 2 to 5 degrees Celsius by the end of the century if our human activities remain unrestrained
(Herring, 2012; Masson-Delmotte et al., 2021; Noaa, 2019). Such an increase in temperature could
possibly lead to unprecedented and widespread environmental and social consequences. Sea level
rise, due melting glaciers and polar ice, would lead to extreme floodings, erosions, and
displacement of coastal communities; changes in precipitation patterns can lead to severe droughts,
which can in turn results in devastating impacts on agriculture and food security; increase
frequency and intensity of extreme weathers that can cause damage to infrastructure and disrupt

human settlements.

Climate change is a scientifically complex phenomenon as it involves the interactions of
many factors. A comprehensive understanding of these factors and their intricate interactions with
each other is critical for accurately predicting and mitigating the effects of climate change.
Greenhouse gases (carbon dioxide, methane, nitrous oxide, and water vapor) are commonly noted
as the main contributors to climate change. However, in recent years, aerosol particles have gained
attention as a crucial and complex factor in climate evolution, and thus an active area of study in
climate science and critical in the fight against global warming (IPCC, 2007; Change, 2013;

Kreidenweis et al., 2019).



Aerosols are tiny liquid, solid, or a mixed-phase particles suspended in the atmosphere
(Poschl, 2005). These atmospheric particles come in different sizes ranging from 1 nm to 10 pm
(Kreidenweis et al., 2019; Pdschl, 2005) and are emitted either directly to the atmosphere (primary
aerosols) or are generated in the atmosphere from various chemical reactions (secondary aerosols)
(Poschl, 2005; Seinfeld and Pandis, 2006). Primary aerosols are composed of inorganic
compounds that mainly stem from mineral dust, sea spray, and volcanic eruptions, and organic
compounds that primarily originate from combustion processes, biomass burning, and fossil fuels
(Kreidenweis et al., 2019; Poschl, 2005; Jacobson et al., 2000). As for secondary aerosols, they
are formed from various chemical/nucleation processes (Ervens et al., 2011). One example of such
process is the oxidation pathway that is driven by prevalent atmospheric oxidants such as OH, O3,
NOs (Kreidenweis et al., 2019; Slikboer et al., 2015; Ervens et al., 2011). Such reactions result in
the formation of secondary compounds consisting of sulphates, nitrates, and organic compounds
(Poschl, 2005; Ervens et al., 2011). A wide range of primary and secondary aerosols particles are
present around the globe; however, their concentration and composition differ widely based on

season, altitude, and geographical location (Kreidenweis et al., 2019; Pschl, 2005).

Once airborne, these atmospheric aerosols play a major role in climate science. They effect
Earth’s radiative budget in a direct and an indirect manner (Kreidenweis et al., 2019; Jacobson et
al., 2000; Seinfeld and Pandis, 2006; Kommalapati and Valsaraj, 2009; McNeill, 2017). The direct
influence stems from aerosol’s ability absorb or reflect solar radiation, which leads in a direct
heating or cooling effect. The majority of the studied aerosols have shown to have a cooling effect
on climate through their ability to reflect sunlight back to space (Kreidenweis et al., 2019; Seinfeld
and Pandis, 2006; Andreae and Crutzen, 1997). Studies have shown that sulfate and nitrate aerosols

reflect sunlight due to their strong affinity of water which allows them to grow readily in size



(Kreidenweis et al., 2019; Charlson et al., 1991; Myhre et al., 2013). While other studies have
investigated black carbon and found that they absorb sunlight, much like that of greenhouse gases
(Andreae and Gelencsér, 2006; Menon et al., 2002). Aerosols’ indirect influence on Earth’s
radiative budget comes through their impact on cloud formation and cloud albedo. Aerosol
particles can act as cloud condensation nuclei (CCN), a surface for water molecules to condense
on in the atmosphere, and form cloud droplets. These clouds can then in turn affect climate by

reflecting or absorbing solar radiation (Kreidenweis et al., 2019; Kommalapati and Valsaraj,

2009).

The Intergovernmental Panel on Climate Change (IPCC) has highlighted the need to
enhance our knowledge on aerosols to help improve our current climate models (Change, 2013).
The 2021 IPCC technical report revealed estimates of the climate radiative forcing associated to
each of the major forcing agents (Figure 1.1). The lack of comprehensive knowledge on aerosols
climate effect is highlighted in the large error bars associated with aerosols radiative forcing
(Figure 1.1) (Change, 2013). Specifically, the aerosol/cloud interaction has a radiative forcing of
-0.5 Wm (uncertainty range -1.8 to -0.3 Wm™) (Bellouin et al., 2020). This large uncertainty
associated with aerosol-cloud interactions highlights the limited knowledge that currently exists
on the hygroscopic properties of atmospheric aerosols. The reason behind the low confidence is
due to our poor knowledge on aerosols formation, behavior, and interaction with other atmospheric
species (Seinfeld and Pandis, 2006; Han et al., 2022). In addition, many factors are involved in
driving cloud formation including, chemical composition of aerosol, size of aerosols, morphology
of aerosols, relative humidity, and concentration of CCN available (Seinfeld and Pandis, 2006;
Kreidenweis et al., 2019; Han et al., 2022). While there are many available literatures that elucidate

on the health effects of aerosols (Ruzer and Harley, 2012), properties and formation aspects of



aerosols (Kondratyev et al., 2006; Spurny, 2000), and aerosol chemistry (Colbeck, 2008; Seinfeld
and Pandis, 2006), the science behind aerosols CCN activity and their subsequent effect on climate

change remains insufficient.
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Figure 1.1. Climate forcing agents and their respective radiative forcing obtained from the 2021
IPCC Technical report (Change, 2013). Blue bars represent negative (cooling) radiative forcing,
while red bars represent positive (warming) radiative forcing. Error bars represent total uncertainty
associated with its respective forcing agent.

Hence, our fundamental study aims to fill in the gaps and add to the growing knowledge
of aerosols and their effect on cloud formation. This fundamental research will help aid and
improve future climate modeling, which in turn will help understand and combat climate change.
Specifically, this thesis aims to mainly explore organic aerosols in the atmosphere. While aerosol
particles are composed of organic and inorganic species, the primary source of uncertainty stems

from abundant and poorly understood organic aerosols (Kanakidou et al., 2005; Knopf et al.,
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2018). Organic aerosol particles are a major constituent of atmospheric aerosols and can account
for 20-90% of tropospheric aerosol mass (Kanakidou et al., 2005; Jimenez et al., 2009). The
majority of organic species are part of a complex mixtures with other organic or inorganic species
(Fofie et al., 2018a; Sanchez Gacita et al., 2017; Vu et al., 2019a). Hence, to help reduce the
uncertainty in the aerosol/cloud interaction, this work aims to investigate various organic aerosols
of different system complexity. To aid our scientific research and analysis, we have employed
major theoretical models and principles within this field. A detailed explanation of each is provided

in section 1.1, below.

1.1 Theories and Major Principles

1.1.1 The Kohler Theory

The Kohler theory is a fundamental concept within the field of atmospheric science that
describes the mechanism by which aerosol particles uptake water and form cloud droplets in the
atmosphere (Kohler, 1936). The theory explains how aerosol properties, such as size and
composition, can influence the ability of water vapor to condense into cloud droplets, and
consequently affect the formation, composition, and the clouds impact on radiative forcing
(Seinfeld and Pandis, 2006). The Kdohler theory takes into account the thermodynamic balance
between two important effects, namely the Kelvin effect and the Raoult effect (Kohler, 1936;
Seinfeld and Pandis, 2006). Both the Kelvin effect and the Raoult effect provide the framework for

understanding how aerosols interact with water vapor in the atmosphere.

The Kelvin effect, also known as the curvature effect, accounts for the curvature of a droplet
and how it affects its ability to attract water vapor from the atmosphere (Koéhler, 1936). According
to the Kelvin effect, the saturation vapor pressure over a curved surface is lower than over a flat

surface (Petters and Kreidenweis, 2007). Hence, a droplet must have a lower vapor pressure than



the saturation vapor pressure to exist in the atmosphere. The curvature effect is more noticeable at
smaller droplet sizes and that is because when a droplet is small, its curvature is high, and so the
saturation vapor pressure over its surface is lower than over a flat surface (Seinfeld and Pandis,
2006; Kohler, 1936). However, as the droplet grows, its curvature decreases and as a result the
curvature effect becomes less consequential (Seinfeld and Pandis, 2006). Therefore, the Kelvin
effect plays a major role in limiting the size of droplets that can form in the atmosphere and as a

result, plays a major role in cloud formation.

In addition to the curvature effect, Kohler theory also takes into account the effects of the
solute through the Raoult effect. Aerosols in the atmosphere provide the surface area on which
water vapor can condense and form cloud droplets (Seinfeld and Pandis, 2006). The composition
of these aerosols plays a major role in the growth and behavior of these could droplets
(Kreidenweis et al., 2019; Seinfeld and Pandis, 2006; Han et al., 2022). In the KShler theory, the
Raoult effect explains how the composition of aerosols affects the growth of cloud droplets. When
a soluble particle is present, it dissolves into a droplet and reduces the vapor pressure over the
droplet surface, making it easier for the droplet to attract more water vapor from the atmosphere

(Kohler, 1936; Petters and Kreidenweis, 2007).

The Kohler theory combines these two major effects to explain how cloud droplets form
and grow into clouds. According to this theory, a cloud condensation nucleus (CCN) must have a
critical diameter size and a critical saturation level in order to become a cloud droplet (Petters and
Kreidenweis, 2007). The critical diameter size is determined by the Kelvin effect, which depends
on the surface tension of the droplet and the curvature of the droplet surface. As for the critical
saturation level, it is determined by the Raoult effect, which depends on the solubility of the solutes

in the droplet and the vapor pressure of the atmospheric environment. Hence, based on equilibrium



thermodynamics, the Kohler theory describes droplet formation as follows (Kdhler, 1936; Petters

and Kreidenweis, 2007):

(1.1)

4O'S/aMW >
RprDwet

S = awexp<

where S represents saturation ratio, a,, is the water activity coefficient, gs,, is the surface

tension of the droplet, R is the universal gas constant, T is the sample temperature, D,,,,, is diameter
of the wet droplet, and p,, and M,, are the density and molecular weight of water, respectively

(Petters and Kreidenweis, 2007).

The visual representation of the Kohler equation above is illustrated by the Kohler curve
(Kohler, 1936; Seinfeld and Pandis, 2006) (Figure 1.2). The Kohler curve shows the
supersaturation at which the cloud droplet is in equilibrium with the environment over a range of
wet droplet diameters (Kohler, 1936). The profile of the curve is dependent upon the amount of
the solute and the composition (i.e., sodium chloride and ammonium sulfate aerosol will each have

different Kohler curves) (Seinfeld and Pandis, 2006).
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Figure 1.2. Kdhler curves for NaCl aerosol particles with different dry diameters (Daq) at 293 K.
Red line represents Dq = 0.03 pm; blue line represents Dqd = 0.05 pm, and green line represents Da
= 0.1 pm. The critical supersaturation (Sc)—the supersaturation value at which the drop will grow
without bound is represented by the dotted line for each dry diameter size.

Figure 1.2 shows three Kohler curves of sodium chloride particle of different dry diameter
sizes (0.03, 0.05, and 0.1 um). As particles take up water, the size of the particle increases (which
reduced the Kelvin effect) while simultaneously becoming less concentrated (which increases the
Raoult effect). Hence, the Kelvin effect is more prominent at smaller sizes while the Raoult effect
is more prominent at larger sizes (Seinfeld and Pandis, 2006). Once the critical diameter size (the
highest point/peak of each curve) and its respective critical supersaturation (represented by the
dotted line) are reached, the particle will continue to grow without bound (Seinfeld and Pandis,
2006). From the graph it is evident that the larger the size of the dry particle the smaller the critical

supersaturation is needed for the particle to grow indefinitely into cloud droplet.



While the Kohler theory provides a good framework to predict the behavior of an aerosol
particle’s water uptake, the theory does possess limitations that have shown to impact its
predictions. One key assumption of the Kohler theory is that aerosol particles are infinitely soluble
in water. This assumption applies reasonably well for various inorganic and organic species with
high water solubility (> 2 x 10" m3m~3) (Petters and Kreidenweis, 2008). Various studies have
validated this assumption and reported agreement between Kohler theory prediction and
experimental results for highly soluble aerosol compounds (Petters and Kreidenweis, 2007;
Raymond and Pandis, 2002; Peng et al., 2021; Chan et al., 2005; Dawson et al., 2020). However,
the solubility of atmospheric aerosols varies significantly based on their chemical composition.
Some aerosol species (such as succinic acid, isophthalic acid, o-aminophenol, and many other
primary organic aerosols) are classified as “sparingly soluble” with solubility ranging between ~
2 x 10" and ~ 5 x 10* m3m™3, while some aerosol species (such as black carbon, calcium
carbonate, and cholesterol, to name a few) are classified as “effectively insoluble” with solubilities
less than ~ 5 x 10* m3m™3 (Petters and Kreidenweis, 2008). Kohler theory poorly predicts the
water uptake properties of aerosols classified as “sparingly soluble” or “effectively insoluble”
despite these aerosols possessing wettable characteristics and can be CCN active (Laaksonen et

al., 2020; Dalirian et al., 2018).

To account for such limitations, alternative models or modifications to the Kohler theory
have been proposed to incorporate the insolubility or limited solubility of certain aerosol types.
One example of a complex model that takes into account the solubility limit of aerosols is the
Frenkel-Halsey-Hill Adsorption Theory (FHH-AT). The FHH-AT model assumes the particles to
be completely insoluble and describes droplet growth via water adsorption onto the surface of the

particle (Sorjamaa and Laaksonen, 2007; Kumar et al., 2009a). Studies have reported agreement



between the FHH-AT model and experimental results for aerosols with limited solubility (Gohil
et al., 2022; Mao et al., 2022; Malek et al., 2022a). Another theoretical framework, proposed by
Kuwata et al., (2013), takes into account solubility limits of a single or mixed aerosol system by
oxygen to carbon (O:C) ratio parameterization (Kuwata et al., 2013). This empirical
parameterization of solubility has been utilized extensively in literature (e.g., but not limited to
Nakao, 2017; Razafindrambinina et al., 2022; Lee et al., 2022). Complex models have been
utilized and further discussed in upcoming chapters, to account for the solubility limitations of
Kohler theory. Incorporating more realistic representations of aerosol solubility into theoretical
frameworks can improve our prediction of aerosol-cloud interactions and their impact on the

Earth’s climate system.

1.1.2  k-Hygroscopicity Parameter

Hygroscopicity is the capacity of particles to absorb water vapor at a given relative
humidity (RH) (Petters and Kreidenweis, 2007; Kreidenweis and Asa-Awuku, 2014). Based on
the Kohler theory, the hygroscopicity of aerosol particles can be expressed in terms of a single
hygroscopicity parameter kappa (k) (Petters and Kreidenweis, 2007). This hygroscopicity
parameter was derived by Petters and Kreidenweis (2007) and describes the relationship between
a particle dry diameter and CCN activity (Petters and Kreidenweis, 2007). The values of the
hygroscopicity parameter range from 0.01 to 1.4. Aerosol particles that are very hygroscopic such
as inorganic salts (sodium chloride and ammonium sulfate to name a few) have hygroscopicity
values ranging from ~0.5 to ~1.4, while low hygroscopicity aerosol particles, such as organic
particles (examples but not limited to sucrose and levoglucosan) have a hygroscopicity value
between ~0.001 and ~0.5 (Petters and Kreidenweis, 2007). Aerosol particles that are non-

hygroscopic have a hygroscopicity value of 0. This single hygroscopicity parameter—a single

10



value that encapsulates the hygroscopicity of an aerosol particle in a single value makes this
method a very valuable analytical technique within the field of atmospheric science. It assigns a
hygroscopic value to a single chemical, hence allowing for direct comparison between different
chemicals. Additionally, it can describe the hygroscopicity of a single species under subsaturated
(RH < 100%) and supersaturated (RH > 100%) conditions (Petters and Kreidenweis, 2007;

Kreidenweis and Asa-Awuku, 2013).

Using the Kohler theory and by assuming the solute to be sufficiently dilute, Equation 1.1
can be rearranged to define a,,, (water activity coefficient) with a single parameterization. A single
hygroscopicity parameter (k) can be derived under supersaturated conditions using the following

equation (Petters and Kreidenweis, 2007):

1R

(1.2)
27D,3In2s,

Kcen =

Where s, is the CCNC instrument supersaturation, os/a is the surface tension, Mw is
molecular weight, T is the sample temperature, R is the universal gas constant, p,, is the density
of water, and Dy is the critical dry activation diameter. k.- derived from Kohler theory is

assumed constant because s, is proportional to Da '~

As for subsaturated conditions (RH <100%) the x -hygroscopicity can be derived from

wet diameter

growth factor (Gy; ) and from RH data. At RH values greater than 80%, the vapor

dry diameter
pressure of water is assumed to approach that of a flat surface and the droplet water activity can

be approximated with RH (Seinfeld and Pandis, 2006). Hence, the x-hygroscopicity at subsaturated
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conditions can be derived from the following equation (Kreidenweis and Asa-Awuku, 2013;
Petters and Kreidenweis, 2007):

3
G} -1

= RH7G-RI "

Kg

In this body of work, the x-hygroscopicity, under sub- and supersaturated conditions, of

various systems are reported, compared, and analyzed.

1.2 Water Uptake Measurement Techniques

1.2.1  Subsaturated Measurement: Tandem Differential Mobility Analyzer (H-TDMA)

The water uptake of aerosol particles under subsaturated condition is measured using an
experimental setup called tandem differential mobility analyzer (H-TDMA). The H-TDMA setup
is a widely utilized technique in the field and has been previously described in various literature
(e.g., but not limited to Rader and McMurry, 1986; Cruz and Pandis, 2000; Dawson et al., 2020).
This technique allows us to investigate an aerosol particle’s response (growth or shrinkage) to
different relative humidity (RH). The setup involved two differential mobility analyzers (DMA),
a humidifier, and a condensation particle counter (CPC) (Figure 1.3). DMA 1 receives a
polydisperse stream of dried aerosol particles. The particles are passed through a Kr-85 bipolar
charger where they gain a uniform distribution (Boltzmann’s distribution) of either a neutral,
negative or a positive charge. This polydisperse flow of charged particles will then merge with a
laminar sheath-air flow and pass into a classifier region where particles will be organized based
on electrical mobility. Particles with a positive charge will be attached to the negative outer
electrode while neutrally charged particles are removed with the excess flow. Negatively charged

particles of the correct size (selected by the DMA’s interface) will move downward with the sheath
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airflow and exit DMA 1. Size selected particles are passed into a humidifier where the particles
will be exposed to a certain RH environment. The sizes of the humidified particles are measured
using DMA 2 in scanning mode, and the concentration of the particles are measured using the
condensation particle counter (CPC). The wet diameter size and its respective dry diameter size
can then be used to parameterize the growth factor (Gy)—ratio of wet diameter size and the dry

diameter size. The k-hygroscopicity is then calculated using Equation 1.3.

DMA1 Humidifier DMA 2 CPC
Dry diameter size Humidifies particles Measures the wet Measures the
selection up to 90% RH diameter sizes concentration of particles

Aerosol I

Particles

Figure 1.3. A general H-TDMA schematic setup for subsaturated water uptake measurements.
DMA: differential mobility analyzer; CPC: condensation particle counter.

The H-TDMA setup has been widely used in the field of aerosol science and it has been
deployed for field measurements (Swietlicki et al., 2008) and for laboratory-based measurements
(Cruz and Pandis, 2000; Peng et al., 2021; Han et al., 2022). While the H-TDMA setup offers a
valuable tool to measure droplet growth of aerosol particles under subsaturated environment, it is
important to note that the technique comes with certain limitations and assumptions. One limitation
is the inability to go to high RH (~88% and above) values due to the potential of arcing which
causes the H-TDMA to provide inaccurate data. Another limitation is the RH condition within the
H-TDMA setup. The RH sensors within the setup can drift over time and can introduce errors in

the RH value which in turn can affect the hygroscopic interpretations of aerosols. To mitigate this
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RH uncertainty, an RH calibration is performed prior to each experimentation. To add to these
limitations, the H-TDMA assumes that the aerosol particles are spherical, homogenous, and well
mixed. However, aerosol particles can have various and complex morphologies and non-uniform
compositions. Hence, the assumptions of spherical particles may introduce uncertainties in the
results of the H-TDMA measurements for non-spherical and irregular shaped particles. In this
thesis, these limitations and suggested recommendations have been discussed in the following

chapters.

1.2.2  Supersaturated Measurement: Cloud Condensation Nuclei Counter (CCNC)

The water uptake of aerosol particles, under supersaturated condition, is measured using a
cloud condensation nuclei counter (CCNC). The CCNC was first introduced by Roberts and Nenes
(2005) and has been made commercially available by Droplet Measurements Technologies Inc.
(Roberts and Nenes, 2005). The instrument offers an easy and fast way to measure droplet
activation making it an ideal tool for field and laboratory-based measurements. The CCNC can
function within supersaturation levels ranging from 0.1% to 2%, mirroring the supersaturation
conditions encountered in various cloud types present in the atmosphere (Roberts and Nenes, 2005;

Lance et al., 2006).

An overview of the experimental setup is shown in Figure 1.4. Prior to entering the CCNC
instrument, dry aerosol particles are organized based on their electrical mobility diameter inside
the DMA. The resultant monodisperse stream of aerosol particles is then split into two streams.
One stream enters the CPC where the concentration of the dried aerosol particles is measured, and
the second stream enters the CCNC where they are exposed to a supersaturated condition. This

experimental setup has been widely used in the aerosol field to measure water uptake of aerosol
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particles under supersaturated conditions (e.g., but not limited to (Raymond and Pandis, 2002;

Altafet al., 2018; Dawson et al., 2020; Rissman et al., 2007; Peng et al., 2021)

DMA CPC CCNC

Aerosol
Particles

Figure 1.4. A general CCNC schematic setup for subsaturated water uptake measurements. DMA:
differential mobility analyzer; CPC: condensation particle counter; CCNC: cloud condensation
particle counter.

Lance et al. (2006) has characterized the operation of the CCNC instrument (Lance et al.,
2006). A scheme of the CCNC principle of operation is provided in Figure 1.5. The CCNC creates
a supersaturated environment based on the principle that the diffusion of water vapor in air occurs
faster than the diffusion of heat. Due to the lighter weight of water molecules compared to N2 and
02, water diffuses more rapidly in air than heat, as the diffusion of heat relies on collisions between

slower (on average) air molecules (Figure 1.5).
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Figure 1.5. The CCNC principle of operation showing the heat and mass transfer taking place
inside the interior column. A Supersaturation environment is created based on the principle that
mass transfer > heat transfer. OPC: optical particle counter.
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The CCNC consists of a 0.5 m long cylindrical column with inner walls made of a porous
material that remains moist. A temperature gradient is created along the column, with the
temperature increasing in the direction of the airflow. As air passes through the column, both heat
and water vapor diffuse from the walls towards the center. However, due to the lag in thermal
diffusion compared to vapor diffusion, a constant supersaturation is established at the center of the
column. The instrument controls the supersaturation by adjusting the temperature gradient. Its
column consists of three temperature probes that are actively controlled, enabling a supersaturation
change to occur within approximately 30 seconds (Lance et al., 2006; Roberts and Nenes, 2005).
Activated particles are counted by an optical counter (OPC) at the base of the column (Roberts

and Nenes, 2005; Moore et al., 2010; Lance et al., 2006). The following chapters employ the

16



aforementioned instruments and modelling concepts to advance our understanding and prediction

of water-uptake on atmospheric aerosols.

1.3 Dissertation Outline

Atmospheric aerosols are comprised of a heterogenous mixtures of organic and inorganic
compounds. The chemical diversity and aerosol interactions in the atmosphere can greatly
complicate the investigation of aerosol-cloud interactions. This complexity is expressed with a
large uncertainty associated with aerosols role on climate change. To illuminate aerosols effect on
climate change, this proposed work includes four objectives that investigate the water uptake
(hygroscopicity) of atmospherically relevant aerosols with increasing system complexity. Chapter
2 investigates the effect of mixing and the consequent phase transition on the water uptake of
ternary mixtures containing water-soluble organic and inorganic aerosols. Aerosol mixing can lead
to phase transition, but their effect on water uptake has yet to be explored. This objective aims to
elucidate the role of phase transition on the water uptake of mixed aerosols under supersaturated
conditions. Chapter 3 explores two sparingly soluble polymers: polycatechol and polyguaiacol.
These two polymeric compounds are produced from the reaction of Iron (Fe) with phenolic
compounds emitted from biomass burning. Understanding the water uptake behavior of these
sparingly soluble organic polymers may be representative of the complex organic aerosols formed
in biomass burning events. Hence, the water uptake of polycatechol and polyguaiacol are
investigated under sub- and supersaturated conditions and evaluated against their solubility limits.
Chapter 4 involves another two sparingly soluble nitrogen containing organic compounds: o-
aminophenol (04 P) and p-aminophenol (p4P). While the water uptake of organic compounds with
various functional groups such as, carboxylic acid, amino acids, sugars, alcohols, and cycloalkenes

have previously been reported, no reports have been published on the water uptake properties of
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aminophenols. Hence, to contribute the growing knowledge on the water uptake mechanism of
organic aerosols with different functional groups, we examined the water uptake of 04P and pAP
and compared their water uptake efficiencies with organic aerosols with different functional
groups. Chapter S explores the hygroscopicity of water-insoluble organic compounds in the
presence of volatile organic vapor. The hygroscopicity of aerosols is typically explored in the
context of dissolved solute in a pure water-droplet. However, volatile organic vapors are present
in the atmosphere and are reported to play a major role in droplet formation in the atmosphere.
Organic vapors can adsorb onto growing droplets and modify the solvent composition and
solubility. This study aims to elucidate on the organic vapor dissolution mechanics on isomeric
compounds of different solubilities namely, Phthalic acid (PTA), Isophthalic acid (IPTA), and
Terephthalic acid (TPTA). Lastly, chapter 6 presents the broader implication of these studies and

future work.
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Chapter 2: Phase Transition and Droplet Growth of Aerosol Mixtures

Submitted work under review:

Malek, K.A., Gohil, K., Olonimoyo, E., Huang, Q., Pitta, K., Nandy, L., Voss, K., Raymond, T.,
Dutcher, D.D., Freedman, M., and Asa-Awuku, A.A. Phase Transitions and Droplet Growth of
Aerosol Mixtures. ACS Environmental Au.

2.1 Background

Aerosol particles are tiny solid or liquid particles suspended in the air and they play a key
role in health, climate, and air quality (Seinfeld and Pandis, 2006). They can be emitted directly
into the air from human activities, such as burning fossil fuels, biomass, and agricultural waste, or
from natural sources, such as dust storms, oceans, and volcanos (Seinfeld and Pandis, 2006; IPCC,
2007). They are also formed via complex atmospheric chemical oxidation and nucleation (Ervens
et al., 2011). As such, aerosols impact air quality and have major consequences to human health

(Stocker et al., 2014).

Small aerosols penetrate deep into the humid respiratory system and cause adverse health
effects (Poschl, 2005; Oh et al., 2020). Exposure to fine particulate matter (PM2.5) is associated
with increased hospital admissions due to cardiovascular and respiratory diseases (Shi et al., 2016;
Oh et al., 2020; Atkinson et al., 2014). In addition to their impact on health, aerosols influence air
quality through their impact on visibility. Aerosols in humid environments can form haze and
smog through their ability to absorb and scatter light leading to visibility impairment (Zhang et al.,
2012; Park et al., 2006). In the western region of the United States, fine particulate matter is shown
to be responsible for reducing visibility by approximately 50% on most polluted days (Park et al.,
2006). A study conducted by Zhang et al. (2012) investigated the effects of aerosols on visibility
in various cities in northwestern China (Zhang et al., 2012). The study reports that increased

aerosol concentration leads to decreased visibility with PM2.5 being the primary contributor to the
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visibility reduction (Zhang et al., 2012). The magnitude of their impact on health, air quality, and
climate is dependent on aerosol composition and size (Stocker et al., 2014; Pdschl, 2005).
Furthermore, aerosol physical composition can be modified in the presence of water. The water
uptake of aerosols can have significant implications for photochemistry, depending on the single
scattering albedo as a function of wavelength. Water uptake of aerosols can also have significant

impact on aerosol-cloud interactions which in turn have play a major role in climate change.

The aerosol effects on climate stem from their ability to impact radiative forcing either
directly—through their ability to absorb or reflect radiation, or indirectly—by acting as cloud
condensation nuclei (CCN) which enables them to take up water and form cloud droplets (Stocker
et al., 2014; TPCC, 2007; Seinfeld and Pandis, 2006). The CCN activity of aerosols remains
uncertain in climate science due to the complexity of their chemistry (Wallace and Hobbs, 2006;
Stocker et al., 2014; Seinfeld and Pandis, 2006). For instance, the CCN activity of aerosols depends
on many factors, including chemical composition, physical state, morphology, and size (Seinfeld
and Pandis, 2006; Altaf et al., 2018; Song et al., 2012b; IPCC, 2007; Martin, 2000). These factors
will influence the amount of water absorbed, which will consequently affect the scattering or
absorption of light. Hence, insight into the effect of these variables on aerosol-cloud interactions
would directly enhance our understanding of cloud microphysics and, as a result, improve our
knowledge of air quality and climate (Haywood and Boucher, 2000; Lohmann and Feichter,

2005a).

Atmospheric aerosols consist of a mixture of organic and inorganic components (Marcolli
et al., 2004; Song et al., 2013; Seinfeld and Pandis, 2006; Hallquist et al., 2009). Particle formation
and atmospheric chemical processes commonly result in the formation of internally mixed organic-

inorganic particles (Seinfeld and Pankow, 2003; Marcolli et al., 2004; Hallquist et al., 2009). Such
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internally mixed systems can exist in different phase states depending on aerosol composition (type
of organic and inorganic salts), average oxygen to carbon (O:C) ratio, and on environmental
conditions (temperature and relative humidity (RH)) (Bertram et al., 2011; Song et al., 2012b;
Koop et al., 2011; Pankow, 2003; Ciobanu et al., 2009; Marcolli and Krieger, 2006). An internal
organic-inorganic mixture can also undergo liquid-liquid phase separation (LLPS) (Veghte et al.,
2013; Zuend and Seinfeld, 2012; Bertram et al., 2011; Ott et al., 2020; Song et al., 2012b; You et
al., 2012). Hence, knowledge of the aerosol chemical composition and their subsequent mixtures
can improve water uptake predictions and has been the focus of several studies (e.g., but not limited
to Hodas et al., 2015, Altaf et al., 2018, Razafindrambinina et al., 2022, Massoli et al., 2010, Vu

etal., 2019, and Fofie et al., 2018).

While previous studies have helped highlight the effect of aerosol mixtures on
hygroscopicity, the knowledge of the effects of LLPS (due to aerosol mixing) on CCN activity has
been limited. In a recent paper by Ott et al. (2020) the addition of sucrose on different binary
systems that undergo LLPS was investigated through optical microscopy (particles > 10 um) (Ott
et al., 2020). The addition of sucrose shifts the particle morphology from phase separated to one
well-mixed phase (i.e., the LLPS was arrested with a sufficiently large concentration of sucrose).
This transition was attributed to the increase in the average O:C ratio, which increased upon the
addition of sucrose (Ott et al., 2020). Multiple studies have investigated the effect of the O:C ratio
on aerosol hygroscopicity with varying results (Figure 2.1). Massoli et al. (2010) measured the
CCN activity of generated secondary organic aerosols (a-pinene, 1,3,5-trimethylbenzene, m-
xylene, and 50:50 mixture of a-pinene and m-xylene) of varying O:C ratio (0.3-1) and found that
the CCN activity increased as a function of O:C ratio (Massoli et al., 2010). Similar correlations

have been observed in other studies (e.g., but not limited to Jimenez et al., 2009, Lambe et al.,
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2011, Wong et al., 2011, and Nakao, 2017). Other studies showed little to no direct correlation
(e.g., but not limited to Alfarra et al., 2013, Chang et al., 2010, Suda et al., 2014, and Tang et al.,
2012). This variability in results indicates that other factors need to be considered to fully represent
hygroscopicity. One additional factor reported to be significant for CCN activation is solubility,
particularly in the range of 0.1-100 g L™ (Riipinen et al., 2015; Farmer et al., 2015; Petters and
Kreidenweis, 2008). This solubility range was parametrized and corresponds to an O:C range of

0.2-0.7 (Kuwata et al., 2013; Nakao, 2017).
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Figure 2.1. Review of known relationships between aerosol physicochemical factors
(hygroscopicity, solubility, and LLPS) with O:C ratio. This work provides a comprehensive
analysis and method to incorporate all four factors. LLPS: liquid-liquid phase separation; x. single
hygroscopicity parameter; O:C oxygen to carbon ratio.

To date, it remains unclear to what extent the relationship between LLPS, O:C ratio, and
solubility influences the hygroscopicity of a mixture of organic-inorganic systems under different

chemical compositions. Hence, this study aims to elucidate these factors by investigating the CCN
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activity of two ternary systems containing sucrose, ammonium sulfate (AS), and one organic
compound (2MGA or PEG1000) that undergoes LLPS with AS (Ott et al., 2020; Lam et al., 2021).
AS is a major constituent of atmospheric aerosols and a good proxy for inorganic compounds in
model mixtures, while sucrose is a good proxy for highly soluble organic compounds with a high
O:C ratio (Table 2.1). Organic 2MGA, a surface-active chemical, and one of the most abundant
methyl-substituted dicarboxylic acids, is ubiquitous in the troposphere (Lam et al., 2021; Kundu
etal., 2016; Li et al., 2015). PEG1000 is a polymer and is less atmospherically relevant. However,
PEG1000 is also known to undergo LLPS with AS and has a significantly higher solubility than
2MGA (Table 2.1). The CCN activity of these two different systems (the 2MGA system and the
PEG1000 system) was measured at varying compositions using a Cloud Condensation Nuclei
Counter (CCNC) and compared to different theoretical models. To help further enhance our CCN
results, optical microscopy images, cryogenic-transmission electron microscopy images, and
surface tension measurements were reported. The following results provide insight into the impact
of solubility, O:C ratio and surface activity on measured droplet activations, and as a result, will
help improve theoretical CCN predictions of complex mixtures. Furthermore, the results presented
may be extended to other humid environments, such as those found in the respiratory system or

humid fog conditions.

2.2 Experimental Methods

2.2.1 Chemicals

All the chemicals were purchased and used as received without further modification: AS

((NH4)2804, >99%, CAS 7783-20-2, Sigma-Aldrich), 2MGA (CsH1004, 98%, CAS 18069-17-5,
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Sigma-Aldrich), PEG1000 (CAS 25322-68-3, Sigma-Aldrich), and sucrose (Ci12H22011, 99%, CAS

57-50-1, Fischer Scientific). The relevant properties of all chemicals are summarized in Table 2.1.

Table 2.1. The chemicals involved and their relevant properties.

Chemicals Abbyv. 0:C Solubility (in H20)
Ammonium sulfate AS 0 74.4 g/ 100 g*
Sucrose - 0.92 824 g/L°
2-Methylglutaric acid 2MGA 0.67 40.6 g/L°
Polyethylene glycol 1000 PEG1000 0.52 750 g/L¢

CRC Handbook®; hmdb.ca’; emdmillipore.com*
2.2.2  Solution Preparation

Two ternary systems, the 2MGA system (2MGA, AS, and sucrose) and the PEG1000
system (PEG1000, AS, and sucrose), were prepared at different weight percent compositions. For
each system, the three chemicals were weighed individually and poured into a glass media bottle.
Approximately 100 mL ultra-purified water (18 MQ-cm, Millipore) was added to the chemicals,
and the solution was sonicated until all the chemicals were dissolved. In both systems, a wide
range of O:C ratios were targeted to include experiments in regions where LLPS is present and
where LLPS is not present (Figure 2.2). The phase transition (the absence/presence of LLPS) for
each of the two systems (see yellow shaded region in Figure 2.2) was based on the experimental
findings of the Ott et al. (2020) paper (Ott et al., 2020). In the case of the 2MGA system, Ott et al.
(2020) reported a halt to LLPS at an O:C ratio of 0.72 and above (Ott et al., 2020). As for the
PEG1000 system, the LLPS was halted at an O:C ratio of 0.91 and above (Ott et al., 2020). It is
important to note that Ott et al.(Ott et al., 2020) conducted the experiments at one ratio of

2MGA/AS (50-50 wt%) and one ratio of PEG1000/AS (50/50 wt%) and the O:C ratio was
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increased by incremental addition of sucrose. In addition to the Ot et al. (2020) paper, the phase
diagrams for both AS and 2MGA (Song et al., 2012a) and AS and PEG1000 (Altaf et al., 2016)
were also considered to identify where LLPS is observed for both systems. By examining the
hygroscopicity of particles from both systems over a wide range of O:C values, we were able to

determine how the presence or absence of LLPS affects CCN activity.
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Figure 2.2. Weight percent ternary plots for a) the 2MGA system and b) the PEG1000 system.
Each circle shows the chemical composition of each experiment with their respective O:C ratio
values. The regions highlighted in yellow represent where LLPS is expected based on the findings
of the Ott et al. (2020) paper (Ott et al., 2020) and the phase diagrams of both the AS and 2MGA
system (Song et al., 2012a) and AS and PEG1000 system.(Altaf et al., 2016) Blue circles are data
points obtained from (Razafindrambinina et al., 2022a), while red circles are measurements from
this study.

2.2.3 Cloud Condensation Nuclei Measurements

The water uptake of the two ternary systems at different chemical compositions was
measured under supersaturated conditions using a Cloud Condensation Nuclei Counter (CCNC,
Droplet Measurement Technologies (Lance et al., 2006; Roberts and Nenes, 2005)). A detailed
experimental setup was provided in Figure 2.3. In brief, acrosols were generated using a Collison

Nebulizer (Atomizer; TSI 3076). The wet aerosols generated were then passed through two
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diffusion dryers to reduce the relative humidity to less than 5% RH (measured using a Vaisala
HMP60 probe). The dry polydisperse aerosols were size selected (8 to 352 nm; 135 second scan
time) by a Differential Mobility Analyzer (DMA; TSI 3080). A stream of monodisperse aerosols
exits the DMA and is then split into two streams. One stream (0.3 L min™!) enters the Condensation
Particle Counter (CPC; TSI 3776)—where the concentration of particles (CN) is measured. The
second stream (0.5 L min'') enters the CCNC—where the concentration of activated particles
(CCN) is measured. The Scanning mobility CCN Analysis (SMCA), a widely used method for
CCN analysis in previous literature (Engelhart et al., 2008; Moore et al., 2010; Tang et al., 2014;
Barati et al., 2019), was used to analyze the data. The SMCA performs a charge correction

procedure and removes artifacts from multiply charged particles.(Wiedensohler, 1988) SMCA also
calculates the activation ratio CCC—NNat every supersaturation. A sigmoid fit is applied to the

activations data to obtain the critical diameter, Dq, the size at which half of the particles are
activated. The Dy for each experiment was measured at four different supersaturations (0.41, 0.59,
0.77, and 0.97%). For each experiment, an average Da and its respective standard deviation were

reported at each supersaturation.
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Figure 2.3. Experimental setup for the CCNC supersaturated measurements. DMA: Differential
Mobility Analyzer; CPC: Condensation Particle Counter; CCNC: Cloud Condensation Nuclei
Counter.

2.2.4 Cloud Condensation Nuclei Measurements

The morphology of particles from the 2MGA system and the PEG1000 system was
investigated using an inverted optical microscope with a home-built environmental chamber that
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enables the phase transition characterization of micrometer particles. A detailed experimental
procedure has been described in previous literature(Ott et al., 2020; Freedman, 2020). In brief,
ternary solutions of different compositions were prepared in HPLC-grade water. Droplets were
generated by spraying aqueous solutions onto hydrophobic glass slides. Particles of sizes ranging
from 20-200 pm in diameter were observed using a Nikon Eclipse Ti2 microscope. The relative
humidity (RH) was altered by injecting a flow of wet and dry nitrogen into the chamber containing
the slide and sample. The relative humidity within the chamber was measured with a + 3%
uncertainty using a Vaisala HMP60 probe. After equilibrating the droplets, the RH was decreased
at a rate of ~ 1% RH min™! until the phase transition was reached, followed by an RH rate decrease
to ~ 0.5% RH min until the phase transition was deemed finished. For each experiment, a

minimum of 30 particles were studied.

2.3 Water Uptake and CCN Activity Analysis

2.3.1 Generalized Kohler Theory and Single Parameter, k, Hygroscopicity

At the surface of an aqueous solution droplet, the saturation ratio, S, can be described by

the Kohler theory as follows (Petters and Kreidenweis, 2007):

40s, M
/a W) 2.1)

S = —fa W
AwExP (RprDwet

where a,, is the water activity coefficient in solution, o, is the surface tension at the droplet/air

interface, R is the universal gas constant, T is the temperature, M,, is the molecular weight, p,, is
the density of water, and D,,.; is the diameter of the droplet. A single hygroscopicity parameter,
k, that relates particle diameter to the hygroscopicity of aerosols at supersaturated conditions can
be derived by assuming the solute in the droplet is sufficiently dilute (Petters and Kreidenweis,

2007). With this assumption, a,, can be parametrized, and the x-hygroscopicity at supersaturated
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conditions can be calculated using the following rearranged equation (Petters and Kreidenweis,
2007):
4os) My \°
(Rt )

RTp,y

K=——7—>"7"—
27D4°%In2s (22)

where s is the CCNC instrument’s supersaturation. Three different theoretical x-hygroscopicity
models were employed to account for mixtures and changing organic composition to help interpret

our experimental results.

2.3.2 The Zdanovskii-Strokes-Robinson (ZSR) Model

To predict the x-hygroscopicity from Kdhler theory for a system that contains more than
one solute, the Zdanovskii-Strokes-Robinson (ZSR) approximation is applied.(Stokes and
Robinson, 1966) This model can predict the x-hygroscopicity of a mixture from the solute
properties of each component (Svenningsson et al., 2006; Petters and Kreidenweis, 2008; Liu et
al., 2016). The ZSR approximation assumes that the individual solutes do not interact within an
internally mixed system and that their hygroscopic behaviors are linearly additive and can be
described as the sum of the volumetric water uptake of the individual solute fractions. Hence, for
an internally mixed system (multiple solutes + water), the x-hygroscopicity can be theoretically
modeled based on the solute’s volume fraction(Petters and Kreidenweis, 2007):

Kmix = Z €Ky (2.3)
i
where i denotes the number of solutes in the mixture and ¢; and k; are the volume fraction and the
x-hygroscopicity of each individual solute, respectively (Wu et al., 2013). Equation. 2.3 is best
suited for species that are infinitely soluble (Petters and Kreidenweis, 2008). Hence, the following

models will account for species with different solubility limits based on the O:C ratio.
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2.3.3 ZSR/O:C Model

To model the theoretical x-hygroscopicity for a system based on solubility, the O:C ratio
is considered and applied to the ZSR model. The water uptake of a mixture is shown to be
influenced by solubility of the component (C:), which can be accounted for by incorporating a
dissolved volume fraction term H(x;) (Riipinen et al., 2015; Petters and Kreidenweis, 2008).
Hence, the x-hygroscopicity of a mixture can be modeled based on solubility as follows (Petters

and Kreidenweis, 2008; Kuwata et al., 2013):

Kmix = Z gixiH(x;)

x; = (—) » (2.4)

where ¢; is the volume fraction of each species, k; is the intrinsic k-hygroscopicity of each species,
Ci is the solubility of each solute in water, x; is the dissolved fraction, Vw is the volume of water,
and Vi is the volume of the dry aerosol. The solubility of the partially soluble i solute in water,

Ci, can be parameterized empirically using O:C as follows (Kuwata et al., 2013):

ne=20|(3) " -1] 239

where O and C represent the number of oxygen and carbon atoms in the system. This empirical
parameterization of solubility has been utilized extensively in literature (e.g., but not limited to
(Nakao, 2017), (Razafindrambinina et al., 2022a), and (Lee et al., 2022)). Equation. 2.5 assumes
that Raoult’s law estimates the water activity of soluble species while the O:C ratio and molecular

weight determine the organic compound’s volatility (Nakao, 2017). The solubility range,
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determined from Equation. 2.5, corresponds to an O:C ratio within 0.2-0.7 (Kuwata et al., 2013;
Nakao, 2017). Hence, using Equation. 2.4 and Equation. 2.5, the solubility of a mixture can be
parameterized by the O:C ratio and the theoretical x-hygroscopicity based on solubility can be
approximated through the ZSR model. Thus, in this second model the O:C ratio is integrated with

the ZSR model.

2.3.4 ZSR/O:C-LLPS Model

In the third model, O:C ratio and LLPS are integrated with ZSR. Specifically, this model
expands on the ZSR/O:C model by incorporating a statistical bootstrap sampling method to
estimate an O:C ratio threshold—where above that threshold LLPS is present and below that
threshold LLPS is not present. The ZSR/O:C-LLPS model assumes that the 2MGA and the
PEG1000 are not part of the aqueous phase (i.e., not contributing to the water uptake at a specific
O:C threshold) for the 2MGA system and the PEG1000 system, respectively. In brief, the bootstrap
sampling method estimates the O:C threshold by utilizing the minimum and the maximum O:C
ratio for each ternary system. In the case of the 2MGA system, the O:C ratio range is 0.67-0.92,
while for the PEG system, the O:C ratio range is 0.52-0.92. Using these O:C ranges, 100,000
random O:C ratio values were generated, and their respective solubilities were calculated using
Equation. 2.5. The solubility at activation is dependent on the wet droplet diameter and this value
was estimated with experimental CCNC data. The theoretical hygroscopicity was then generated
using Equation 2.4 and the geometric mean of x-values («rreshold) across the ternary mixing space
were plotted against their respective random O:C threshold ratio. The resulting xreshold versus
random O:C threshold ratio results in a cumulative Poisson distribution —from which the O:C
ratio threshold is obtained from the mean of the hygroscopicity distribution. Above any random

O:C threshold all compounds equally contribute via the mixing rule; whereas below the O:C
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threshold the least water-soluble compound, (2MGA) does not. The mean of the Poisson
distribution is an indication of the most favored hygroscopicity and aerosol state. Above the mean
O:C threshold, the mean particle hygroscopicity is a contribution of all compounds with ZSR
mixing assumed, while below the obtained O:C threshold, the hygroscopicity does not include the
contribution of 2MGA. A plot of the cumulative Poisson distribution function for the 2MGA

system is provided below.

2.4 Results and Discussion

The water uptake of the 2MGA system and the PEG1000 system were investigated under
four supersaturated conditions (0.41, 0.59, 0.77, and 0.97%) using the Cloud Condensation Nuclei
Counter (CCNC). Both systems’ water uptake was measured at different chemical compositions
and the average hygroscopicity parameter, x, of each system is reported in a ternary heat plot. For
each system, the results of our experimental x-hygroscopicity values were evaluated with respect
to three different theoretical models, namely the ZSR model, the ZSR/O:C model, and the

ZSR/O:C-LLPS model.

2.4.1 The CCN Activity of the 2MGA System

Mixtures of AS, sucrose, and 2MGA of different chemical compositions were prepared
and investigated for their water uptake efficiencies under supersaturated conditions. The
experimental x-hygroscopicity value was calculated for each mixture and the results were
presented in a ternary heat map (Figure 2.4A). Figure 2.4A shows the experimental x-
hygroscopicity values with pure AS occupying the bottom left corner, pure sucrose occupying the
top corner, and pure 2MGA occupying the bottom right corner. The experimental x-values
obtained for AS and sucrose are 0.60+0.04, 0.08+0.02, respectively. The CCN activity of AS and

sucrose are widely studied, and our experimental x-values are consistent with previous literature
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(Petters and Kreidenweis, 2007; Dawson et al., 2020). As for the hygroscopicity of pure 2MGA,
the experimental x-value obtained was 0.13+0.02. To our knowledge, no previous literature has
reported the experimental water uptake efficiency of pure 2MGA particles under supersaturated
conditions. A prior study by Marsh et al. (2017) investigated the hygroscopicity, under
subsaturated conditions, of 2MGA along with various other carboxylic acids using a comparative
kinetics electrodynamic balance (CK-EDB. The x-value for 2MGA was reported to be
0.102+£0.005 (RH = 95%), while the x-values of glutaric acid, 3-methylglutaric acid, 2,2-
dimethylglutaric acid, and 3-methyl adipic acid were reported to be 0.144+0.005, 0.103+0.006,
0.116+0.009, and 0.064+0.002, respectively (Marsh et al., 2017). This study’s x-value of 2MGA
(0.13+0.02) is higher than the reported subsaturated x-value of 2MGA (0.102+0.005) reported by
(Marsh et al., 2017). This higher x-value can be attributed to the difference in experimental
systems; x-values derived from supersaturated conditions are typically larger than those derived
from subsaturated measurement. Various studies have observed higher supersaturated-derived x-
values relative to their respective subsaturated x-values and attributed this difference to the surface
tension depression by surface active organic molecules under supersaturated conditions (Petters
and Kreidenweis, 2007; Prenni et al., 2007; Wex et al., 2009; Dawson et al., 2020; Juranyi et al.,
2009; Pajunoja et al., 2015; Malek et al., 2022a). Adsorption-driven water uptake mainly pertains
to effectively water-insoluble solutes (Pajunoja et al., 2015). And since 2MGA is the only weakly
water-soluble component (> 10 g L), the surface tension effects of 2MGA are further explored

here.
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Figure 2.4. The x-hygroscopicity for the 2MGA system. The color gradient shows the range of «-
hygroscopicity values in the ternary system. The region where LLPS is assumed to exist is outlined
in the dotted green lines. A) Extrapolated x-values from experimental data, B) the ZSR model, C)
the ZSR/O:C model, and D) the ZSR/O:C-LLPS model.

The Ké&hler model assumes surface tension equal to that of pure water (72 mN m™);
however, a surface-active compound can lower the droplet vapor pressure under supersaturated
conditions, which leads to a perceived higher x-value (Good et al., 2010; Giordano et al., 2013).
To measure the magnitude of surface activity, the surface tension of pure 2MGA was measured at
different concentrations (0.1-0.7 M), with a pendant drop tensiometer. The results show that

2MGA is surface-active with a significant surface tension depression of more than ~25 %. A
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previous paper has reported a surface tension depression of 20% to have an impact on CCN «-
values (Juranyi et al., 2009). Hence, the difference in this study’s x-value of 2MGA and the -
value reported by Marsh et al.(Marsh et al., 2017) can be justified by the surface tension properties
of 2MGA. Surface tension is assumed not to affect the droplet activation process in the

subsaturated regime as the droplet interface is small (Jurdnyi et al., 2009).

Experimental x-values were also obtained for various mixtures (Figure 2.4A). From our
experimental results, it is evident that the experimental x-values vary from 0.13-0.61 with respect
to chemical composition. Specifically, in the region around where the LLPS is predicted to be
present (denoted by the area inside the green dotted line), the x-values are ~ > 0.4. This value
indicates that AS is the dominant chemical in the water uptake process in the LLPS region. This
trend has been observed in a study conducted by (Altaf et al., 2018). The study reported that a
50:50 mixture of AS/succinic acid and AS/pimelic acid with a partially engulfed/phase separated
morphology results in CCN activity close to that of AS (Altaf et al., 2018). As for the region where
LLPS is not present, our experimental x-values were observed to change linearly indicating that
all three chemicals are taking part in water uptake—a trend that agrees with results observed by
(Altaf et al., 2018). The study by Altaf et al. (2018) investigated the CCN activity of mixtures of
AS/pimelic acid and AS/succinic acid with homogenous morphology and found the CCN activity
to fall between the pure compounds—indicating all components to be involved in the water uptake
process (Altaf et al., 2018). Hence, our experimental results for the 2MGA system indicate that

LLPS plays a key role in CCN activity.

To help explain the experimental x-values obtained for the 2MGA ternary system, we
compared our experimental values to the theoretical x-values obtained from the ZSR model

(Figure 2.4B) derived from Kohler theory. Figure 2.4B shows the ZSR x-values change
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uniformly, indicating that all three chemicals equally contribute to the water uptake. Comparing
the experimental x-hygroscopicity results with the ZSR model, which assumes contributions from
all solutes based on their molar volumes, visible discrepancies between the experimental and ZSR
model exist. Specifically, the experimental x-values around the LLPS region are observed to
deviate from the linearity found in the ZSR model within the same region. A regression plot was
generated to help quantitatively evaluate the ZSR model to our experimental results (Figure 2.5).
The regression plot shows a poor correlation with an R? value of 0.65. This divergence between
our experimental results and the ZSR model once again suggests that LLPS might be playing a

role in the water uptake process.

Since the presence/absence of LLPS is correlated with the O:C ratio, as seen in previous
literature ((Massoli et al., 2010), (Ott et al., 2020), (Song et al., 2012a), and (You et al., 2014) to
name a few), a theoretical model that integrates O:C ratio into the ZSR model namely, the
ZSR/0O:C model was employed. The ZSR/O:C model estimates x-hygroscopicity based solubility
parameterized O:C ratio. Like the ZSR model, the ZSR/O:C model shows poor agreement with
our experimental data (Figure 2.4C). The ZSR/O:C model also exhibits a linear gradient of #-
values that is comparable to the ZSR model but differs in the amounts that each chemical
contributes to the water uptake processes. In the ZSR/O:C model, high x-values (> 0.4) occupy
~50 % of the ternary plot compared to only ~30% in the ZSR model. This difference indicates that
AS has a stronger contribution to the water uptake process in the ZSR/O:C model. Considering
that the solubility of each chemical is accounted for within the model, AS having a strong
contribution can be attributed to the high solubility of AS relative to glucose and 2MGA. When
comparing the ZSR/O:C model to the experimental results, it is evident that the ZSR/ O:C model

itself does not help explain the x-values obtained from experimental results. This difference is
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further highlighted by the poor correlation between the two models, with an R’ value of 0.63
obtained from the regression plot in Figure 2.5. However, a visible similarity is evident within the
LLPS region for both our experimental results and the ZSR/O:C model. The ZSR/O:C model
results in high x-values (> ~ 0.3) within the LLPS region, which indicates that CCN activity is

strongly influenced by AS; a trend that agrees with our experimental data.

Based on the two aforementioned models, it is evident that our experimental results agree
with the ZSR model above the LLPS region and agree with the ZSR/O:C model below the LLPS
region. Thus, a third model namely, the ZSR/O:C-LLPS model that accounts for LLPS was also
explored. The ZSR/O:C-LLPS model is shown in Figure 2.4D. The ZSR/O:C-LLPS model
assumes that the 2MGA is not part of the aqueous phase (the phase responsible for the water
uptake) below a specific O:C ratio threshold defined via bootstrapping. While above that specific
O:C ratio threshold, the water uptake is driven by all the three solutes, and their water uptake
contribution is based on their molar volumes. The model, through the bootstrapping method,
estimated the threshold O:C ratio to be 0.75 (i.e., LLPS is present when O:C ratio < (.75 and LLPS
is not present when O:C ratio > 0.75). This predicted O:C ratio threshold is close to the
experimentally attained O:C ratio of 0.72 from the work of (Ott et al., 2020). Additionally, the
theoretical hygroscopicity obtained from the ZSR/O:C-LLPS model (Figure 2.4D) shows a strong
resemblance to our experimental hygroscopicity results (Figure 2.4A). To quantitatively evaluate
this model to our experimental results, a regression plot was produced (Figure 2.5) showing that
all the experimental x-values fall within 95% confidence interval of the x-values generated by the
ZSR/O:C-LLPS model. The R’ value of 0.92 shows a strong agreement between our experimental
results and ZSR/O:C-LLPS model indicating that this model is the best model for predicting the

2MGA system’s ternary hygroscopicity. The strong agreement between our experimental results
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and ZSR/O:C-LLPS model provides insight into the water uptake process within the three
components in this mixture. It implies that below the theoretically predicted O:C ratio of 0.75,
2MGA is not part of the aqueous phase and is not contributing to the water uptake, while O:C ratio
> (.75 all three components are involved in the water uptake process. The absence of 2MGA in
the aqueous phase (O:C ratio < 0.75) can be attributed to the poor solubility of 2MGA (40.6 g L

D relative to AS (74.4 g/ 100 g) and sucrose (824 g L.
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Figure 2.5. The 2MGA system’s k-experimental versus x-predicted obtained from the ZSR model
(light blue triangles), the ZSR/O:C model (green squares), and the ZSR/O:C-LLPS model (brown
circles). The black dotted line is the 1:1 ratio line; the grey region shows 95% prediction interval
across the 1:1 line.

To further our understanding of this system, optical microscopy images of particles were
obtained at different regions within the ternary plot (Figure 2.6). The four experiments that were

performed to obtain microscale images of particles were chosen to cover regions that have LLPS
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and regions that do not have LLPS. Figure 2.6A represents the morphology of a particle from a
mixture with an O:C ratio of 0.78. Figure 2.6A shows a particle that is well mixed (i.e., it is not
phase separated). Hence, the water uptake activity of that particle depends on AS, sucrose, and
2MGA with respect to their molar volumes. Figure 2.6B represents a particle obtained from a
mixture with an O:C ratio of 0.70. The particle appears to consist of LLPS. The separation relative
humidity (SRH) was 65.2+9.9 %RH. The Of#t et al. (2020) paper reported the SRH for a 50-50
wt% mixture of AS and 2MGA to be 79.4+1.0 %RH and the addition of sucrose leads to lower
values of the SRH (Ott et al., 2020). Hence, the particle in Figure 2.6B, has a lower SRH due to
the influence of sucrose. Figure 2.6C shows an image of a particle obtained from a mixture with
an O:C ratio of 0.74. The particle consists of a phase separated morphology but also contains
inorganic-rich inclusions. The SRH for this particle was found to be 63.9+4.7 %RH. A similar
trend is also seen in the particle (O:C = 0.69) provided in Figure 2.6D. The particle has an SRH
of 72.4+2.2 %RH. Note that the experimental O:C ratio value of 0.72 (obtained (Ott et al., 2020))
as the region for phase separation is an estimate based on one 2MGA to AS ratio and that this
value may vary slightly as a function of the composition of 2MGA, AS, and sucrose. The presence
of inclusions may indicate that the phase separation process has not reached the thermodynamic
equilibrium (Reid et al., 2011; Song et al., 2012a), which may result in different compositions in
the inorganic-rich and organic-rich phases than at equilibrium. However, inclusions are expected
to be less likely in submicron particles, as these systems reach equilibrium more rapidly
(Chenyakin et al., 2017; Song et al., 2012a). It is also important to note that the experimental
examination of morphology for the 2MGA system above has focused on droplets 20 — 200 um in

diameter, and morphology can be different for submicron aerosol particles. Specifically, phase
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separation can be inhibited in sufficiently small aerosol particles, which may affect CCN

measurements (Veghte et al., 2013).

\\\\ RH =49.1% Organic-tich

Inorganic-rich

10 20 30 40 50 60 70 80 90
2MGA (wt%)

Figure 2.6. Optical microscopy images and illustrations of particles obtained from four different
regions in the 2MGA ternary plot. The relative humidity (RH) at which the images are recorded is
shown within each image. The size of all the particles shown is approximately 50 um.

2.4.2 The CCN Activity of the PEG1000 System

The hygroscopicity of the PEGI000 ternary system was also investigated under
supersaturated conditions. The experimental x-hygroscopicity was averaged across four different
supersaturations for each mixture and mapped using a ternary plot (Figure 2.7A). Figure 2.7A
shows the experimental x-hygroscopicity values in a ternary heat plot with pure AS occupying the
bottom left corner, pure sucrose occupying the top corner, and pure PEG1000 occupying the
bottom right corner. The experimental x-values obtained for AS and sucrose are as reported above
in the results of the 2MGA system. As for PEG1000, the experimental x-value obtained was
0.04+0.02. Hodas et al. (2016) investigated the CCN activity of PEG1000 under 0.8%

supersaturation and reported the x-value to be 0.07; no uncertainty value was reported (Hodas et
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al., 2016). The discrepancy between our experimental x-value and the x-value obtained by Hodas

et al. (2016) may be attributed to the difference in proportions of PEG1000 with varying chain

lengths in the sample.
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Figure 2.7. The x-hygroscopicity for the PEG1000 system. The color gradient shows the range of
k-hygroscopicity values in the ternary system. The region where LLPS is assumed to exist is
outlined in the dotted green lines. A) Extrapolated x-values from experimental data, B) the ZSR
model, C) the ZSR/O:C model, and D) the ZSR/O:C-LLPS model.

In Figure 2.7A, it is also evident that mixtures of AS, sucrose, and PEG1000 at various
weight percent compositions result in different x-values ranging between 0.04-0.61. Like the

2MGA system, to analyze the experimental x-values obtained from the PEG1000 system, we first
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compared our experimental results to the simplest theoretical x-values obtained from the ZSR
model derived from the Kohler theory (Figure 2.7B). Figure 2.7B shows a ternary plot heat map
representing the theoretical x-values of mixtures containing AS, sucrose, and PEG1000 at different
chemical compositions. The uniformity in x-values shown in Figure 2.7B indicates that the water
uptake of a mixture is linearly additive—all three chemicals contribute to the water uptake ZSR
model. A graphical resemblance is observed between the ZSR model (Figure 2.7B) and our
experimental results (Figure 2.7A). A regression plot, provided in Figure 2.8, shows that there is
a good correlation between our experimental results and the ZSR model (R? = 0.84), with only one
data point falling outside the 95% confidence region. This indicates that the hygroscopicity of the
PEG1000 system can be aptly modeled by the Kohler theory (ZSR model). However, to investigate
the potential effect of O:C ratio and LLPS, the ZSR/O:C model and the ZSR/O:C-LLPS model

were generated as well.

The ZSR/O:C model (shown in Figure 2.7C) was developed to explore the effect of O:C
ratio on the PEG1000 system. The x-values for the PEG1000 system generated through the
ZSR/O:C model indicate that AS is the dominant force in the water uptake process. This is
highlighted by x-values of > 0.5 in ~ 90% of the ternary region—a hygroscopicity pattern that does
not match experimental results (Figure 2.7A). This poor correlation is further emphasized by the
R? value of 0.23 obtained from the regression plot in Figure 2.8. The ZSR/O:C-LLPS model was
also explored, and the generated heat map is presented in Figure 2.7D. The O:C ratio threshold
defined by the bootstrap algorithm was 0.85—an O:C ratio lower than the O:C ratio of 0.91
reported from the experimental results of O#f et al. (2020). The hygroscopicity heat map generated
by the ZSR/O:C-LLPS model shows resemblance to the experimental heat map and to the ZSR

model. The regression plot of the ZSR/O:C-LLPS model versus experimental x-values shows a
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strong correlation with only one data point not within the 95% confidence region. The R’ value
associated with this regression plot was 0.78 and indicates that the ZSR/O:C-LLPS model is better
at estimating the PEG1000 system than the ZSR/O:C model (R? = 0.23) but not as good as the ZSR
model (R’ = 0.84). Both the ZSR model (R? = 0.84) and the ZSR/O:C-LLPS model (R’ = 0.78)
may be used to predict hygroscopicity of the PEG1000 system. From Figure 2.8, the ZSR model
and the ZSR/O:C-LLPS model only had one data point that was outside the 95% confidence region.
While both models show strong correlation to experimental results, using the ZSR/O:C-LLPS
model will not only provide theoretical x-values it can also estimate an O:C threshold where LLPS

might be present.

The agreement between the ZSR model and the ZSR/O:C-LLPS with experimental results
indicates that the O:C ratio does not play a factor in CCN activity in the PEG1000 system. This
agreement is consistent with the water uptake of polymers that are known to be driven by water-
interaction parameter and not molar volume solubility alone (Petters et al., 2006; Mao et al., 2021).
Subsequently, despite the PEG1000 system being primarily in a LLPS form, experimental data
shows that LLPS has no effect on mixed water uptake. This can be attributed to the high solubility
and water-interaction parameter of PEG1000, and as a result, PEG1000 is integrated into the
aqueous phase with AS and sucrose regardless of the presence of LLPS. To help elucidate these

results, we examined the morphology of particles.
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Figure 2.8. The PEG1000 system’s x-experimental versus x-predicted obtained from the ZSR
model (light blue triangles), the ZSR/O:C model (green squares), and the ZSR/O:C-LLPS model
(brown circles). The black dotted line is the 1:1 ratio line; the grey region shows 95% prediction
interval across the 1:1 line.

Optical microscopy was used to explore the morphology of particles in the ternary phase
diagram (Figure 2.9). Experiments were conducted at different regions within the ternary plot to
help explain the CCN activity results. The particle presented in Figure 2.9A is representative of
those obtained from a solution with an O:C ratio of 0.91. The SRH of particles produced from this
composition is 81.6£2.6 %. The morphology of the particle indicates that there are two larger
inorganic-rich inclusions within the droplet. These inclusions can also be seen in the particles
shown in Figure 2.9C and D but vary in number and size. In particular, the particle in Figure 2.9C
has many smaller inclusions compared with Figure 2.9A. The inclusions seen in Figure 2.9A, C,
and D indicate that the particle is not in its final equilibrium state, which may be related to the

viscosity of this system (Ott et al., 2020). As a result, the composition of the organic-rich and
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inorganic-rich phases may differ from the equilibrium compositions, which could affect water
uptake, leading to the high x-values observed. The particle in Figure 2.9B has a phase-separated
morphology, although it is slightly outside the region where we predict LLPS to occur. As stated
above, this region is an estimate based on one composition of PEG 1000 and AS and may differ

as this composition is varied.
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Figure 2.9. Optical microscopy images and illustration of particles obtained from four different
regions in the PEG1000 ternary plot. The relative humidity (RH) at which the images are recorded
is shown within the images. The size of the particles shown is ~ 50 um.
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2.5  Summary and Implications

This study investigates the water uptake of two ternary systems, namely the 2MGA system
(AS + sucrose + 2MGA) and the PEG1000 system (AS +sucrose + PEG1000) that undergo LLPS
as the O:C ratio is modified in the aerosol. To our knowledge, no previous study has examined the
ternary effect of LLPS on the x-hygroscopicity of internal aerosol mixtures. Thus, the results here
advance our overall understanding of the impact of phase transitions on water uptake. For each
ternary system, hygroscopicity experiments on different chemical compositions were conducted
using a Cloud Condensation Nuclei Counter (CCNC) at four different supersaturations (0.41, 0.59,
0.77, and 0.97%). The x-hygroscopicity values of the 2MGA system and the PEG1000 system
were presented and compared to multiple theoretical models. Our results indicate that for mixtures
that has no LLPS, their x-hygroscopicity is linearly additive—all three chemicals are involved in
the water uptake process with respect to their volume fraction. Hence, the x-hygroscopicity of
well-mixed aerosol can be predicted using the simple ZSR model for both the 2MGA system and
the PEG1000 system. However, for mixtures that undergo LLPS, the hygroscopicity prediction is
not as straightforward. For the 2MGA system, the presence of LLPS, that occurs in mixtures with
an O:C ratio < ~ 0.72-0.75, needs to be accounted for when predicting x-hygroscopicity. The
experimental x-values obtained within the LLPS region show the three chemicals do not equally
contribute to the water uptake process. Instead, the results show that 2MGA has only a small
contribution to the water uptake process and this can be attributed to the solubility limits of 2MGA.
The solubility of 2MGA is less than sucrose and AS, and as a result, 2MGA precipitates and is not
part of the aqueous phase that contributes to water uptake. As for the PEG1000 system, the
experimental x-values obtained within the LLPS region (O:C ratio < ~ 0.85-0.91) show that all

three chemicals contribute to the water uptake process. Hence, the LLPS within PEG1000 mixtures

45



show a weak impact on hygroscopicity. This result is attributed to PEG1000’s higher solubility
compared to AS and sucrose. This study highlights the importance of accounting for the LLPS in
mixtures. The hygroscopicity of aerosol mixtures that fall within the LLPS region vary
substantially based on the morphology. While mixtures that fall above the LLPS region are likely
to be well mixed in the aqueous phase and behave with ideal Raoult’s law and ZSR assumptions.
This work is the first to directly link and propose a method to relate O:C composition, solubility,
morphology, and hygroscopicity. The O:C ratio is a useful parameter because it is readily
measured in ambient studies when the chemical speciation of the aerosol is unknown. The
theoretical ZSR/O:C-LLPS model that accounts for LLPS through the O:C ratio can predict the

hygroscopicity of internally mixed water-soluble systems of different chemical compositions.
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Chapter 3: Hygroscopicity of Polycatechol and Polyguaiacol Secondary
Organic Aerosol in Sub- and Supersaturated Water Vapor Environments

Access published article at:

Malek, K.A., Gohil, K., Al-Abadleh, H.A. and Asa-Awuku, A.A. Hygroscopicity of polycatechol
and polyguaiacol secondary organic aerosol in sub-and supersaturated water vapor
environments. Environmental Science: Atmospheres. 2022. https.//doi.org/10.1039/DI1EA00063B

3.1 Background

Atmospheric aerosol particles are composed of mixtures of organic and inorganic species
(Blanchard, 2004). Aerosol can affect the Earth’s radiative budget through their direct and indirect
interactions with solar radiation. The direct effect involves the scattering or absorption of light by
aerosol particles; while the indirect effect describes the interactions of aerosols with clouds and
their ability to absorb water, act as cloud condensation nuclei (CCN), and form droplets (Haywood
and Boucher, 2000; Jacob et al., 1986; Yu et al., 2006). The degree to which aerosol uptake water
(hygroscopicity) and form cloud droplets has significant impact on air quality and climate
(Haywood and Boucher, 2000). While the hygroscopic properties of inorganic aerosol are well
studied and characterized, the hygroscopic properties of atmospherically ubiquitous organic

species are poorly understood (Kanakidou et al., 2005; Knopf et al., 2018).

Biomass burning, a major source of atmospheric organic aerosols (Abatzoglou and
Williams, 2016; Chen et al., 2017; Jahl et al., 2021), emits a wide variety of gases, including semi-
volatile organic compounds (SVOCs), that have major implications on atmospheric chemistry
(Jahl et al., 2021). Catechol and guaiacol are two SVOCs readily released from the combustion of
biogenic sources (Veres et al., 2010; Slikboer et al., 2015; Hatch et al., 2018). The fate of these
organic compounds includes several reactions and processes that may change the chemical

composition, hygroscopicity, and optical properties of atmospheric aerosols. Examples of these
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oxidation pathways include those driven by oxidants such as OH, O3, NO3, and those catalyzed by
transition metals like Iron (Fe) (Slikboer et al., 2015; Ofner et al., 2011; Al-Abadleh, 2021). Fe is
an abundant component of mineral dust (Choobari et al., 2014; Tang et al., 2016). Combustion
sources are increasingly being recognized as major contributors to labile iron deposited on the
oceans (Ito et al., 2019). Processing of these Fe-containing particles takes place in the atmosphere
through reactions with acidic gases, organics, in the dark or under irradiation, changing the
hygroscopicity of these particles and increasing the amount of dissolved iron (Al-Abadleh, 2021).
The processed iron-containing particles can act as a sink for SVOCs and undergo mixing with
biomass burning organic aerosol (BBOA) containing derivatives of catechol and guaiacol. The
role of Fe in condensed phase transformation of phenolic organic compounds in aerosol particles
has recently been reviewed where it was shown that Fe can convert catechol and guaiacol into
light-absorbing and water-insoluble particles, namely polycatechol and polyguaiacol, respectively
(Figure 3.1) (Slikboer et al., 2015; Al-Abadleh, 2021; Rahman and Al-Abadleh, 2018; Lavi et al.,
2017; Link et al., 2020). Thus, polycatechol and polyguaiacol could be considered secondary
organic aerosol (SOA) that form due to aerosol aging of Fe-containing particles under conditions

relevant to cloud droplets and aerosol particles.

Polycatechol Polyguaiacol

H OH HO

/|\ /|\ DB@,@_

Figure 3.1. The chemical structure of the repeating units of polycatechol and polyguaiacol adapted
from Al-Abadleh, 2021.
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Previous work has explored the physical aerosol properties of polycatechol and
polyguaiacol SOA, the light-absorbing and ice nucleation characteristics (Slikboer et al., 2015;
Lavi et al., 2017; Link et al., 2020). To our knowledge, only one previous study has explored the
surface water properties of polycatechol and polyguaiacol SOA with diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) and quartz crystal microbalance (QCM) (Rahman and
Al-Abadleh, 2018). The structure of surface water, investigated by DRIFTS showed evidence of
water bonding with organic functional groups in these polymeric materials from the analysis of
water and organic vibrational modes. In addition, spectroscopic data showed a network of weak
and strong hydrogen bonding, which suggested the formation of water-water and water-organic
interactions (Rahman and Al-Abadleh, 2018). The QCM studies conducted as a function of relative
humidity (RH) showed that gas phase water is best described using a modified Type II multilayer
BET adsorption model, and that polycatechol exhibits stronger water-surface interactions than
polyguaiacol. These QCM studies were conducted on thin films of these materials. There is still
the need to obtain quantitative data on the CCN and droplet formation efficiencies of polycatechol
and polyguaiacol under atmospherically relevant conditions for comparison with other SOA

formed from metal-free reactions.

The objective of this study is to measure the hygroscopic properties of polycatechol and
polyguaiacol SOA under subsaturated and supersaturated conditions, and to quantify their surface
activity using surface tension measurements. Specifically, we measured the droplet growth of
laboratory synthesized polycatechol and polyguaiacol SOA in a supersaturated environment using
a cloud condensation nuclei counter (CCNC), and in a subsaturated environment with a
hygroscopicity tandem differential mobility analyzer (H-TDMA). The data were then used to

derive critical parameters for aerosol water uptake. Assuming classic Kohler theory, the single
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hygroscopicity parameter (k) was calculated from the two measurement techniques and compared.
The aerosol was assumed to be water insoluble, and two water-adsorption theories were applied to
infer water surface coverage and adsorption isotherm parameters to predict droplet growth. Surface
tension was also measured and provided additional information regarding SOA surface activity at
the droplet air-water interface. Overall, the results of this study highlight the importance of
structural characterization of SOA from different sources to improve our understanding of their
hygroscopic properties and surface reactivity, and hence better predictions of aerosol-cloud

interactions.

3.2 Experimental Methods

3.2.1 Chemicals

All the chemicals were used as received without further purification: catechol (1, 2-
benzendiol, >99%, CAS 120- 80-9, Sigma-Aldrich), guaiacol (2-methoxyphenol, >98%, CAS 90-
05-1, Sigma-Aldrich), iron (III) chloride hexahydrate (FeCls-6H20, 97%, CAS: 10025-77-1,
Sigma-Aldrich), and diamond powder (512 pum, Lands Superabrasives LST600T). The chemicals
were dissolved in Milli-Q water (18.5 MQ cm™') with the solutions’ ionic strength adjusted to 0.01
M by adding potassium chloride (KCIl powder, 99.5%, EM Science) to stabilize the pH reading.
The pH was adjusted using stock solutions of hydrochloric acid (HCl 6 N, Ricca Chemical

Company) and sodium hydroxide (NaOH pellets, 99-100%, EMD) when needed.

3.2.2 Particle Synthesis
The synthesis procedure of polycatechol and polyguaiacol was based on the procedure in
an earlier report with slight modifications (Rahman and Al-Abadleh, 2018). Briefly, aqueous phase

standard solutions of iron chloride, catechol and guaiacol were prepared by dissolving the

50



chemicals in Milli-Q water. To prepare polycatechol, the concentration of the catechol was 0.078
M in 40 mL, to which 1 mL of the iron chloride solution (6.4 M) was added to start the reaction in
the dark for 1 hr. To prepare polyguaiacol, the concentration of the guaiacol was 0.068 M in 40
mL, to which 1 mL of the iron chloride solution (5.6 M) was added to start the reaction in the dark
for 1 hr. In both cases, the final iron to organic molar ratio was 2:1 and pH was 3. At the end of
the reaction, reaction solutions containing the particles were centrifuged, supernatant discarded,
and the particles were resuspended in Millipore water. Then, the centrifugation and resuspension
steps were repeated one more time, with supernatant discarded, to remove soluble reactants and to

redisperse the particles in water only.

3.2.3 Aerosol Synthesis and Generation

After synthesis, a 1 mL solution (approx. 0.03 g of polycatechol or polyguaiacol) was
diluted in 300 ml of ultra-purified water (18 MQ cm™!, Millipore). A 0.1 g L' solution was
sonicated and heated in a water bath (30 °C) during aerosol generation with a Collison Nebulizer
(Atomizer; TSI 3076). Wet aerosols were then passed through a silica gel dryer to remove particle
moisture (< 5% RH). The subsequent aerosol distribution is then measured with the following H-

TDMA or CCNC setup (Figure 3.2).
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a) H-TDMA
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Figure 3.2. A detailed experimental setup for a) H-TDMA subsaturated x measurements and b)
CCNC supersaturated x measurements.

3.2.4 H-TDMA-Subsaturated Measurements

A hygroscopicity tandem differential mobility analyzer (H-TDMA) measured the
subsaturated growth factor of polycatechol and polyguaiacol SOA. The H-TDMA is widely used
and measures aerosol hygroscopicity under subsaturated conditions. The experimental setup has
been described in previous literature (Rader and McMurry, 1986; Cruz and Pandis, 2000;
Swietlicki et al., 2008). A description of our H-TDMA setup is shown in Figure 3.2. After particle
generation, the polydisperse dried particles were charged in a Kr-85 bipolar aerosol neutralizer
(TSI 3081) resulting in an equilibrium distribution of charges (Wiedensohler, 1988). Charged
particles are then passed through a differential mobility analyzer (DMA 1) where aerosols were
size selected (25-120 nm) with an electrostatic classifier (TSI 3081). The flow rate and the sheath
flow were maintained at 0.3 L min™! and 3.0 L min™!, respectively. The size-selected particles were
then exposed to up to 85% RH with a Nafion humidification line (PermaPure M.H series). After

humidification, aerosol particles were passed through an RH equilibrated second DMA (TSI
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3081). This second DMA is followed by a condensation particle counter (CPC, TSI 3776) and the
wet aerosol size distribution and concentration were measured. Growth factors (Gr) were obtained
by dividing the median wet particle diameter (DMA 2) by the size selected dry particle diameter

(DMA 1) (Petters and Kreidenweis, 2007; Kreidenweis and Asa-Awuku, 2013; Tang et al., 2016).

Dwet

Gy (3.1)

" Dary

3.2.5 CCNC-Supersaturated Measurements

A cloud condensation nuclei counter (CCNC, Droplet Measurement Technologies (Lance
et al., 2006; Roberts and Nenes, 2005)) measured the droplet activation of polycatechol and
polyguaiacol aerosol. A detailed setup is provided in Figure 3.2. The Scanning Mobility CCN
Analysis (SMCA) method was used and has been extensively applied to CCN analysis in the
literature (e.g., but not limited to Engelhart et al., 2008; Asa-Awuku et al., 2009; Moore et al.,
2010; Tang et al., 2012; Tang et al., 2014; Barati et al., 2019; Vu et al., 2019). Briefly described
here, the DMA was operated in scanning mode and a size distribution from 8.06 to 352.3 nm was
measured every 2.25 minutes. The aerosol stream exiting the DMA was simultaneously split into
two streams: a 0.3 L min™!' stream to the CPC (TSI 3776) where concentration of particles (CN)
was measured, and a 0.5 L min™' stream to the CCNC where number concentration of activated
particles was measured (CCN). Using the SMCA, the doubly-charge and triply-charged particles

were removed using a charge correction expression from Wiedensohler, 1988 After the data has
o . (CCN
been charged corrected, the CCN to CN activation ratio (C—N) was calculated at every

supersaturation (Moore et al., 2010). A sigmoidal fit was then applied through the activation ratio
to obtain the critical diameter, D;; the size at which 50% of all the particles were activated. Each

activation ratio is repeated ten times and the average and standard deviation are reported.
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Furthermore, the D; of polycatechol and polyguaiacol SOA were measured at four different

supersaturations (0.47, 0.63, 0.81, and 1.07%).

3.2.6 Surface Tension Measurements

Surface tension measurements were obtained with a pendant drop tensiometer (Theta
optical tensiometer with One Attension software®). Solutions of different concentrations (in the
range of 0.35-50 g L") were achieved by diluting stock solution with Millipore ultra-purified water
(<18 MQ cm™). Once desired concentrations were prepared, solutions were sonicated at room
temperature and drawn using a microneedle syringe. A drop of approximately 10 pL is then
suspended, and once equilibrium is reached, a pendant drop tensiometer camera captured more
than 100 images at a rate of 33 frames per second. Each image represents one surface tension
measurement. For each concentration, an average of surface tensions measurement and standard
deviation is reported. Ultra-purified water’s surface tension was measured and used as a baseline

for calibration.

3.3 Water Uptake and Hygroscopicity Analysis

3.3.1 Kohler Theory and Single Parameter x-hygroscopicity

The equilibrium vapor pressure and saturations, S at a droplet surface is defined as follows.

40s, M
fa_W ) (3.2)

S =ayexp (—

v RTPwaa
where aw is the water activity coefficient of the droplet, gs/a is the surface tension of the droplet at
the air droplet interface, R is the universal gas constant, T is the temperature of the droplet, and

M,, and p,, are the molecular weight and density of water, respectively (Petters and Kreidenweis,

2007). By rearranging Equation (3.2) and assuming that the solute is sufficiently dilute in the
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droplet, a,, can be simply defined with a single parameterization. If the dissolved solute is dilute,
a single hygroscopicity parameter, x, can be derived and relates to the particle diameter and
hygroscopicity of aerosol particles (Petters and Kreidenweis, 2007). x-hygroscopicity describes
the water uptake of aerosol species and is calculated in subsaturated and supersaturated
conditions. For supersaturated CCN measurements, x is calculated using the following equation

(Petters and Kreidenweis, 2007):

()

= P77 (3.3)
27D4%In?s,

Kcen

where s, is the CCNC instrument supersaturation, ds/a is the surface tension, Mw is molecular
weight, T is the sample temperature, R is the universal gas constant, pwis the density of water, and
D, is the critical dry activation diameter. k.cy derived from Kdéhler theory is assumed constant

because s, is proportional to Dy .

k -values from subsaturated H-TDMA measurements can also be derived from Gy and RH
data. At relative humidity greater than 80%, the vapor pressure of water is assumed to approach
that of a flat surface and the droplet water activity to be approximated with RH. It is also noted
that this assumption is commonly applied to particle sizes greater than 200 nm (Seinfeld and
Pandis, 2006); however, the linearity of wet diameters to dry diameters within our data suggests
that this assumption can also be applied to lower sizes and RH > 80% for the specific materials
studied here. x can be obtained using the following simplified equation (Petters and Kreidenweis,
2007; Tang et al., 2016):

3
G} -1

) (3.4)
f~ RH/(1 — RH)

K¢
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For H-TDMA data, the best fit and average « is reported as kg .- The kg f value can then be

directly compared to the hygroscopic growth derived from supersaturated measurements Kqcy.

3.3.2 Water Adsorption Droplet Activation Theory

In the Ko6hler model, the Raoult’s a,, considers complete dissolution of the aerosol species
in water. Thus, water adsorption theories are more aptly applied to the water uptake of insoluble
organic aerosols. The water uptake on organic surfaces can be modelled with the Brunauer-
Emmett-Teller (BET) theory (Henson, 2007; Goodman et al., 2001). The BET water activity
(ay ,.;) canreplace the a,, Raoult’s term in the Ko6hler theory to describe the solute effect. BET is
fundamentally a multilayer adsorption theory that models physical adsorption of gases (such as
water vapor) on solid particles. The BET droplet activation multilayer model is as follows

(Henson, 2007):

40M,,
SpEr = Quw BET * €XP (RTp(\T,VDwet)’
(3.5
(c—0(c—2)) —c?(® - 1)* +40c
Ay = Ay BgT = 20(1 —0¢)

where c¢ is the temperature-dependent model fit parameter related to the thermodynamics of
adsorption and @ is the unitless number of adsorbed layers of water on the surface of the dry
particle (also called the surface coverage) (Sorjamaa and Laaksonen, 2007). If the thickness of the

adsorbed layer is small, O is approximated as follows:

_ Dwet = Dary (3.6)
2-D,

56



where D,, is the diameter of one water molecule and equals 2.75 A. Dgry and D,,q; are measured
with the H-TDMA (Equation 3.1). It should be noted that Equation (3.5) employs a one parameter
BET model (Type [-BET) and does not have a limit on the number of aqueous layers that can
adsorb on the aerosol particle (Henson, 2007; Tang et al., 2016). A Type-II BET model also exists
and is a 3-parameter model that can be derived from surface water measurements (Goodman et al.,
2001; Tang et al., 2016; Rahman and Al-Abadleh, 2018). The Type-II BET model published in
Rahman and Al-Abadleh, 2018 for polycatechol and polyguaiacol obtained from quartz crystal
microbalance (QCM) experiments are compared to Type-I BET parameters derived from H-

TDMA measurements (Rahman and Al-Abadleh, 2018).

Like BET, in Frenkel-Halsey-Hill Adsorption theory (FHH-AT) a,, is directly related to
the water surface coverage. The adsorbed multilayer formation on aerosol particles in FHH-AT
accounts for a varying potential adsorption gradient along the thickness of the adsorbed water layer

on the particle surface. In FHH-AT framework, water activity is defined as (Sorjamaa and

Laaksonen, 2007; Kumar et al., 2009a; Tang et al., 2016),
Ay = Ay pyy = eXp(—Apyy - O PFHH) (3.7

where 0 is similarly defined in Equation (3.6). Apyy and Bgyy are empirical fit parameters that
describe the intermolecular forces between the aerosol and water and therefore govern the
adsorption potential. Aryy determines the interactions between the particle surface and the first
monolayer, and Bpyy determines the interactions between the surface and subsequent aqueous
layers. Arpyy controls the net amount of water coverage on the surface and a larger value implies
a greater adsorption of water. Bpyy controls the distance up to which the attractive interactions

can affect the adsorption of subsequent aqueous layers. It has been observed that the value of
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Bryy has a more significant role in confirming if the critical activation parameters for a given set

of particle properties exist or not.

From our data sets, the FHH parameters can be computed in the supersaturated
environment. The measured s, and D, data are related using a power law represented as s, = C -
Dgyry 50, Where C and x are fit parameters that depend on the measured activation data (Kumar et
al., 2009a, b). It should also be noted that in Kohler theory x is fixed to -1.5 for soluble particles
and FHH allows the slope to vary. The empirical fits of Agyy and Bpyy are then fit to the
experimental data. This method has been applied in previous studies of mineral dust and black

carbon and has yet to be applied to insoluble SOA.

3.4 Results and Discussion

The critical diameters (D;) were measured for polycatechol and polyguaiacol SOA at
varying supersaturations (0.47, 0.63, 0.81, and 1.07%). The CCN activation data obtained from
SMCA analysis are shown in Figure 3.3. A charge correction is applied to the data and a sigmoidal
fit is applied. For both SOAs, the D is shown to decrease with increasing supersaturations (Figure
3.3a&b). In addition, the FHH adsorption theory was applied to polycatechol and polyguaiacol
CCN activity (Figure 3.3¢). The parameters Apyy and Bgyy were found to be 0.70 and 0.81 for
polycatechol and 0.31 and 0.56 for polyguaiacol. The s. and D, polycatechol and polyguaiacol
data were also fit to Kohler theory (Figure 3.3c). The Kohler fit adheres to the Kohler slope of ~
-3/2 (Seinfeld and Pandis, 2006), while the exponent in the FHH model is not fixed (Sorjamaa and
Laaksonen, 2007). Both the Kohler and FHH model appear to fit with experimental data (Figure

3.3¢).
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Figure 3.3. CCN measurement and analysis. a) CCN/CN activation versus particle dry diameter
for polycatechol and b) polyguaiacol at 4 different supersaturations. Each sigmoid fit (solid line)
is the best fit average of 10 measurements. Error bars are standard deviation. ¢) Kohler theory (red
lines) and FHH model-based power law fits (black lines) of the CCN activity measurements of
polycatechol and polyguaiacol. The derived FHH parameters can also be applied to subsaturated
measurements.

To understand the hygroscopicity of polycatechol and polyguaiacol SOA under
subsaturated conditions, the aerosol growth factor was measured at constant RH (Figure 3.4). The

average Gy value for polycatechol at 85% RH was 1.15 + 0.07, while that for polyguaiacol was

1.04 £ 0.03 at 80% RH. This result indicates polycatechol and polyguaiacol are slightly
hygroscopic with little water uptake. The result is consistent with Varutbangkul et al., 2006 where
hygroscopic growth factors of various simple and substituted phenolic compounds were

investigated (Varutbangkul et al., 2006). Their study reported Gy between 1.09-1.16 for pure
organics Cs — Cg cycloalkenes, G between 1.06-1.10 for monoterpenes and oxygenated terpenes
SOAs, and Gf between 1.01-1.04 for the sesquiterpenes SOAs, at 85% RH (Varutbangkul et al.,
2006). The polycatechol and polyguaiacol G¢ values obtained in this study were then converted to
Kk using Equation (3.4). The kg ; for polycatechol and polyguaiacol is 0.12 &+ 0.05 and 0.03 + 0.02,

respectively.
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Figure 3.4. H-TDMA measurements and analysis. a) Type-I, type-II BET, K6hler model, and
FHH models fit to polycatechol and b) polyguaiacol from experimental hygroscopicity
measurements.

The wet diameter for polycatechol and polyguaiacol was predicted with four different
models: the Kohler theory, Type-1 BET, Type-II BET, and FHH models. For each model, the y?
was computed to assess goodness of fit (Table 3.1). Considering that both polycatechol and
polyguaiacol are sparingly-soluble, our results show an association to both the Kohler model—
that assumes full dissolution, and the FHH model—that assumes no dissolution. Either model can
be applied with some degree of deviation from the experimental data sets as highlighted by the
minimal difference observed in Figure 3.3b. Furthermore, there is an observation of model
agreement with aerosol size dependence that remains to be resolved. For instance, the Kohler

model, which was generated using average experimental kg £ align to the polycatechol and

polyguaiacol subsaturated date set with a y? value of 4.1 and 4.6, respectively (Figure 3.4 and

Table 3.1).
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Table 3.1. The y? for polycatechol and polyguaiacol H-TDMA data for each of the four different
models: the Kohler theory, Type-I BET, Type-II BET, and FHH models.

XZ

Model Polycatechol Polyguaiacol
Kohler Theory 4.1 4.6
Type-1 BET 7.3 0.3
Type-11 BET 9.2 1.0
FHH 7.7 0.6

The Type-I BET line was derived using Equation (3.5) above, while the Type-II BET
theory line was developed from parameters published in Rahman and Al-Abadleh, 2018 for which
3 parameters were derived from QCM measurements (Rahman and Al-Abadleh, 2018). The Type-
I and Type-II BET theory derived from different measurement platforms agree with each other
(Figure 3.4). The y? metric gave slightly different, but low values for polyguaiacol (Figure 3.4b,
Table 3.1) with respect to Type-I (0.3) and Type-II (1.0) variants of the BET adsorption model.
The relatively low values of y? metrics suggested that either of Type-I or Type-II models can be
more reliably used compared to Kéhler model to describe the hygroscopicity of polyguaiacol. The
x? metric for polycatechol (Figure 3.4a, Table 3.1) were found to be much larger in both Type-I
(7.3) and Type-II (9.2) models than the values obtained for polyguaiacol. On comparing these y?
values against those for Kohler model fit, it can be concluded that the Kéhler model is better
representative of polycatechol hygroscopicity. In addition, FHH parameters derived from
supersaturated CCN fits (Figure 3.3¢) can be compared to subsaturated data (Figure 3.4). The
FHH predictions of wet particle diameter agree with Type-I and Type-II BET models for both

polycatechol and polyguaiacol. For the FHH model, the y? for polycatechol and polyguaiacol
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were 7.7 and 0.6, respectively (Table 3.1). As with the BET models, the FHH prediction agrees
well with the H-TDMA polyguaiacol data set more than the polycatechol data set. A noteworthy
observation is that despite using the FHH parameters (Agyy and Bpyy) derived from CCN activity,
FHH model agrees well with H-TDMA measurements (Figure 3.4). Pajunojo et al. highlighted
that H-TDMA water uptake activity of semisolid SOAs is driven by water adsorption rather than
dissolution (Pajunoja et al., 2015). This supports the results of Figure 3.4; the FHH model agrees
with polycatechol and polyguaiacol H-TDMA measurements and can be attributed to the sparingly
soluble properties of the SOA and the FHH model assuming no dissolution. This apparent
association between FHH model and H-TDMA data indicates that the FHH parameters do not need

to be exclusively derived from CCN measurements.

Figure 3.5 shows the average x-values under sub- and supersaturated conditions for
polycatechol and polyguaiacol calculated from Equations 3.3 and 3.4. Both compounds are slightly
hygroscopic with x-values between 0.03-0.25. The average k.qy across all supersaturations for
polycatechol and polyguaiacol were calculated to be 0.25+0.03 and 0.16+0.01, respectively. As

stated above, the average K ; was 0.13+0.05 (85% RH) for polycatechol and 0.03+0.02 (80% RH)

for polyguaiacol.
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Figure 3.5. a) The average Kk.cy (red circles) and kg ; (blue circles) of polycatechol and

polyguaiacol. Error bars represent standard deviation. b) The chemical structures of polycatechol
and polyguaiacol adapted from Al-Abadleh, 2021.

To our knowledge, no previous studies have reported hygroscopicity values for these two

aerosol species. The k- and kg ; reported here are within the range of other SOA hygroscopicity

values. This is consistent with organic aerosols having a known kappa value less than 0.3 (Wang
et al., 2019). Polycatechol is more hygroscopic than polyguaiacol under sub-and supersaturated

environments. The higher ¢y and kg ; for polycatechol relative to polyguaiacol can be attributed

to the molecular difference between these two chemicals. Polycatechol has a higher density of
hydroxyl groups that have strong water affinity compared to the methyl groups present in
polyguaiacol (Al-Abadleh, 2021). This is supported by the work of Rahman and Al-Abadleh, 2018
which offered evidence, through DRIFTS, of strong water bonding with organic functional groups
(Rahman and Al-Abadleh, 2018). Polycatechol was shown to have a higher affinity for water than
polyguaiacol (Rahman and Al-Abadleh, 2018). In agreement with the chemical speciation and the
previously published work, a small change from O-H to O-CHs3 groups attached to the benzene

ring has noticeable effects in the water uptake and droplet formation ability (Figure 3.5).
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Figure 3.5 also shows that k.cy are higher than k; ; for both polycatechol and

polyguaiacol. While other studies have also observed higher CCN-derived kappa values, they have
generally attributed this to surface tension depression by surface active organic molecules (Petters
and Kreidenweis, 2007; Prenni et al., 2007; Wex et al., 2009; Dawson et al., 2020). Polycatechol
Kccn and polyguaiacol kqcy were computed with the assumption that the surface tension is equal
to that of pure water. Typically, differences in measured sub- and supersaturated hygroscopicity
k-values are attributed to surface tension activity that can lower droplet vapor pressure in the
supersaturated regime (Good et al., 2010). However, the surfactant effect is negligible (less than a
3% depression) for both compounds in water as shown below in the discussion of Figure 3.6. The
surface tension values measured for both polycatechol and polyguaiacol indicate both species are
not strongly surface active within the concentration range of 0.35-50 g L'!. If higher concentrations
can be obtained, surface tension at the droplet may be depressed further. Yet both polycatechol
and polyguaiacol are sparingly soluble to insoluble organic materials in water and the measured

concentrations in Figure 3.6 are likely near their respective solubility limits in water.
An alternative justification, apart from the effect of surfactants (Prenni et al., 2007; Wex
et al., 2009; Dawson et al., 2020), to the difference observed in k.--y and kg ; in Figure 3.5 is due

to the limited solubility of the aerosol solute. A study by Pajunoja et al. suggested that the

difference between K¢y and kg ; is due to SOAs exhibiting adsorption-dominated water uptake

under subsaturated conditions (Pajunoja et al., 2015). Another finding was that the difference

between the k--y and kg ; diminishes with the increase of oxygen particles, a trend observed in

our results. The difference in polycatechol’s kqcy and kg f is smaller than the difference between
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polyguaiacol’s kcy and K £ Polycatechol has higher density of hydroxl groups than polyguaiacol

as evidenced in their molecular structures (Figure 3.5).
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Figure 3.6. Surface tension measurements for polycatechol (red circles) and polyguaiacol (blue
circles). Horizontal line represents pure water, ST = 72.27 mN m™'. Room temperature: 21.8 °C.
Error bars represent standard deviation.
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Figure 3.7. FHH-Adsorption Theory (FHH-AT) and K&hler theory (KT) equilibrium curves are
plotted for polycatechol (dashed lines) and polyguaiacol (solid lines) for 60 nm dry particles. The
FHH-AT curves (black lines) were plotted using the FHH parameters determined from the CCN
measurements (Figure 3.3¢c). KT.cy curves (red lines) were plotted using their hygroscopicity
parameters (x) determined from experimental CCN measurements. KTy curves (blue lines) were
plotted using their hygroscopicity parameters (x) determined from the H-TDMA measurements.

Figure 3.7 considers the non-surface-active droplet formation of a 60 nm polycatechol or
polyguaiacol particle exposed to an increasing RH. For both SOAs, the differences in activation

assuming Kccy and kg ; are very different. More specifically, for polyguaiacol SOA, a
supersaturation above 1% is required to activate assuming k. £ but only a 0.5% supersaturation is

required to activate assuming k.qy. Furthermore, at subsaturated conditions, the wet diameter is
substantially larger assuming kccy. When the FHH fit is applied to the droplet growth for
polyguaiacol, the subsaturated growth behaves like the H-TDMA growth (< than s.; the black and
blue lines agree); the s, for FHH is the same as that from Kohler curve (red line) and thus the

approximation for droplet growth then agrees with Kohler theory. Polycatechol does not follow
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the same trend. Polycatechol has a greater hygroscopicity than polyguaiacol, likely due to the
density of surface hydroxyl groups. Hence, the application of FHH theory does not describe the

water uptake on polycatechol well; both the droplet growth curves from f and k.cy predict

greater wet diameters than that of FHH. Polycatechol SOA is more likely to provide hydrogen
bonding acceptor and donor sites and contribute to droplet growth and FHH assumes an insoluble
particle where adsorption is the main driver for droplet formation (Pajunoja et al., 2015). In brief,
Kohler theory can be used to predict polycatechol SOA droplet formation and FHH should be
applied to polyguaiacol SOA. Such a conclusion highlights the importance of identifying the
contribution of polycatechol versus polyguaiacol fractions to ambient SOA in understanding the

overall droplet growth mechanisms and predictions of droplet growth.

3.5 Summary and Implications

The sub- and supersaturated hygroscopic properties of biomass derived SOA namely,
polycatechol and polyguaiacol were investigated. For subsaturated conditions, the H-TDMA
system measured the growth factor at relative humidity greater than 80%. For supersaturated
conditions, the hygroscopicity of polycatechol and polyguaiacol was investigated using the CCNC
under 4 different supersaturations. The single hygroscopicity parameter (x) was then derived using
Kohler theory and reported for these two materials — to our knowledge have not been previously
reported in literature. Both SOA materials were found to be slightly hygroscopic with x-values
between 0.03-0.25. Under both sub- and supersaturated conditions, polycatechol was found to be
more hygroscopic than polyguaiacol due to polycatechol having a higher density of hydroxyl

groups. Values of ky for both polycatechol and polyguaiacol were found to be greater than k; o

a disparity that is attributed to their insolubility and due to them exhibiting adsorption-dominated

67



water uptake under subsaturated conditions. Both the FHH adsorption theory and the Kdhler
theory were applied to polycatechol and polyguaiacol CCN activity showing a relatively good fit
with experimental data. Similarly, under subsaturated conditions, the FHH model, Type-I and
Type-Il BET models, and Kohler model were generated to predict the wet diameter for
polycatechol and polyguaiacol. FHH, Type-I and Type-II BET models were found to be reliable
when describing the subsaturated hygroscopicity of polyguaiacol but not for polycatechol. In short,
the Kohler models appeared to agree better with the polycatechol data set, and adsorption models

agreed better with the polyguaiacol data set.

Overall, our results are significant because quantifying the uptake of gas phase water and
the hygroscopic properties of atmospheric particles is important for accurately parametrizing their
climate and environmental impacts. The SOA materials studied here were produced efficiently
from iron catalyzed reactions under acidic conditions that mimic chemistry in aged mineral dust.
The hygroscopicity behavior of these insoluble to sparingly soluble organic polymers in sub-and
supersaturated conditions may be representative of the complex organic aerosol condensation
nuclei formed in biomass burning events. Our results show that a change in organic solute hydroxyl
group density will modify droplet growth mechanisms. Even small changes in hydroxyl group
molecular density of polymeric SOA will change the perceived water uptake and the robustness of
droplet growth models applied for SOA CCN. Future work should further consider the chemical
factors that contribute to adsorption and dissolution of atmospherically relevant compounds.
Particularly, new work should explore different aging pathways for insoluble species formed with
mineral dust that account for the transformation of organics from condensed phase chemistry and

their impact on the hygroscopic properties.
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Chapter 4: Hygroscopicity of Nitrogen-Containing Organic Carbon
Compounds: o-aminophenol and p-aminophenol

Access published article at:

Malek, K.A., Rastogi, D., Al-Abadleh, H.A. and Asa-Awuku, A.A. Hygroscopicity of nitrogen-
containing organic carbon compounds. o-aminophenol and p-aminophenol. Environmental
Science: Processes & Impacts. 2023. https://doi.org/10.1039/D2EM00163B

4.1 Background

Aerosol particles have major implications on global climate, air quality, and human health.
Aerosols can be emitted from a variety of sources (e.g., biomass burning, sea spray, combustion
processes, desert dust, and volcanic eruptions) (Pdschl, 2005; Jacobson et al., 2000; Chen et al.,
2020) or they can be generated in the atmosphere through various chemical processes (e.g.,
nucleation, condensation, and oxidation) (Kreidenweis et al., 2019; Slikboer et al., 2015; Ervens
et al., 2011). Once suspended in the atmosphere, acrosols can influence Earth’s radiative budget
through their direct and indirect interaction with solar radiation (Seinfeld and Pandis, 2006;
Kreidenweis et al., 2019; Jacobson et al., 2000; Haywood and Boucher, 2000; Yu et al., 2006).
The direct effect is based on the aerosol’s ability to directly scatter and absorb solar radiation. As
for the indirect effect, acrosol particles can act either act as cloud condensation nuclei (CCN)—
taking up water vapor and forming clouds in the process (Seinfeld and Pandis, 2006; Kreidenweis
et al., 2019; Jacob et al., 1986) or as ice nucleating particles to form ice clouds (Murray et al.,
2012). Hence, acrosols’ CCN efficiencies to uptake water (hygroscopicity) can directly affect the
amount of cloud’s light absorption or scattering that takes place. The latest Intergovernmental
Panel on Climate Change (IPCC) estimate of climate radiative forcing from the aerosol/cloud
interaction is -0.7 Wm (uncertainty range -1.8 to -0.3 Wm) (Bellouin et al., 2020). The large

uncertainty associated with aerosol-cloud interactions highlights the complexity associated with
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aerosols and their effect on cloud formation. While aerosol particles are composed of organic and
inorganic species, the primary source of uncertainty stems from abundant and poorly understood

organic aerosols (Kanakidou et al., 2005; Knopf et al., 2018).

Organic aerosols (OA) are ubiquitous in the atmosphere and account for a large fraction of
atmospheric aerosols (Kanakidou et al., 2005; Laskin et al., 2015). Within the last decade, the
atmospheric chemistry field has made substantial advances in aerosol speciation, chemical
compositions of OA, and the chemical processes that OA undergoes in the atmosphere. These
advances were highlighted in published reviews that include but not limited to Ervens et al., 2011;
Hallquist et al., 2009; Kanakidou et al., 2005; Kroll and Seinfeld, 2008; and Mahilang et al., 2021.
Despite these advances the uncertainty in the hygroscopic-related properties of atmospheric OA

remains large (Laskin et al., 2015).

Nitrogen-containing organic carbon compounds (NOC) are a major class of OA growing
in importance due to a decline in regional sulfates and their prominent presence within atmospheric
aerosols (Liu et al., 2018; Laskin et al., 2015; Moise et al., 2015; Wedyan et al., 2007; Milne and
Zika, 1993; Zhang et al., 2002). Wedyan et al. (2007) discovered that 80% of atmospheric
deposition of nitrogen over the coastal Gulf of Agaba could be attributed to NOC (Wedyan et al.,
2007). Another study by Cornell et al. investigated the atmospheric chemical composition in Oahu,
Hawaii, and found that approximately 30% of the total nitrogen was stored in NOC form (Cornell
et al., 2001). The abundance of NOC in the atmosphere is attributed to the wide range of primary
and secondary emission sources (Laskin et al., 2009). Primary sources such as biomass burning
and both anthropogenic and biogenic sources, are responsible for approximately 27.4 Tg of NOC
annually (Kanakidou et al., 2005). As for secondary sources, the formation of NOC within the

atmosphere remains unexplored. Various studies have shown that NOC can be formed in the
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atmosphere from chemical processes involving secondary organic aerosol (SOA) (e.g., but not
limited to Darer et al., 2011; Liu et al., 2015; Vidovi¢ et al., 2018; Zhang et al., 2020). For instance,
a wide range of NOC species can be formed from the ozonolysis of a-pinene and m-xylene in the
presence of ammonia (Liu et al., 2015). Another study found that the atmospheric presence of
NOC is attributed to the reaction of ammonium with oxidized organics (e.g., formate, acetate,

pyruvate, malonate) (Zhang et al., 2020).

To further enhance our knowledge of NOC and their role within atmospheric chemistry
and climate impacts, investigating the physiochemical properties of NOC aerosols is necessary
(Seinfeld and Pandis, 2006). One vital physicochemical property is hygroscopicity, which
describes the water uptake ability of aerosols under subsaturated and supersaturated conditions
(Petters and Kreidenweis, 2007). While extensive efforts have been allocated to investigate and
report the water uptake behavior of atmospherically relevant OA compounds, further research
remains needed. This is due to the presence of a wide range of OA in the atmosphere making
quantifying their hygroscopic properties a formidable task. To circumvent this challenge,
theoretical models have been used to predict the hygroscopicity of OA, which are semi-empirical
and often rely on parametrization of water solubility and extrapolation from lab measurements of
one class of OA to another (Suda and Petters, 2013). Such simplistic approach fails to accurately
capture the non-ideal behavior that is developed from solubility (Pajunoja et al., 2015), liquid-
liquid phase separation (Zuend and Seinfeld, 2012; Ott et al., 2020), surface partitioning (Petters
and Kreidenweis, 2013), and morphology (Zhang et al., 2008). Also, these limitations highlight
the fundamental importance of investigating the hygroscopicity of different classes of OA through
laboratory measurement techniques. As such, various studies have undertaken a systematic

approach by investigating the hygroscopicity of OA through the lens of other physicochemical
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properties such as functional groups, molecular weight, and bulk water solubility (Marsh et al.,
2017; Lambe et al., 2011; Prenni et al., 2007; Chan et al., 2008; Kuwata et al., 2013; Suda et al.,
2014). For example, Suda et al. investigated the CCN activity of OA possessing different
functional groups and reported a direct influence of functional group on water uptake (Suda et al.,
2014). Specifically, it was reported that the hygroscopicity of an organic compound with hydroxyl
or carboxyl groups is higher than that with nitrate or methylene groups (Suda et al., 2014). Other
studies investigated a family of organic compounds, such as carboxylic acids (Han et al., 2022;
Marsh et al., 2017) or amino acids (Marsh et al., 2017; Luo et al., 2020). The water uptake of
amino acids has been reported due to their important involvement in the nitrogen cycle in the
atmosphere (e.g., but not limited to Chan et al., 2005; Han et al., 2022; Luo et al., 2020; Marsh et
al., 2017). Luo et al. investigated the water uptake using a hygroscopicity tandem differential
mobility analyzer (H-TDMA) system, under a range of relative humidity (RH), of a series of amino
acids, including aspartic acid, glutamine, and serine along with their mixtures with ammonium
sulfate (Luo et al., 2020). The results of Luo et al. show that bulk water solubility play a major
role in understanding the hygroscopicity of these amino acids, and that the presence of ammonium

sulfate influence the phase state and hygroscopicity of the mixture (Luo et al., 2020).

To contribute to the mechanistic understanding of OA hygroscopicity, we explored two
NOC aminophenol isomers: o-aminophenol (04 P) and p-aminophenol (p4P) (Ruiz-Jiménez et al.,
2012; Geetal., 2011). To our knowledge, no previous literature has reported on the hygroscopicity
of pure aromatic compounds. Previous studies have employed aromatic compounds to produce
secondary organic aerosols (SOAs) of mixed chemical composition. For example, the study by
Hilderbrandt Ruiz et al. involved measuring the water uptake of secondary organic aerosols

produced from the photooxidation of toluene (Hildebrandt Ruiz et al., 2015). Another study by
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Nakao et al investigated the SOA formation from benzene, toluene, m-xylene using an
environmental chamber under different conditions (Nakao et al., 2011). Similarly, various studies
have investigated the water uptake of SOA formed from monoterpenes (CioHis) such as a-pinene,
B-pinene, limonene, and terpinene ((Hartz et al., 2006; Prenni et al., 2007; Duplissy et al., 2008;
Frosch et al., 2011, to name a few). Additionally, while previous studies have reported the
hygroscopicity of secondary aerosols from aliphatic amines (Tang et al., 2014), no previous study

has explored aromatic amines.

Exploring singular component composition instead of mixture of components offer
valuable knowledge with respect to how various physicochemical properties (solubility, O:C ratio,
functional groups, chemical composition, structure, etc.) impact water uptake in aerosol particles.
This is highlighted by the previously published CCN work that have investigated single-
component aerosols (e.g., but not limited to Marsh et al., 2017; Peng et al., 2001; Raymond and
Pandis, 2002; Han et al., 2022; Dawson et al., 2020; Estillore et al., 2016). Therefore, our study
aims to enhance our understanding of the physiochemical properties affecting water uptake. The
ring structure of o AP and pAP will provide us with a new perspective on the effect of aromaticity.
Additionally, the two functional groups (-NH2 and -OH) on the aromatic ring possessed by 0AP
and pAP, add to the growing database of hygroscopicity of organic aerosol with different
functional groups. Previous studies have invested in understanding the hygroscopic properties of
organic aerosols with different functional groups (Han et al., 2022; Petters et al., 2017; Suda et al.,
2014, to name a few); however, no previous reports were conducted on compounds possessing -
NH: and -OH, together. Finally, oAP and pAP enable us to explore the effect of solubility on
hygroscopicity while maintaining the same O:C ratio, chemical composition, and functional

groups.
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The objective of this paper is to investigate the water uptake of 0AP and pAP under
subsaturated conditions using a Hygroscopicity Tandem Differential Mobility Analyzer (H-
TDMA) and supersaturated conditions using a Cloud Condensation Nuclei Counter (CCNC).
Results were analyzed through the lens of solubility and morphological properties and highlight
the importance of physicochemical properties on the water uptake of NOC compounds. Hence,
understanding the water uptake of these aminophenol compounds will add a new dimension to the

growing knowledge on the impact of functional groups on hygroscopicity.

4.2 Experimental Methods

4.2.1 Chemicals

o-aminophenol (99%, CAS: 95-55-6, Sigma-Aldrich) and p-aminophenol (=98%, CAS:
123-30-8, Sigma-Aldrich) were used in this study. All chemicals were used as received without
further purification. The chemical structures and physical properties of both chemicals are
summarized in Table 4.1.

Table 4.1. The chemical structures and the relevant properties of o-aminophenol and p-
aminophenol.

Bulk
: . Solubility
Molecular Weight ’

Chemical Abbv. Structure 1 . Dens‘? Sbulk

[g L]
OH
. NH,
o-aminophenol 0AP 109.13% 1.33% 19.6°

NH,
p-aminophenol  pAP /©/ 109.13° 1.13" 15.7¢
HO

@ National Center for Biotechnology Information (2022). PubChem Compound Summary for CID 5801, 2-Aminophenol. Retrieved
April 3, 2022, from https.//pubchem.ncbi.nlm.nih.gov/compound/2-Aminophenol.

b National Center for Biotechnology Information (2022). PubChem Compound Summary for CID 403, 4-Aminophenol. Retrieved
April 3, 2022, from https://pubchem.ncbi.nlm.nih.gov/compound/4-Aminophenol

¢ Rumble, J. R.; Lide, D. R.; Bruno, T. J. CRC handbook of chemistry and physics: a ready-reference book of chemical and
physical data, 2017
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4.2.2 Aerosol Generation

A 0.1 g L' solution was prepared for each chemical using ultra-purified water (18 MQ cm’
!, Millipore). The prepared solutions were sonicated to ensure dissolution prior to atomization. The
aerosols were then generated using a constant output Collison Nebulizer (Atomizer; TSI 3076).
The aerosols generation method has been used and described in previous CCN literature (Raymond
and Pandis, 2002; Cruz and Pandis, 1997; Estillore et al., 2016; Han et al., 2022; Altafet al., 2018).
The wet aerosols were dried (< 5% RH) using silica gel dryers. The water uptake of the generated
dry aerosols was then measured with two different experimental setups; a) H-TDMA (subsaturated
conditions) and b) CCNC (supersaturated conditions) (Figure 4.1). In addition, TEM images were

obtained using a sample collection setup shown in Figure 4.1.

0.3 L min'? DMA 1 . o DMA 2 CPC
(sheath ratio: 10:1) | Nafion Humidifier (sheath ratio: 10:1) "] Model 3776 H-TDMA

Diffusion Dryer 0.3 Lmin cpc
T e 0.8 mint DVIA Model 3776
(sheath ratio: 10:1) B CCNC
CCNC

0.5L min’!

Neutralizer : CPC
Kr-85 TEM Grid Model 3776 - TEM

Atomizer 0.3Lmin?

Figure 4.1. The experimental setup for subsaturated H-TDMA measurements, supersaturated
CCNC measurements, and TEM sample collection. Abbreviations: DMA: Differential Mobility
Analyzer, CPC: Condensation Particle Counter, CCNC: Cloud Condensation Nuclei Counter, and
TEM: Transmission Electron Microscope.

4.2.3 Hygroscopicity Tandem Differential Mobility Analysis

The water uptake of 04AP and pAP was evaluated under subsaturated conditions using the
widely employed H-TDMA. The operation of the H-TDMA has been described in detail in
previous literature (Rader and McMurry, 1986; Cruz and Pandis, 2000). An overview of the H-
TDMA experimental setup is shown in Figure 4.1. The dry aerosols, generated from a 0.1 g L™!

solution, were size selected (30-200 nm) by an electrostatic classifier (DMA 1, TSI 3082; flow
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rate = 0.3 L min™). The size-selected particles were then humidified to RH = 85% =+ 5% using a
nafion humidification line (PermaPure M.H. series). The size distribution of the wet aerosol
particles was then scanned using a second electrostatic classifier (DMA 2, TSI 3085; flowrate 0.3
L min!), and the concentrations were measured using a Condensation Particle Counter (CPC; TSI
3776; flow rate = 0.3 L min'). The Growth Factor (G)) is the ratio between the wet mobility
diameter (Dwer) and the dry mobility diameter (Day) (Eq. 4.1). Gr was calculated for each size-

selected dry mobility diameter, averaged, and reported with its respective standard deviation.

Dwet
Gy

= 4.1
Doy (@.1)

4.2.4 Cloud Condensation Nuclei Analysis

The water uptake of 04P and pAP was tested under four different supersaturations (0.46,
0.67, 0.86, and 1.08%), that represent warm clouds, using a commercially available Cloud
Condensation Nuclei Counter (CCNC; Droplet Measurement Technologies). The operation of the
CCNC has been extensively described in previous literature (Lance et al., 2006; Roberts and
Nenes, 2005; Moore et al., 2010). An overview of the CCNC experimental setup is shown in
Figure 4.1. A flow stream (flow rate = 0.8 L min™') of dried aerosol particles were charged in a
Kr-85 bipolar neutralizer to produce an equilibrium distribution of electrically charged particles
(Wiedensohler, 1988). The charged particles were then passed to a DMA (TSI 3080) in scanning
mode and a size distribution from 8 to 352 nm was measured every 2.25 minutes. Downstream
from the DMA, the aerosol stream was bifurcated with one stream (flow rate = 0.3 L min™!) flowing
into a CPC (TSI 3776) where the particle concentration (CN) was measured, while the other stream
(flow rate = 0.5 L min™!) flowing into the CCNC where the activated particle concentration (CCN)

was measured. The activated fraction is the ratio between CCN and CN and was measured at four
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different supersaturations, and the critical diameter (Dq), defined as the dry particle diameter size
at which 50% of the particles form droplets, was calculated with Scanning Mobility CCN Analysis
(SMCA) (Moore et al., 2010). The SMCA applies a charge correction followed by fitting a sigmoid
curve through the activated fraction to obtain the Ds (Wiedensohler, 1988; Moore et al., 2010). At
each supersaturation, 10 critical diameters were obtained for each chemical, and were used to
calculate the hygroscopicity. To determine the CCNC’s supersaturations, a widely used calibration
procedure was conducted with inorganic ammonium sulfate (Rose et al., 2008; Dawson et al.,
2020; Raymond and Pandis, 2002; Mei et al., 2013; Frosch et al., 2013; Peng et al., 2022).
Ammonium sulfate has been used in various literature for CCNC calibration for hygroscopicity
measurements of organic aerosol (Mei et al., 2013; Raymond and Pandis, 2002; Dawson et al.,

2020; Frosch et al., 2013; Peng et al., 2022).

Water vapor condensation on aerosol particles and droplet growth can be
thermodynamically described by Kohler theory. The theory is based on equilibrium

thermodynamics and describes the vapor pressure and saturation, S, as follows: (Kdhler, 1936)

4gs, M
a W) 42)

S = —_fa W
wexP (RprDwet

where a,, represents the water activity coefficient, o, is the surface tension of the droplet, R is

the universal gas constant, T is the sample temperature, D,,.; is diameter of the wet droplet, and

pw and M,, are the density and molecular weight of water, respectively (Kohler, 1936).

Based on the Kohler theory, the hygroscopicity of aerosol particles can be expressed in

terms of a single hygroscopicity parameter, k, assuming the solute to be sufficiently dilute (i.e.,
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ideal solubility) (Petters and Kreidenweis, 2007). Hence, supersaturated k-hygroscopicity (kccw)

of 0AP and pAP can be expressed using the following equation: (Petters and Kreidenweis, 2007)

4 (M ;
RTpy

27D,%In2s,

Kcen =

(4.3)

where Dy is the critical activation diameter and s, is the CCNC instrument supersaturation. The
kccn derived from the equation above is assumed to be constant as s, is directly proportional to

D, ' (Petters and Kreidenweis, 2007).

4.2.5 Transmission Electron Microscopy

The morphology of nano-sized aerosol particles of 0AP and pAP were measured using a
Transmission Electron Microscopy (JEOL 2100 TEM; LaBe filament)—a method previously
described in literature (Niemi et al., 2006; Ott et al., 2020). An overview of the TEM sample
collection is presented in Figure 4.1. In brief, the generated dry aerosol stream (0.3 L min!) was
charged with a neutralizer (Kr-85, TSI 3077A). The charged particles were then deposited for 4
hours onto an electrically grounded lacey carbon-coated copper TEM grid (TED PELLA). The
deposited particles were then imaged at an accelerating voltage of 200 kV and a magnification

range of 50-150 k. To minimize sample damage, the exposure time was limited to 90 sec.

4.3 Results and Discussion

4.3.1 Hygroscopicity under Supersaturated Conditions

The x-values for o4AP and pAP are reported and compared to other atmospherically relevant
pure organic compounds (obtained from literature; refer to Table 4.2). To understand the
hygroscopicity of 0AP and pAP aerosols under supersaturated conditions, 10 critical diameters

(Da) were measured at four different supersaturations (0.46, 0.67, 0.86, and 1.08%) and the average
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kcen for each compound was calculated according to Eq. 4.3. Both 04P and pAP were observed
to be slightly hygroscopic, under supersaturated conditions, with k-values between 0.04-0.18. The
average kccn for oAP and pAP aerosols were 0.18+0.05 and 0.04+0.02, respectively. These values
are consistent with k-values, obtained from various studied organic compounds, of less than 0.4
(Wang et al., 2019; Han et al., 2022; Marsh et al., 2017), specifically, k-values of different
carboxylic acids, amino acids, sugars, and cycloalkenes as listed in Table 4.2 and Figure 4.2a.
Hence, it is evident that the water uptake of both 04P and pAP falls within the range of
hygroscopicity of other atmospherically significant functional groups suggesting that the presence
of both functional groups (—OH and —NH2) in aminophenols results in an average water uptake

behavior similar to that of other functional groups.
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Figure 4.2. a) Hygroscopicity of organic aerosol reported in literature and compared to the
aminophenols studied here, 04P and pAP. A detailed summary of the chemicals, k-values, and
their respective references is found in Table 4.2. b) The relationship between hygroscopicity and
bulk water solubility for 0AP and pAP at 25 °C. Error bars for 0o4P and pAP represent standard
deviation of 40 repeated measurements.

79



Table 4.2. Summary of literature x-hygroscopicity of various organic compounds of atmospheric

relevance.

Organic Groups Compounds K References
Carboxylic Acid Malonic Acid 0.26 (Han et al., 2022)
Succinic Acid 0.002 (Peng et al., 2001)
Pimelic Acid 0.03 (Han et al., 2022)
Maleic Acid 0.28 (Choi and Chan, 2002)
Tartaric Acid 0.22 (Han et al., 2022)
Citric Acid 0.19 (Marsh et al., 2017)
Glutaric Acid 0.14 (Marsh et al., 2017)
Oxalic Acid 0.41 (Marsh et al., 2017)
Amino Acids Glycine 0.04 (Han et al., 2022)
L-Aspartic 0.14 (Han et al., 2022)
L-Glutamine 0.16 (Han et al., 2022)
Serine 0.19 (Han et al., 2022)
L-Arginine 0.147 (Marsh et al., 2017)
L-Lysine 0.219 (Marsh et al., 2017)
L-Valine 0.253 (Marsh et al., 2017)
Sugars Fructose 0.23 (Han et al., 2022)
Sucrose 0.10 (Dawson et al., 2020)
Mannose 0.14 (Han et al., 2022)
L-Arabitol 0.19 (Han et al., 2022)
D-Mannitol -0.01 (Han et al., 2022)
Galactose 0.134 (Han et al., 2022)
Xylitol 0.18 (Bilde et al., 2014)
Cycloalkenes Cyclopentene 0.09* (Varutbangkul et al., 2006)
Cyclohexene 0.073% (Varutbangkul et al., 2006)
Cycloheptene 0.071? (Varutbangkul et al., 2006)
Cyclooctene 0.062% (Varutbangkul et al., 2006)

@ k-value was calculated (Kreidenweis and Asa-Awuku, 2014) from Grreported by Varutabangkul et al.(Varutbangkul et al., 2006)
Previous studies by Bilde et al., 2003; Chen et al., 2019; Han et al., 2022; Suda et al., 2014,

2012 to name a few reported variations in OA hygroscopicities with organic functionality. For

example, Han et al showed a quantitative increase in k-values baenvironments and groups in the

order of (-COOH or C=0) > (-OH) > (-CH3 or —-NH>).(Han et al., 2022) Another study by Suda

et al. examined the hygroscopicity of various SOA under subsaturated environments, and reported

a relationship between k-hygroscopicity and polarity in organic compounds, with highly polar
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SOA being more hygroscopic (Suda et al., 2012). The conclusions of these studies suggest that
other physiochemical properties contribute, along with the type of functional groups, to the

hygroscopicity of organic compounds.

To highlight the significance of other physicochemical properties (specifically solubility),
Figure 4.2b shows a significant difference in k-values between 04 P and pAP. Despite having the
same molecular formulae and type of functional groups, 0AP (kccv = 0.18+0.05) is more
hygroscopic than pAP (kccev = 0.04+0.02). This difference in kccn (i.e., hygroscopicity) is
attributed to the difference in bulk water solubility between 04P and pAP. Previous studies have
concluded that the bulk water solubility range of 0.1-100 g L™' determines the CCN activity of
organic compounds (Kuwata et al., 2013; Riipinen et al., 2015; Nakao, 2017; Petters and
Kreidenweis, 2008). The bulk water solubility of both 04P and pAP falls in the range of slightly
soluble compounds with values of 19.6 g L™ and 15.7 g L™!, respectively. Under subsaturated
hygroscopic conditions, compounds with limited solubility are composed of an insoluble core
surrounded by a saturated solution (Han et al., 2022). Hence, 04 P having the higher solubility, has
a greater molar concentration in the saturated solution, leading to 04P being more hygroscopic
than pAP. This increase in hygroscopicity based on water solubility has been observed in various
OA such as, glyoxylic acid and 4-methylphthalic acid (Chan et al., 2008); maleic acid and molonic
acid (Han et al., 2022); aspartic acid and azelaic acid in (Hartz et al., 2006); and polycatechol and

polyguaiacol (Malek et al., 2022b), to name a few.

4.3.2 Hygroscopicity under Subsaturated Conditions
The water uptake of 04AP and pAP under subsaturated conditions was measured and
analyzed based on morphological properties. Subsaturated measurements were completed under

constant RH (85 + 5%), and the measured wet mobility diameters and growth factors are shown in
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Figure. 4.3. For both 04P and pAP the water uptake was size-dependent highlighting the presence
of two distinct regions referred to as Growth and Shrinkage in Figure 4.3. Here, the term ‘Growth’
refers to Gy values greater than 1, while the term ‘Shrinkage’ refers to Gy values less than 1. The
experimental Grvalues for 0o4AP and pAP inversely correlated with the dry mobility diameter. For
0A4P, the Grvalues range between 1.6-0.74 with increasing dry mobility diameter. For dry mobility
diameters <120 nm, o4P aerosols were shown to take up water and grow when exposed to
humidification. This water uptake behavior is highlighted by the Grvalues greater than 1 for dry
mobility diameter <120 nm. 04P aerosols shrank for dry mobility diameter > 120 nm where Gy
values are less than 1 (Figure 4.3a). Similarly, the Gy values for the pAP system follow the same
trend as the 04P system. The pAP Gy values decrease with increasing dry mobility diameter, with
Gr values ranging between 1.5-0.74. However, and in contrast to 04 P aerosols, the pAP aerosol

shrinks at a smaller dry mobility diameter > 60 nm (Figure 4.3b).
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Figure 4.3. H-TDMA measurements and analysis showing the growth factors versus dry mobility
diameters (blue circles) and wet mobility diameters versus dry mobility diameters (black squares)
for a) 0AP and b) pAP. Red vertical line indicating the dry mobility diameter where growth to
shrinkage transition takes place. Error bars (standard deviation) are included, but small to be
visible.
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To our knowledge no previous literature has detected a trend similar to our study, where a
single component aerosol system undergoes droplet growth and shrinkage across a range of
ultrafine dry mobility diameters. Several studies by Cheng et al., 2015, Laskina et al., 2015, Mahish
and Collins, 2017 (to name a few) have reported size dependence in the uptake of water of various
atmospheric aerosols. However, such observations were made on multicomponent aerosol
systems. Laskina et al. reported a difference in the water uptake based on particle sizes obtained
from a mixture of ammonium sulfate and different OA (Laskina et al., 2015). This difference was
attributed to changes in the mixing state observed for different sized particles (Laskina et al., 2015).
A study by Han et al. reported Gy values less than 1 (200 nm; 90% RH) for azelaic and suberic
acid using an H-TDMA setup (Han et al., 2022). The shrinking behavior was attributed to
morphological limitations of the aerosol particles (Han et al., 2022). Specifically, water adsorption
at the surface of the particle could potentially lead to structural rearrangement at the microscale

causing particles to collapse and shrink (Mikhailov et al., 2009, 2004; Zhang et al., 2008).

Figure 4.4 shows representative TEM images for o4P and pAP in two particle size ranges.
Particle morphology is dependent on particle sizes. At small sizes (< 50 nm), the shape of the
particles appears spherical for both 04P and pAP aerosols. These small particles are compact, and
hence, when water condenses on their surface, they grow in size. Thus, droplet growth and positive

Grare observed for both 04P and pAP at small dry mobility diameters.
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Figure 4.4. Representative TEM images showing morphological difference between small and
large cross-sectional diameter size particles for o4P and pAP. Sizes within each image represent
scale bar.

Conversely, large size particles (> 100 nm) appear to contain void spaces. They can be
formed of smaller elongated subunits. Such morphology at large sizes, makes these subunit
particles more susceptible to collapse and rearrangement, as previously postulated by (Mikhailov
et al., 2004). TEM images support the observed shrinking in large 04P and pAP particles, where
Gr = 0.74, and the collapsed particle is reduced in diameter by ~25%. The size-dependent
morphology is consistent with the presence of multiple nucleation sites on the surface of aqueous
droplets: as the solvent evaporates, it may leave behind structures with void spaces,(Leong, 1987a,

b) which are more prevalent in the pAP dry particle size distribution.

The difference between the water uptake of 04P particles at larger sizes (< 120 nm) than
pAP (< 60 nm) can be attributed to chemical bonding. The functional groups (—OH and —NH2) in
0AP can engage in intramolecular hydrogen bonding due to their ortho-positioning on the benzene

ring. This reduces the number of hydrogen bonds that they can engage in with other neighboring
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molecules. Hence, 04P is less likely to form structures consisting of sub-units compared to pAP.
As for pAP, due to the functional groups being in para-position of the benzene ring, hydrogen
bonding with other molecules is more likely to occur. In addition, due to the symmetry of the para-
structure, pAP molecules are prone to having a stronger ©-7 stacking than 0A4P. This is due to the
involvement of the electrons, from —OH and —NH>, in resonance structures causing a high electron
density in the benzene ring. Hence, p4AP particles are more often to consist of sub-units and, as

result, more likely to collapse at smaller sizes than 0AP.

Moreover, the data in Figure 4.3 can be used to theoretically estimate the concentration of
the aminophenol particles in the droplet at the nanoscale (Cnano) from the value of the wet and dry
mobility diameters at Gy= 1 assuming spherical particles and using a density of water of 1 g cm™
for comparison with solubility in Table 4.1. Table 4.3 lists the parameters used in calculating
Chano and the corresponding solute:solvent mass ratio for the particle and bulk systems. This
calculation assumes that the mass of 04AP and pAP are fully dissolved in the wet volume. Hence,
the Cuano calculation can be considered the upper limit of the concentration of a deliquesced aerosol

solute.
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Table 4.3. Estimation of particle solubility from hygroscopic growth data in Figure 4.3

o-aminophenol (0AP)

Wet Wet Dry Dry Mass of Vol. of Chano Solute:solvent
Diameter Volume Diameter Volume 0AP H:0 mass ratio®
3 (gL
Viz20(cm?)
Dye(mm) Vi (em®)*  Dpy(nm)  Vi(cm’)? m (g)’
140 1.4 x10°13 120 9 x10°16 1.2 x105 5.3 x10°16 2264 2.3

p-aminophenol (pAP)

Wet Wet Dry Dry Mass of Vol. of Chrano Solute:solvent
Diameter Volume Diameter Volume pAP H0 (@ LAY/ mass ratio®
oL
Dyee(nm) Vi (em®)*  Dpy(nm) Vi (cmd)* m (g)° Vizo(em?)*
120 9 x10°16 65 1.4 x10716 1.6 x10716 7.6 x10°1° 211 0.21

Notes: “volume for spherical particles = nd*/6,  mass = Va-bulk density (g cm™). Bulk densities of 0AP and pAP are 1.33 and 1.13
g cm3.(Lide, 2013) € V20 = Vi - V4, ¢ Snano = m-1000/V20. ¢ Mass ratio = m/(Vio+1 g cm™).

Values of Cnano are ~ 120x and 14x higher than the Seui for 04P and pAP, respectively.
Also, Cnano for 04P is 11x higher than that of pAP whereas Sbulk for 04P is 1.2x higher than that
of pAP. This implies that despite oAP and pAP having a high bulk water solubility, on the
nanoscale they are not fully dissolved. The particles are more likely to be composed of an insoluble
core that is consistent with partially soluble species (Han et al., 2022; Pajunoja et al., 2015). These
trends highlight the limitation of using bulk water solubility of organic compounds in K6hler based
hygroscopic models of nanosized aerosol particles composed of sparingly soluble organic
compounds. Consequently, it also emphasizes the importance of accounting for solubility limits
when evaluating hygroscopic properties; molar volume alone is not necessarily a driver for droplet
growth; especially in this case where structural isomers are examined. The calculated
concentration enhancement is due to the increase in surface area with consequences on dissolution
rate (Sun et al., 2012; Chu et al., 2012). Therefore, intermolecular and intramolecular forces need
to be taken into account to understand changes to water uptake behavior with size of OA,

specifically for isomeric compounds.
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4.4 Summary and Implications

The hygroscopic properties of two NOC compounds namely, o-aminophenol and p-
aminophenol were investigated under supersaturated and subsaturated conditions. Under
supersaturated conditions, the hygroscopicity is reported in terms of the single hygroscopicity
parameter (k). The measured supersaturated hygroscopicity indicates that both 04AP and pAP are
slightly hygroscopic with k-values comparable with other organic compounds of atmospheric-
relevance. Under the subsaturated condition of 85 + 5% RH, the hygroscopicity studies of these
two aminophenols reveal that 04 P is more hygroscopic than pAP, which is attributed to o4 P having
a higher bulk water solubility. The growth factor obtained, under subsaturated conditions, is
dependent on particle size for both 0o4P and pAP. The range of growth factors calculated were 1.6-
0.74 (0AP) and 1.5-0.74 (for pAP) with increasing dry diameter indicating that the particles
undergo both growth and shrink depending on size. To explain this contrast in behavior, TEM
images for both compounds were collected at small (<50 nm) and large (> 100 nm) cross-sectional
diameters sizes. The difference in morphology between small and large particles aided in
explaining the growth and shrinkage behavior. Small size particles were spherical in shape, while
large size particles contained void spaces and appeared to consist of small sub-particles. Large
particles with void spaces render them more susceptible to collapse during water uptake, hence the

shrinking behavior.

To our knowledge, our studies here are the first to quantitatively explore the water uptake
of aminophenols and their size-dependent growth factor under subsaturated conditions. Hence, our
data add a new dimension to the growing hygroscopicity database of different OA with different
functional groups and also highlight that importance of characterizing the physicochemical

properties of OA to better explain their hygroscopicity, specifically bulk water solubility limits
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and morphological changes with water uptake. It should be noted that OA is generally found mixed
with other atmospheric components, which could potentially lead to different hygroscopic
properties. However, elucidating on the hygroscopic properties of pure OA provides significant
insight on the properties that influence water uptake. Accordingly, our study emphasizes that to
accurately predict the climate impact of OA, hygroscopicity and water uptake models need to be
amended with aerosol physicochemical properties, such as chemical structure, solubility, and
morphology. Our current work involves elucidating the effect of mixing on the hygroscopicity of

aromatic NOC.
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Chapter 5: The Role of Organic Vapor on the Water Uptake of Aerosols

5.1 Background

The Earth’s atmosphere carries a wide range of chemicals and particles that play a major
role in climate and the global radiative forcing. Aerosols are a key factor known to impact radiative
forcing. Aerosol particles suspended in the atmosphere can impact Earth’s radiative budget
through the direct absorption or scattering of radiation by the aerosols (known as the direct effect),
and a second process involving cloud condensation nuclei (CCN) which results in the uptake of
water and the formation of clouds (known as the indirect effect) (Lohmann and Feichter, 2005b;
Seinfeld and Pandis, 2006). The direct effect of aerosols has been significantly characterized and
understood. However, aerosol’s indirect effect is poorly understood and remains a major source of
uncertainty in climate forcing. This uncertainty is partly due to the wide variety of organic aerosol
compositions that can chemically evolve spatially and temporally (Kolb et al., 2010; Masson-

Delmotte et al., 2021).

Organic aerosol (OA) is a major constituent of atmospheric aerosols (Jimenez et al., 2009;
Kolb et al., 2010). OA has been estimated to account for 20-90 % of tropospheric aerosol mass
(Kanakidou et al., 2005; Jimenez et al., 2009). The majority of the pure organic compounds
studied, regardless of solubility, are CCN active with a moderate hygroscopicity (x = ~ 0.3)
(Farmer et al., 2015; Jimenez et al., 2009; Petters and Kreidenweis, 2007). In the atmosphere,
most of these organic species are part of a complex heterogenous mixtures with other organic or
inorganic species (Fofie et al., 2018a; Sanchez Gacita et al., 2017; Vu et al., 2019a; Schill et al.,
2015). The diversity within these mixtures can greatly complicate the quantification of CCN

activity, atmospheric residence times, and hygroscopic properties. Hence, knowledge of the

89



chemical composition of aerosols can greatly help improve our knowledge and enhance our water

uptake predictions.

Small organic gas-phase molecules are pervasive in the atmosphere (Hewitt et al., 2011;
Isidorov et al., 1985; Hildebrandt Ruiz et al., 2014; Topping et al., 2013). A study by Donaldson
and Anderson (1999) reported that the majority of atmospheric aerosols were found to be coated
with an organic layer consisting of alcohols, acids, and acetone (Donaldson and Anderson, 1999).
A growing body of different experimental and theoretical studies have explored the sources of
these organic gas-phase molecules and have attributed their presence to a widespread organic and
photochemical reactions that readily occur in the atmosphere (Facchini et al., 2000; Lim et al.,
2010; Budisulistiorini et al., 2017; Carlton et al., 2007). Despite the evidence of their
omnipresence, little is known about their effect on the water uptake of aerosols. The hygroscopic
growth and CCN activity have been typically explored in the context of a dissolved solute in a
pure water droplet. Hence, to enhance our understanding of aerosol-cloud interactions, it is
important to evaluate and explore droplets comprised of organic molecules. It has been shown that
organic molecules can spread onto the surface of a growing droplet and generate an equilibrium
surface tension depression (Large et al., 2017; Donaldson and Anderson, 1999; Donaldson and
Vaida, 2006). Li et al. (2018) reported on the CCN activity of cooking oils and attributed the high
hygroscopicity to lower droplet surface tension (~30 dyn cm™") (Li et al., 2018). Another study by
Barati et al. (2019) investigated the addition of various organic molecules to water droplets on the
CCN measurements of water-insoluble cholesterol and reported a significant increase in CCN
activity (Barati et al., 2019). The addition of aqueous-phase ethanol to cholesterol (solubility: <
0.002 g in 100 mL of H20) has shown to increase CCN activity by 2 orders of magnitude (Barati

etal., 2019).
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To further advance our knowledge on the effects of gas-phase organics on the water uptake
of aerosols, this study will explore the effects of a highly volatile compound, ethanol (EtOH) on
three organic compounds of limited solubility namely, Phthalic acid (PTA), Isophthalic acid
(IPTA), and Terephthalic acid (TPTA). These compounds are structural isomers of
benzenedicarboxylic acid and are among the most notable benzene polycarboxylic acids prevalent
in the atmosphere (Haque et al., 2019; Meng et al., 2018; Liu et al., 2019; Fu et al., 2009). PTA
can be produced by the pre-ozonation of fluvic acid—a significant maker of biomass emission
(Zhong et al., 2017), while the majority of IPTA and TPTA emission comes from biomass burning

and vehicle exhaust (Al-Naiema and Stone, 2017; Kawamura and Kaplan, 1987; Balla et al., 2018).

Previous research has examined the hygroscopic properties of PTA, IPTA, and TPTA
under various conditions. A study by Hdmeri et al., (2002) investigated the hygroscopic growth
factor of pure PTA as a function of relative humidity using a tandem differential mobility analyzer
(H-TDMA) and reported no growth between 60-90% relative humidity (Hameri et al., 2002). Other
studies investigated the CCN activity of PTA using a Cloud Condensation Nuclei Counter (CCNC)
and reported that PTA is CCN active under supersaturated conditions (Hartz et al., 2006; Gohil et
al., 2022). The water uptake of PTA was also investigated as an internal mixture with ammonium
sulfate, and studies have observed hygroscopic growth under subsaturated and supersaturated
conditions (Jing et al., 2016; Wang et al., 2021; Hémeri et al., 2002; Gohil et al., 2022). As for
IPTA, the water uptake has been previously researched, and reports have underlined the lack
IPTA’s hygroscopic growth due to its limited solubility (Gohil et al., 2022; Hartz et al., 2006).
Similarly, studies have reported no hygroscopic growth for TPTA under various environmental
conditions (Diniz et al., 2017; Gohil et al., 2022). While the hygroscopic properties of these three

isomers are well studied, their water uptake properties in the presence of gas-phase organics have
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not been previously reported. Additionally, these isomers are fitting as they all share the same
chemical and physical properties except for solubility (Table 5.1). Hence, revisiting these
compounds can offer additional insight on how isomeric organic aerosols of different solubilities

are impacted by the presence of gas-phase organic solvents.

The objective of this paper is to investigate the hygroscopic properties of these three
isomers in the presence of aqueous phase and gas phase organic ethanol (EtOH). The water uptake
will be examined under subsaturated conditions using an H-TDMA and supersaturated conditions
using a CCNC. The results are analyzed through the lens of aerosol solubility, morphology, and
shape factor. To our knowledge no previous reports have explored the effects of aqueous and gas-
phase additions of ethanol on aerosol water uptake under sub- and supersaturated environments,
and as such, this research will have important implications for our understanding of how organic
vapors may contribute to the formation of aerosol droplets under sub-and supersaturated

conditions.

5.2 Experimental Methods

5.2.1 Chemicals

All the chemicals were purchased and used as received without further modification:
Phthalic Acid (CsHeO4, >99.5%, Sigma-Aldrich), Isophthalic acid (CsHeOs, >99%, Fisher
Scientific), and Terephthalic acid (CsHeO4, 98% Sigma-Aldrich). The chemical structures and

physical properties of these compounds are summarized in Table 5.1.
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Table 5.1. The physical properties and chemical structures of chemicals used in this study.

Density  Solubilityin ~ Shape

Chemicals Structure (@cmd)  H;0 (m® m) Factor (X)
o
Phthalic Acid (PTA) . 1.59 3.77 X 107 1.04°
<]
o} ]
Isophthalic Acid s a
(IPTA) Ho OH 1.53 7.84 X 10 1.05

Terephthalic Acid Ho

(TPTA) o 1.52 1.12X 107 1.02°

2 Values obtained from (Gohil et al., 2022)

5.2.2 Particle Synthesis

Aerosol systems were prepared and generated under two different conditions heron referred
to as the aqueous-phase condition and the gas-phase condition. A total of 9 systems for each
condition were prepared and are summarized in Table 5.2.

Table 5.2. The 9 different aerosol systems investigated for each of the two different aerosol
generation conditions: the aqueous-phase condition and the gas-phase condition.

System
(1) PTA
PURE (2) IPTA
(3) TPTA
(4) PTA+EtOH (1 g)
+ EtOH (1 g) (5) IPTA + EtOH (1 g)

(6) TPTA + EtOH (1 g)
(7) PTA + EtOH (10 g)

+ EtOH (10 g) (8) IPTA + EtOH (10 g)
(9) TPTA + EtOH (10 g)
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5.2.3 Aqueous-phase Condition

For each organic isomer (PTA, IPTA, and TPTA), 3 different 0.1 g L"! aqueous solutions
were prepared using ultra-purified water (18 MQ cm, Millipore). For systems that contain EtOH,
an additional 1 g or 10 g of EtOH was added to the aqueous solutions. The prepared solutions were
then subjected to sonication for ~ 1 hr. to allow for dissolution prior to atomization. To generate
the aerosols, a constant output Collison Nebulizer (Atomizer; TSI 3076) was utilized as previously
described in CCN literature (Raymond and Pandis, 2002; Altaf et al., 2018; Dawson et al., 2020;
Han et al., 2022). The wet aerosols generated were dried (<5 %RH) using dryers containing water
absorbent silica gel. The resultant dry aerosols were then investigated under two different
experimental setups namely the CCNC setup (measurements under supersaturated environment)
and the H-TDMA setup (measurements under subsaturated environment). Figure 5.1 shows the

detailed experimental setup for both the CCNC and H-TDMA measurements.

inl
0.3 L min cPC
0.8 L min! DMA Model 3776 CCNC
(sheath ratio: 10:1)
CCNC
Diffusion | | 05L min
Dryers
DMA 1 Nafion Humidifier DMA 2 cpc H-TDMA
0.3 L mint (sheath ratio: 10:1) (sheath ratio: 10:1) Model 3776

Atomizer

Figure 5.1. Aqueous-phase condition experimental setup for the CCNC and H-TDMA
measurements. DMA: Differential Mobility Analyzer; CPC: Condensation Particle Counter;
CCNC: Cloud Condensation Nuclei Counter.

5.2.4 Gas-phase Condition
A 1 m® Teflon chamber (Welch Fluorocarbon) was used to provide a gas-phase condition
for experimentation. Prior to each experiment, the chamber was cleaned by purging it with a

continuous flow of purified air for ~ 6 hrs. Once cleaned, the chamber was then injected (duration:
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~ 2 hrs.; flow rate: 2 L min'') with dried aerosol generated from the 0.1 g L! solution of the pure
PTA, IPTA, and TPTA. For experiments that involved gas-phase EtOH, the EtOH (1 g or 10 g)
was injected using a syringe into a direct stream of dry air (flow rate: 2 L min™") flowing into the
chamber. Detailed gas-phase condition preparation setup is provided in Figure 5.2. The resultant
gas-phase condition was then investigated under two different experimental setups namely the
CCNC setup (measurements under supersaturated environment) and the H-TDMA setup
(measurements under subsaturated environment). Figure 5.3 shows the detailed experimental

setup for both the CCNC and H-TDMA measurements.

a) Aerosol Injection b) Ethanol Injection
2.0L min? 2.0 L min?
Diffusion 1m? Diffusion 1m?
Dryer Teflon Dryer Teflon
Chamber Chamber
> Diffusion __> Diffusion
Dryer Dryer

Figure 5.2. The two steps involved in preparing the systems under gas-phase conditions in the
chamber. Step (a) involves the injection of organic isomer (PTA or IPTA or TPTA) and step (b)
involves the injection of ethanol (1 g or 10 g) in the chamber.

0.3 L min! R CPC
0.8 L min? Model 3776
DMA
1md (sheath ratio: 10:1) CCNC
Teflon CCNC
Chamber 0.5 L min-
DMA_\.l ) Nafion Humidifier DMA 2 CPC H-TDMA
0.3L min? {sheath ratio: 10:1) (sheath ratio: 10:1) Model 3776

Figure 5.3. Gas-phase condition experimental setup for the CCNC and H-TDMA measurements.
DMA: Differential Mobility Analyzer; CPC: Condensation Particle Counter; CCNC: Cloud
Condensation Nuclei Counter.
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5.2.5 Cloud Condensation Nuclei Measurements

The supersaturated water uptake measurements were performed using a widely utilized and
commercially available Cloud Condensation Nuclei Counter (CCNC; Droplet Measurement
Technologies). A detailed schematic diagram of the experimental setup is provided for the
aqueous-phase condition measurements (Figure 5.1) and for the gas-phase condition
measurements (Figure 5.3). This technique has been described in detail in previous literature (e.g.,
but not limited to (Lance et al., 2006); Roberts and Nenes, 2005);(Moore et al., 2010)). In brief, a
stream (flow rate =~ 0.8 L min™") of generated aerosol particles were charged with a Kr-85 bipolar
neutralizer to produce a distribution of charged particles (Wiedensohler, 1988). The electrically
charged particles were then passed to a Differential Mobility Analyzer (DMA; TSI 3080) in
scanning mode and the size distribution of particles (8 to 352 nm) was measured every 2.25
minutes. The resulting stream of monodisperse particles exits the DMA and splits into two
different streams. One stream (flow rate = ~ 0.3 L min!) flows into the Condensation Particle
Counter (CPC; TSI 3776) where the concentration of particles ([CN]) was measured. The second
stream (flow rate = ~ 0.5 L min™') was sent to the CCNC where the activated particles concentration

([CCN]) was measured.

At a specific supersaturation, the activated fraction (%) and the critical diameter (Dua),

the dry diameter size at which 50% of the particles have been activated, were measured using a
Scanning Mobility CCN Analysis (SMCA). (Moore et al., 2010) The SMCA operates by applying
a charge correction followed by fitting the activated fraction to a sigmoid plot to obtain the Du.
(Moore et al., 2010; Wiedensohler, 1988) For each system, 10 Dy, at a supersaturation of 0.86%,
were obtained, and the average Da and their standard deviation were reported. Prior to the

experiments, the CCNC instrument’s supersaturation was calibrated using a widely used
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calibration procedure with ammonium sulfate (Frosch et al., 2011b; Peng et al., 2021; Raymond
and Pandis, 2002; Dawson et al., 2020; Malek et al., 2022a). Furthermore, the critical diameter in
this work refers to the critical electrical mobility diameter as defined in SMPS measurement.

5.2.6 Hygroscopicity Tandem Differential Mobility Measurements

The subsaturated water uptake measurements were performed using a widely utilized H-
TDMA setup. A detailed experimental setup is provided for the aqueous-phase condition
measurements (Figure 5.1) and for the gas-phase condition measurements (Figure 5.3). A detailed
description of the H-TDMA operation has been provided in previous literature (Rader and
McMurry, 1986; Cruz and Pandis, 2000; Peng et al., 2021; Razafindrambinina et al., 2022b). In
brief, the generated aerosol stream (flow rate = 0.3 L min™') was passed to a DMA (TSI 3082)
where dry particle sizes (60-140 nm) were selected by an electrostatic classifier. The selected
particles were then humidified by being exposed to a RH = 85+5% using a Nafion humidification
line (PermaPure M.H. series). The humidified wet aerosol particles were then passed to a second
DMA (TSI 3082), and the size distribution of wet particles were measured using an electrostatic
classifier. The CPC (TSI 3776) was used to measure the concentration of wet particles. The growth

factor (Gy) was calculated for each dry diameter as follows:

Dwet

Gf_

= 5.1
Ddry

5.2.7 Shape Factor Measurements
The shape factor (y) of particles was measured using a tandem setup consisting of a DMA
(TSI13080), a CPC (TSI 3776) and an Aerodynamic Aerosol Classifier (AAC; Cambustion) setup.

A detailed experimental setup is provided in Figure 5.4. The working principles of this
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experimental setup has been discussed extensively in literature (Tavakoli and Olfert, 2013;

Johnson et al., 2018; Yao et al., 2020; Sioutas, 1999; Gohil and Asa-Awuku, 2022)

Diffusion | %-3Lmin* AAC > DMA CPC
Dryers "] (sheath ratio: 10:1) Model 3080 Model 3776

A 4

Atomizer

Figure 5.4. Experimental setup for the tandem measurement of the aerodynamic diameter and
electrical diameter. The data was used to calculate the particle’s shape factor.

In sum, the dried aerosol stream (flow rate = 0.3 L min™'; Sheath flow to aerosol flow ratio
=10:1): was passed through the AAC where 10 different particle aerodynamic diameter (d,,) were
size selected between 90 to 200 nm. The selected monodispersed aerodynamic diameter size was
then passed into the DMA and the CPC where the corresponding mobility diameter (d,,,) was
measured. Each size-selected measurement was repeated 3 times with each scan taking ~ 2.15 min.
From the experimental data obtained, the y was computed as follows: (DeCarlo et al., 2004;

Kulkarni et al., 2011)

_ 9moCaye

d2%. dmo Ca

52
PCamo

d'l]e Cdmo

where d,,,, represents the electrical mobility diameter, d,,, represents the volume equivalent

diameter, and d, is the aerodynamic diameter.
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A
C=1+ (2 E) {1.142 + 0.558¢(70-9994/24)} 53

where C represents the Cunningham slip correction factor, d represents the respective diameter,

and A is the mean free path of air.

The effective density (pefr) was calculated as follows (Tavakoli and Olfert, 2014; DeCarlo et al.,

2004):

. m
Peff = /e do 5.4

where d,,, represents the electrical mobility diameter, m is mass of particle.

5.2.8 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) measured the morphology of nano-sized
aerosol particles of PTA, IPTA, and TPTA, as previously described in literature (Ott et al., 2020;
Niemi et al., 2006). Briefly, the dry aerosol stream (0.3 L min™") was charged with a neutralizer
(Kr-85, TSI 3077A), and the charged particles were deposited onto an electrically grounded lacey
carbon-coated copper TEM grid (TED PELLA) for 4 hours. The deposited particles were then
imaged at an accelerating voltage of 200 kV and a magnification range of 50—-150k. To prevent

sample damage, the exposure time was limited to 90 s.

5.3 Results and Discussion

The hygroscopic properties of three isomeric organic compounds: PTA, IPTA, and TPTA were
investigated in the presence of aqueous-phase and gas-phase ethanol using a CCNC-measuring

water uptake under supersaturated condition and an H-TDMA-measuring water uptake under
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subsaturated condition. To our knowledge, no previous study has reported the effects of ethanol

on the perceived water uptake of PTA, IPTA, and TPTA.

5.3.1 Water uptake under supersaturated environment

The water uptake of pure PTA, IPTA, and TPTA and their respective aqueous-phase and
gas-phase mixtures with EtOH was measured under constant supersaturated condition (0.86%)
using a CCNC. The average of 10 critical diameters (Dq) for each system and their respective
standard deviation was reported. The average critical diameters for pure PTA, IPTA, and TPTA
were 50.4 = 1.1 nm, 96.0 = 1.7 nm, and 109.2 £ 0.7 nm, respectively. Aerosols having A smaller
critical diameter at constant supersaturation indicates a higher affinity for droplet formation and
as a result are perceived to be more hygroscopic than particles with larger critical diameters.
Hence, our results show that PTA is the most hygroscopic species, followed by IPTA and then
lastly TPTA. Previous studies have investigated the water uptake of pure PTA, IPTA, and TPTA
and reported a similar hygroscopic trend (Hartz et al., 2006; Gohil et al., 2022). The trend in
hygroscopic properties has been attributed to organic isomer aerosol bulk water solubility with
solubility and hygroscopicity PTA> IPTA> TPTA (Table 5.1). In the case of these isomers, the
higher the solubility of aerosol, the stronger affinity to water which leads to higher hygroscopicity.
The effects of solubility on water uptake have been extensively reported in literature (e.g., but not
limited to (Riipinen et al., 2015; Petters and Kreidenweis, 2008; Malek et al., 2023; Hartz et al.,
2006; Han et al., 2022; Gohil et al., 2022). Specifically, Petters and Kreidenweis (2008), show
that water-uptake of partially soluble compounds is limited and contributes to disparities between
CCNC and H-TDMA derived droplet growth. Riipinen et al. (2015) suggest that the particles with
then 0.1 g solubility partition slowly into the growing droplet. Gohil et al. (2022) indicate that the

growth of PTA, IPTA, TPTA is best described by a hybrid approach that accounts for water-
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adsorption on the particle surface in addition to a dissolution-based growth approach. For PTA,
IPTA, and TPTA droplet growth in pure water, the adsorption process likely dominates the H-
TDMA regime and little to no growth occurs in a subsaturated environment, whereas in
supersaturated environment the aerosol solute dissolves in the droplet layer, and thus dissolution
is promoted (Gohil et al., 2022).

To explore the effects of EtOH on the water uptake on PTA, IPTA, and TPTA, EtOH (1 g
and 10 g) was added in aqueous-phase and gas-phase to each organic isomer and the CCN activity
was measured at a constant supersaturated condition (0.86 %). The critical diameters of the EtOH
systems were measured and compared to the data from pure solute compounds (Table 5.3). Figure
5.5 shows the difference in critical diameters between the EtOH systems and their respective pure
compounds (mentioned above) for both the aqueous-phase and gas-phase conditions. The addition
of ethanol to PTA showed little to no difference in the measured critical diameters (< 5 nm).
However, the addition of ethanol to the least soluble compound TPTA, results in s a ~ 20nm change

in critical diameter, (ADa).
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Figure 5.5. The CCNC results at 0.86% supersaturation showing the change in critical electrical
mobility diameter in systems containing EtOH relative to the pure compounds (PTA, IPTA, and
TPTA) in both aqueous-phase and gas-phase experimental conditions. Red region represents PTA
data, green region represents IPTA data, and blue region represents TPTA data. Open triangles
represent the change in critical diameter between systems containing 1 g EtOH and pure
compounds, while black squares represent the change in critical diameter between systems
containing 10 g EtOH and pure compounds. Error bars represent standard deviation.

While the CCN activity showed no difference between aqueous-phase and gas-phase
conditions, the presence of ethanol was found to impact the CCN activity of PTA, IPTA, and
TPTA differently. Specifically, ethanol showed no effect on the CCN activity of PTA, while
increasing the CCN activity of both IPTA and TPTA. The critical diameter of PTA with ethanol

(1 gor 10 g) reduced by ~0.1-2 nm relative to the critical diameter obtained from pure PTA (Figure
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5.5). A critical diameter change by < ~ 5 nm may not be significant on the water uptake activity
of aerosols. Hence, our results indicate that the presence of ethanol has little to no impact on the
CCN activity of PTA. This was not the case for IPTA and TPTA systems. For the IPTA, the
addition of ethanol resulted in a decrease in critical diameter of ~6-8.2 nm, while for TPTA, the
reduction in critical diameter was observed to be by ~ 16-20.1 nm (Figure 5.5).

The presence of ethanol (whether directly added as liquid solvent or in the gas-phase)
increased the CCN activity for both the IPTA and TPTA system. Figure 5.5 shows that the addition
of 1 g or 10 g of EtOH resulted in no difference in water activity in both aqueous-phase and gas-
phase condition. Another takeaway is that there is no statistically significant difference between
the results obtained from the aqueous-phase and gas-phase condition for PTA, IPTA, and TPTA.
Hence, ethanol’s influence on the CCN activation and droplet growth of aerosol particles does not
depend on mixing condition—whether present in aqueous or gas phase the impact of ethanol is the
same. This suggests that the impact of volatile ethanol at RH> 100% is rapid and likely modifies
the activated droplet on the timescales of the droplet formation.

The effects of organic solvents such as ethanol, acetone, and propanol on the water uptake
of limited solubility aerosols have been previously reported by Barati et al. (2019). The addition
of aqueous-phase ethanol to insoluble cholesterol was shown to increase CCN activity by 2 orders
of magnitude (Barati et al., 2019). Another study by Rissman et al. (2007) reported that the CCN
activity of adipic acid (an insoluble compound) was greater in methanol solution than in water.
The critical diameters (supersaturation = 0.32%) of adipic acid obtained from a methanol solution

and water solution were 177 nm and 198 nm, respectively (Rissman et al., 2007).
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Table 5.3. The critical diameters (supersaturation, SS = 0.86%) of each system obtained from the
supersaturated CCNC measurements. Each critical diameter represents an average of 10 data
points. Error bars represent standard deviation.

Critical Diameter

System (nm)
SS =0.86%
Pure PTA 504+ 1.1
PTA + EtOH (1 g; gas) 473+ 1.8

PTA + EtOH (10 g; gas) 48.2+0.9
PTA + EtOH (1 g; aq.) 48.1+0.2
PTA + EtOH (10 g; aq.) 50.3+0.3
Pure IPTA 96.0+ 1.7
IPTA + EtOH (1 g; gas) 89.6 1.2
IPTA + EtOH (10 g; gas) 88.7+1.8
IPTA + EtOH (1 g; aq.) 87.8+£2.2
IPTA + EtOH (10 g; aq.) 88.2+1.0
Pure TPTA 109.2 + 0.7
TPTA + EtOH (1 g; gas) 923+1.9
TPTA + EtOH (10 g; gas) 90.1+1.6
TPTA + EtOH (1 g; aq.) 89.1 1.1
TPTA + EtOH (10 g; aq.) 89.5+1.9

The increase in CCN activity due to the presence of organic solvents in our IPTA and
TPTA systems and to those shown in previous studies can be attributed to the solubility
enhancement within the aerosol droplet. Organic solvents (like ethanol) can spread on water (i.e.,
wettable) and are likely to be solvated on droplet surfaces (Large et al., 2017; Donaldson and
Vaida, 2006; Donaldson and Anderson, 1999). Hence, the presence of ethanol will improve the
solute dissolution of a droplet consisting of effectively water-insoluble compounds such as the
ones in this study: IPTA and TPTA. The increase in mixed solvent solubility will increase solute
concentration in the cloud droplet which will likely reduce the vapor pressure over the droplet
surface, resulting in higher CCN activity (Kdhler, 1936; Petters and Kreidenweis, 2007). This

ethanol contribution to increasing CCN activity was shown to impact the TPTA system (ADa =

~16-20.1 nm) more than the IPTA system (ADs = ~6-8.2 nm). This is attributed to TPTA being
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less soluble than IPTA. Hence, the impact of solvation due to the presence of ethanol was greatly
observed by the least soluble species. Similarly, our PTA system showed no significant difference
in CCN activity with the presence of ethanol and that is likely due to PTA being the most water-
soluble compound studied (Table 5.1). Hence, ethanol did not play a role in increasing the

solvation of the PTA aerosol particles in the droplet.

5.3.2 Water uptake under subsaturated environment

The water uptake of pure PTA, IPTA, and TPTA and their respective aqueous-phase and
gas-phase mixtures with EtOH was measured under subsaturated condition using an H-TDMA
setup. Subsaturated measurements were taken at 4 different dry diameters (80, 100, 120, 140 nm)
under constant RH (85 + 5%), and the measured wet diameters and growth factors (Gy) for each
system are presented in Table 5.4 and Figure 5.6, respectively. The water uptake of the pure
compounds (PTA, IPTA, and TPTA) showed little to no growth with Gy values of 1.02 £ 0.04,
1.01 £ 0.01, and 1.01 + 0.01, respectively and are consistent with results in already published
literature. A study by Gohil et al. (2022) measured the water uptake of PTA, IPTA, and TPTA
under subsaturated conditions at 85% RH using the vapor sorption analyzer (VSA) (Gohil et al.,
2022). All three chemicals displayed no significant increase in size, with mass growth factors <
1% (Gohil et al., 2022). Multiple other studies have investigated the water uptake of various
organic aerosols (carboxylic acids, amino acids, and sugars) and reported a range G between 1-
1.4 under subsaturated conditions (Han et al., 2022; Peng et al., 2001; Dawson et al., 2020; Chan
et al., 2008). Hence, our Gr values for PTA, IPTA, and TPTA are consistent and fall within the
range of other atmospherically relevant organic compounds. Notably, Gohil et al., (2022), also

showed that the water-uptake growth in subsaturated water-vapor could be explained by adsorption
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driven processes, and that the hygroscopicity of the isomers was best described by a hybrid

adsorption and dissolution approach.

Table 5.4. The H-TDMA results for the PTA, IPTA, and TPTA showing the wet diameter (nm)
of each system with respect to the dry diameter (nm). Each data represents an average of 10 data
points. Error bars represent standard deviation.

PTA System
Dry Diameter Wet Diameter (nm)
(nm) + EtOH (1g; gas) + EtOH (10g;gas) +EtOH(1g;aq.) +EtOH(10g; aq.)
80 81.1+£02 80.0+0.2 96.6 04 95.1+0.1
100 101.1+£09 100.0+ 0.4 1232+03 1185+0.2
120 120.7£04 120.1 £ 0.1 148.2+0.3 1429+ 0.2
140 139.9+07 140.2+ 0.5 173.2+0.8 166.6 + 0.3
IPTA System
Dry Diameter Wet Diameter (nm)
(nm) + EtOH (1 g; gas) + EtOH (109; gas) +EtOH(19g;aq) +EtOH(10g; aq.)
80 75.1+03 756+ 0.1 77302 759+02
100 955+06 947102 97.2+02 952+02
120 114202 113.5£0.2 116.3£0.3 113.5+£0.3
140 133.0+ 04 130.6 + 0.9 135.7+0.2 1289+ 0.7
TPTA System
Dry Diameter Wet Diameter (nm)
(hm) + EtOH (1g; gas) + EtOH (10g;gas) +EtOH(1g; aq.) +EtOH(10g; aq.)
80 79.7+05 75.1+£03 759+02 756+ 0.1
100 95.7+06 93.11£0.2 95.6 £0.1 94.1+0.1
120 112403 1143+ 04 1157106 113.3+0.3
140 120.8 £ 0.4 130.7 £ 0.6 137.0+1.0 133.2+ 0.7
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Figure 5.6. The H-TDMA results showing the wet diameter vs. dry electrical mobility diameter
of each PTA, IPTA, and TPTA system. a) shows the results obtained from aqueous-phase
condition and b) shows the results obtained from gas-phase condition. The average Gr was also
reported for each system in the legend. Error bars represent standard deviation.

The effect of EtOH on the water uptake of PTA, ITPA, and TPTA under subsaturated
condition was measured under aqueous-phase and gas-phase conditions. For the PTA system we
see ethanol can increase the water uptake of PTA in the aqueous-phase condition (Figure 5.6a),
while gas-phase ethanol was shown to have no discernable effect on the subsaturated water uptake
of PTA at 85% RH (Figure 5.6b). Additionally, we see no significant difference between the
amount of ethanol (1 g or 10 g) used in the water uptake efficiencies of PTA regardless of mixing

condition (aqueous or gas). Ethanol has similar effects for both the IPTA and the TPTA systems
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(Figure 5.6). Both the IPTA and the TPTA systems show a small reduction in wet diameter size
when the systems were exposed to subsaturated conditions. This is highlighted by the Gy values
being less than 1. Specifically, the Gy value range, for IPTA and TPTA, was from 0.94 to 0.97
under both aqueous-phase and gas-phase conditions (Figure 5.6). A study by Han et al. (2022)
investigated the water uptake of suberic acid under subsaturated condition (RH = 90%) using an
H-TDMA setup and reported a Gr<1 (Han et al., 2022). The reduction in size was attributed to the

morphological properties of the suberic acid particle (Han et al., 2022).

To complement and help understand our subsaturated measurements, TEM images and
shape factor measurements were obtained to provide morphological information of the nanoscale
particles within this study. Figure 5.7 provides exemplary TEM images of pure PTA, IPTA, and
TPTA. TEM images of single particle PTA, IPTA, and TPTA aerosol show the particles to be
mainly spherical and round in shape. The spherical nature of PTA, IPTA, and TPTA is consistent
with published shape factor measurements reported by (Gohil et al., 2022). The shape factor, y-
value range for PTA, IPTA, and TPTA was reported to be from 1.00 to 1.08, within 10% of 1.0,
indicative of spherical particles with electrical mobility diameter similar to their equivalent volume
diameter (Gohil et al., 2022). The compact and spherical nature of PTA thus explains the growth
and water uptake of PTA under subsaturated condition. Aqueous-phase ethanol likely increases
the solvation of PTA and enhances the water uptake, such that the growth of PTA observed is
greater than 1(Figure 5.6a). Gas-phase ethanol does not have a discernible effect on the water-
uptake of PTA at 85.5%RH and the Gf is close to 1 (Figure 5.6b). This suggests that at these
experimental conditions, the growth of PTA is mainly adsorption driven; neither water nor gas-

phase ethanol influence the solvation of PTA. Additional studies on the water-uptake and co-
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condensation mechanisms of PTA under subsaturated conditions are necessary to further elucidate

multi-phase droplet growth results.

PTA

IPTA

TPTA

Figure 5.7. TEM images of pure PTA, IPTA, and TPTA particles. Scale bars of 50 nm and 100
nm are embedded within each image.

The morphology of IPTA and TPTA explain the isomers water-uptake under subsaturated
conditions. While pure IPTA and TPTA particles were spherical (Figure 5.7), the addition of
ethanol resulted in non-spherical morphology for both compounds highlighted by shape factor
measurements. The shape factors measurements for IPTA+1g EtOH system (y-value = 1.26) and
TPTA+1g EtOH system (x-value = 1.13). In addition to their irregular shape, the effective density
(petr) of IPTA and TPTA in the presence of ethanol shows that they are fractal-like and fragmented.
For spherical particles with no voids, the effective density equals the bulk density of a species,

while fragmented/fractal-like particles, the effective density is lower than bulk density (Tavakoli
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and Olfert, 2014; DeCarlo et al., 2004). Previous studies have postulated that particles with limited
solubility are likely composed of a water- insoluble core surrounded by a saturated solution (Han
et al., 2022; Pajunoja et al., 2015). This is consistent with Gohil et al. 2022 who show that TPTA
and IPTA the hybrid adsorption and dissolution model best agree with droplet measurement. Thus,
the presence of ethanol to an effectively water-insoluble core may facilitate solvation leading to a
further collapse in solute size and a perceived reduction in wet diameter (Figure 5.6). Hence,
fractal IPTA and TPTA particles are fragmented, the presence of ethanol could solvate the
insoluble core leading to a possible collapse in size. To our knowledge, no previous study has
investigated the sub-saturated water uptake of organic aerosols in the presence of organic solvents.
Hence, additional studies are necessary to elucidate mechanisms driving the subsaturated water

uptake of organic compounds of different solubility in the presence of volatile solvents.

5.4 Summary and Implications

The effect of an organic solvent, namely, ethanol on the water uptake of ubiquitous organic
aerosols: phthalic acid (PTA), isophthalic acid (IPTA), and terephthalic acid (TPTA) were
investigated under supersaturated and subsaturated conditions. Under supersaturated conditions,
critical diameter of each system was reported and compared. The addition of ethanol reduced the
critical diameter size (enhanced water uptake affinity) for both IPTA and TPTA but not for PTA.
While PTA, IPTA, and TPTA share similar molecular weight, density, and chemical composition,
they do vary in terms of their water solubility (PTA > IPTA > TPTA). Hence, the contrast in the
ethanol effect on the water uptake of PTA, IPTA, and TPTA can be attributed to the solubility
limits with ethanol having the most effect on the least soluble TPTA followed by IPTA and then
PTA. The presence of ethanol in the droplet increases the water solubility of IPTA and TPTA

which enhances the water uptake, while the addition of ethanol on PTA led to no effect on water
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uptake as PTA is already soluble in water. It should be noted that if the gas-phase organic is also
surface active it may lead to discernible enhancement of cloud droplet formation (Sareen et al.,
2013; Wokosin et al., 2022). If the gas-phase organic is weakly surface active it may not likely
have considerable effects for highly water-soluble aerosol (e.g., inorganics and water-soluble
compounds). However, effectively water-insoluble aerosol is also ubiquitous in the atmosphere
and is readily formed during combustion processes (e.g., meat cooking). Thus, multiphase droplet
formation should be further explored as a plausible route for limited water-solubility aerosol-cloud

interactions.

The water uptake efficiencies of PTA, IPTA, and TPTA with the addition of ethanol was
also investigated under subsaturated condition (RH = 85 + 5%). The water uptake of PTA was
enhanced with the presence of aqueous ethanol (Gr> 1), while IPTA and TPTA showed reduction
in size (Gr < 1) with the presence of aqueous or gas-phase ethanol. The effects of ethanol on the
water uptake under subsaturated condition was attributed to the difference in morphological
properties of PTA, IPTA, and TPTA. Our single-particle TEM images and in-situ shape factor
results show that PTA is spherical in shape while IPTA and TPTA are non-spherical and fractal
when formed in the presence of ethanol. The addition of ethanol to the particles of ITPA and TPTA
could be responsible for dissolving the insoluble core and resulting in reduced wet size, while the
compact nature of PTA enhanced the water uptake under subsaturated condition promoted positive
droplet growth. To our knowledge, no previous study has quantitatively explored the effects of
organic solvent ethanol on the water uptake under subsaturated conditions. Hence, extensive work
remains necessary to elucidate on the water uptake, deliquescence, and efflorescence mechanisms

of multi-phase aerosols under subsaturated condition.
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In summary, organic solvents are ubiquitous in the atmosphere and can readily coat aerosols
particles and impact their droplet formation properties. Droplet studies rarely consider the impacts
of gas-phase organic solvents for water-uptake and CCN activation. Our results show that ethanol,
and potentially other small gas-phase water miscible organic solvents, can play a major role in the
water uptake of aerosols; water-insoluble aerosol previously thought to have limited role in cloud
formation may contribute additional CCN in the presence of organic gas-phase molecules. The
degree and effect of gas-phase species was shown to depend on the solubility of the particles, the
morphology, and the environmental conditions. Our findings could extend to other atmospheric
aerosols and hence, it is important to further explore the effects solvents on the water uptake of

prevalent aerosols in order to improve our understanding of aerosol-cloud interactions.
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Chapter 6: Summary and Implications

The prevalence of atmospheric aerosols and their influence on Earth’s radiative budget has
established them as a significant contributor to climate change. Whether from natural or
anthropogenic sources, aerosol particles can influence solar radiation based on their chemical and
physical properties. The diverse nature of aerosols and the intricate chemical reactions they can
undergo in the atmosphere presents a formidable challenge in addressing their impact on climate
change. While the direct radiative contribution of aerosols is relatively well established and
modeled, the indirect contribution of aerosols remains poorly understood. Hence, a deeper
understanding of aerosols water uptake and cloud formation at different environmental conditions
is critical to the improvement of climate models and climate predictions. This thesis highlights the
effect of composition, mixing states, and physiochemical properties on the hygroscopic (water

uptake) properties of various atmospherically relevant aerosols.

Laboratory based experiments complemented with theoretical models were utilized to
explore the water uptake of aerosol mixtures in chapter 2. Considering that the majority of aerosols
in the atmosphere progress to mix with other aerosols, insight on how mixing impact water uptake
is necessary to improve our understanding of acrosol-cloud interactions. Hence, this work provided
a comprehensive insight on how mixing of aerosols leads to morphological changes which in turn
result in variation in hygroscopic properties. In addition to reporting on and elucidating
experimental x-hygroscopicity parameters of mixtures of different compositions, a comprehensive
model, that incorporates chemical composition, oxygen to carbon ratio, and solubility, was
developed to theoretically predict the hygroscopicity of mixtures. This study highlights the

importance of accounting for the aforementioned properties and also offers a theoretical model
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that the atmospheric community can utilize for future hygroscopic predictions of aerosol mixtures

from ambient and unknown organic sources.

Aerosols physiochemical properties effects on water uptake were further explored under
different atmospheric conditions. To examen different environmental conditions, we devised
methodologies that rely on the usage of instruments that provide controlled conditions, which in
turn leads to robust and repeatable measurements and results. Chapters 3 and 4 highlight the
organic systems involving primary and secondary aerosols can have different hygroscopic
properties depending on environmental conditions (sub- and supersaturated). Similar results were
further highlighted in chapter 5 through the lens of gas-phase mixtures. In chapter 5, primary
aerosols, of different solubilities, were exposed to a gas-phase volatile organic compound and the
hygroscopicity was investigated under both sub- and supersaturated conditions. This study
highlights that solubility, morphology, and environmental conditions play a major role in
predicating CCN activity. The outcome of chapter 3, 4, and 5 underlines that physicochemical
properties such as solubility and chemical composition can alter water uptake depending on
environmental conditions. Hence, it is important to not only consider physicochemical properties
but also the environmental conditions when using climate models for predictions. This work
strongly suggests the importance of evaluating the hygroscopic properties of aerosols under
different controlled environmental conditions to obtain a more comprehensive understanding of

aerosol-cloud interactions.

In sum, this body of work provides comprehensive laboratory-based measurements of CCN
activity of various prominent aerosols systems under environmentally relevant conditions. The
results can serve as a building block for future studies, and they can also complement existing

studies to help improve our current models and predictions of the impact of aerosols on Earth’s

114



climate. Hence, the outcome of our results can enhance our current understanding of planetary
climate and in turn aid the development of effective strategies to mitigate the effects of climate

change.
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