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ABSTRACT
The morphology of aerosol particles influences the reactions that occur during
atmospheric aging, as well as altering their contributions to the direct and indirect effects. In
order to study the morphology of aerosol particles coated with organic compounds, we have
condensed palmitic acid onto ammonium sulfate, quartz, and kaolinite particles with a coating
oven. Using transmission electron microscopy, we have determined that the coated particles
consist of a core particle with palmitic acid non-uniformly surrounding this core. This particle
morphology matches atmospherically relevant particles. However, to our knowledge, particles
with this morphology have not been created through the use of a coating oven. The optical
properties of the coated particles are characterized through cavity ring-down spectroscopy and
compared to Mie scattering calculations. For thick coatings, Mie scattering theory is effective at
predicting the extinction cross section of the observed particles. We discuss the atmospheric
relevance of the observed particles and their impact on climate-aerosol interactions.
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Chapter 1
Introduction
Aerosol particles present in the atmosphere influence both climate and human health.
Since many aerosol particles are in the nanometer size regime, these particles can effectively
scatter and/or absorb radiation from both solar and terrestrial sources. The magnitude of the
interaction of aerosol particles with radiation is determined by their size, shape, composition and
internal structure. One of the mechanisms for aerosol particle interaction with light is the direct
effect, which occurs when particles directly scatter radiation. The other aerosol particle and light
interaction is the indirect effect, which occurs when aerosol particles influence the scattering of
radiation by altering cloud formation. Aerosol particles also act as nuclei for the formation of
clouds. Increased numbers of aerosol particles will allow for more water droplet formation,
though these droplets will tend to be smaller than if formed from a clean air mass.1,2 These
clouds will not only be more reflective, but will also have a longer lifetime in the atmosphere
since smaller water droplets are less likely to form precipitation.2 Aerosol particles
concentrations have also been correlated with mortality rates, specifically cardiovascular and
respiratory diseases.3,4,5 The vast array of particulate matter present in the atmosphere makes it
difficult to discern the exact magnitude of the cooling effect of aerosol particles on the radiative
balance of the Earth, both through direct and indirect interactions with light. Sea spray, mineral
dust, particles of biogenic origin, and many other types of aerosol particles are ubiquitous
throughout the atmosphere, with many types originating from a multitude of sources. Further
complicating our understanding is the fact that physical transformation occurs throughout the
lifetime of an aerosol particle, potentially changing its optical properties, cloud nucleation
activity, and health effects. Despite the large number of effects on the environment, aerosol
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particles remain one of the least understood atmospheric components, especially in terms of
radiative forcing.6
Mineral dust aerosol particles are the second largest emission by mass into the Earth’s
atmosphere with 1000-3000 Tg released per year.7,8,9 Most mineral dust originates from the arid
regions of the Earth, where dust storms force large amounts of particulate matter into the
atmosphere through Aeolian erosion, or through anthropogenic activity such as agriculture.9,10,11
Once aloft, mineral dust particles are transported long distances, with a lifetime on the order of
days to weeks.12,13 The composition of mineral dust varies greatly based on source region,
typically including a combination of iron oxides (hematite and goethite), aluminosilicate clays
(kaolinite, montmorillonite, illite), quartz, calcite, gypsum, chlorite, and feldspar.14 Mineral dust
particles can have aspect ratios varying from near unity up to 100s, which gives them large
surface area to volume ratios.15, 16 The large size and relative surface area of these particles
allows them to act as nuclei for ice crystal formation, with some types of aluminosilicate clay
minerals being especially efficient.17,18,19 Mineral dust is also susceptible to various physical
transformation processes that could alter the cloud nucleation activity and optical properties of
aged particles.20,21
Aluminosilicate clay minerals account for a large portion of mineral dust emissions,
including up to 85% of particles in Asian dust and up to 64 wt.% of Saharan dust.20,22 These
particles tend to have the largest aspect ratios of all mineral dust particles, which gives them a
larger surface area per volume than other particles.15,16 Additionally, the large aspect ratios are
likely to influence how these particles interact with solar radiation. For these reasons,
aluminosilicate clay minerals have been studied to discern their optical properties and effect on
ice nucleation.20,21 Aluminosilicate clay minerals consist of alternating layers of tetrahedrally-
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coordinated silicon and octahedrally-coordinated aluminum. Aluminum cations can be
substituted into the tetrahedral layers and cations such as magnesium and calcium can be
substituted into the octahedral layers. Additionally, cations such as sodium and potassium will
often reside in the interlayer sites and act to hold together the negatively-charged tetrahedral and
octahedral layers.23 The different types of aluminosilicate clays are defined by the ratio of their
layers.24 For example, kaolinite is a 1:1 aluminosilicate clay, meaning that it has a repeated
structure of one aluminum layer followed by one silicon layer.25
Another large component of mineral dust is quartz. Quartz is the largest fraction (> 50%)
of China Loess, and is therefore prevalent in the atmosphere.22 One other particle type that is
common in continental aerosol is ammonium sulfate. Sulfate is produced from the oxidation of
sulfur dioxide, which is present in industrial pollution plumes.26,27 Ammonia, which generally
originates from agricultural processes, then neutralizes the sulfate in order to form ammonium
sulfate particles.26,27 Ammonium sulfate is often used as a proxy for anthropogenic aerosol
particles.28
One of the most ubiquitous atmospheric processes is the formation of an organic coating
on existing particles.29,30 The formation of an organic coating can result from either primary
organic compounds emitted directly into the atmosphere, or from secondary organic compounds
that are oxidized and condense onto aerosol particles. The organic coatings that form on mineral
dust aerosol particles influence their size, shape, composition and internal structure. Organic
compounds have been shown to fill in crevices of mineral dust particles, thus forming more
uniform coated particles.30 The organic compounds can also act as a barrier between the aerosol
particle and the environment, changing the reactivity of the particle.31,32,33 Additionally, an
organic coating can influence aerosol particle optical properties since the coated particles may
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vary in size, shape and internal structure, however little research has been performed on the
optical properties of coated aerosol particles.34
Organic molecules are released from a variety of sources ranging from biogenic
emissions by plants to unreacted gasoline compounds in vehicle emissions.35-38 Monocarboxylic
and dicarboxylic acid molecules are often used as simple proxies for minimally functionalized
organic compounds in the atmosphere.32,33,39 One such monocarboxylic acid is palmitic acid,
which is a 16-carbon n-alkanoic acid that is prevalent throughout the atmosphere. Palmitic acid
is present as a fatty acid in cell membranes, and thus is emitted from anthropogenic processes,
such as meat-cooking and fireplaces, marine emissions, and terrestrial biogenic
emissions.35,37,38,40-43 Previous studies have indicated the presence of palmitic acid on the surface
of aerosol particles.37,38
In this study, we coat ammonium sulfate, quartz, and kaolinite particles with palmitic
acid using a coating oven. We then characterize the morphology of these particles using
transmission electron microscopy. We also use cavity ring-down spectrometry to investigate the
optical properties of the coated particles and compare the observed extinction cross sections to
Mie scattering theory. We discuss the impact of the observed morphology on the aerosol-climate
interactions, focusing specifically on the effect on radiative forcing due to the direct effect.
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Chapter 2
Experimental
High-defect kaolinite, from Warren County Georgia, USA (KGa-2), was obtained from
the Source Clays Repository of the Clay Mineral Society. Ammonium sulfate (>99.0%, EMD),
silicon dioxide (quartz, >99%, Sigma-Aldrich) and palmitic acid (>98%, Acros) were used
without further purification. The aerosolized kaolinite samples may contain compositions
different from the bulk samples due to different concentrations between submicron and
supermicron particles.
Generation of Aerosol Particles
A schematic of the system used for the preparation and analysis of coated aerosol
particles is shown in Figure 1. Aerosol particles were made using dry-generation of a powder
(kaolinite and quartz) or by wet-generation using an atomizer with an aqueous solution
(ammonium sulfate). For dry-generation, the powder sample is agitated inside of a mixing
chamber and entrained in a 1.5 L/min dry nitrogen flow. The aerosol particles pass through an
Erlenmeyer flask, in which the largest particles are removed from the flow. The particle
concentration is then adjusted by pumping out a portion of the flow and diluting back to 1.5
L/min with more nitrogen. For wet-generation, solutions of ammonium sulfate were prepared in
water with concentrations ranging from 0.005% to 0.350% by weight. These solutions were
prepared using ultrapure water (high-performance liquid chromatography grade). Aerosol
particles were generated using a syringe pump to force the aqueous solutions through a constantoutput atomizer (TSI 3076, Shoreview, MN). The dry nitrogen flow through the atomizer was

6

also set to 1.5 L/min. The wet aerosol particles were dried to less than 2% RH using a diffusion
dryer filled with molecular sieves (13X mesh size, Sigma Aldrich).

Figure 1. Schematic of our instrumental setup for coating aerosol particles, performing cavity
ring-down spectroscopy, and preparing samples for TEM analysis. Aerosol particles can be
generated using an aqueous solution or a dry powder. The particles are size-selected using a
differential mobility analyzer and are coated with palmitic acid using the coating oven. The
extinction coefficient is measured at 643 nm in the optical cavity. Particles concentrations can
then be measured with a condensation particle counter, or impacted on TEM grids.
Size-selection of Aerosol Particles
Aerosol particles are size-selected using an electrostatic classifier (TSI 3080, Shoreview,
MN) with a 0.071 cm impactor and differential mobility analyzer (TSI 3081, Shoreview, MN).
This instrumentation allows a polydisperse sample of aerosol particles to be separated into a
narrower distribution of particle sizes. Aerosol particles were selected at mobility diameters
ranging from 200 nm to 900 nm at 50 nm intervals. The size range of these particles is kept
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under 1 µm due to limitations of the DMA. In the troposphere, particles less than 1.8 µm are the
most likely to undergo long-term transport in the atmosphere.44 The size-selection occurs by first
passing the aerosol particles past a sealed 85Kr source. This radiation neutralizes the majority of
the particles, but also imparts a well-characterized distribution of ±1, ±2, and higher charges onto
the remaining particles.45 The charged particles flow into a column that contains a charged rod at
the center. Based on the charge applied to the rod, the aerosol particles are separated based on
their electrostatic mobility. The mobility diameter is inversely proportional to the geometric
diameter of the particles, thus allowing for particles of a given geometric diameter to be
selected.46 However, the size-selected particles that leave the differential mobility analyzer still
contain a small degree of polydispersity. Additionally, multiply-charged particles will be present
in the size-selected particles. Multiply-charged particles have similar mobility diameters to the
singly-charged particles, but larger geometric diameters. A spherical particle (such as ammonium
sulfate) will have a mobility diameter similar to its geometric diameter, while a particle with a
larger aspect ratio (such as a kaolinite particle) will have a mobility diameter that varies
significantly from its volume-equivalent diameter (geometric diameter). The difference between
the geometric and mobility diameters causes the peak of the kaolinite size distribution to differ
from the selected mobility diameter. In order to obtain less polydispersity in all aerosol samples,
a 1:10 ratio of aerosol flow to sheath flow is recommended. However, size-selection of larger
particles can only be performed with a lower sheath flow. Thus, we used a variety of sheath
flows that are higher for lower diameter particles and decrease with particle size to minimize the
polydispersity at all sizes. The sheath flow ranged from 8.8 L/min (at 200 nm) down to 2.7 L/min
(at 900 nm), while the aerosol flow remained at the 1.5 L/min flow from particle generation.
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Coating of Aerosol Particles
The size-selected aerosol particles are carried by the flow over a flask containing heated
palmitic acid to begin the coating process. The flask rests in an oil bath that is heated to 120 °C
using a hot plate. The aerosol flow enters the top of the flask and mixes with the gas-phase
palmitic acid before travelling out the side of the flask into the coating oven. The coating oven
consists of a glass tube (48” long x 0.75” wide) wrapped in four sections of heat tape
(HTS/Amptek AWH-101-040DM, Stafford, TX), each connected to a separate temperature
controller (Omega CN7523, Stamford, CT). A thermocouple (K-type) attached to the
temperature controller measures the temperature of the glass underneath the heat tape section.
The temperature controller uses this information along with a PID algorithm to deliver a DC
signal to a solid state relay (Omega SSRL240DC10, Stamford, CT) placed within the circuit that
includes the heat tape. The PID algorithm measures the current error (of the measured
temperature from the set temperature), accumulated past error, and predicts future errors in order
to determine the DC voltage delivered to the solid state relay. The relay is controlled through the
DC signal, completing the circuit and warming the heat tape only when the DC voltage is
applied. The heat tape sections are set to temperatures of 120 °C (nearest the palmitic acid flask)
and then 100 °C, 80 °C, and 60 °C. It should also be noted that the aerosol flow was reduced to
1.0 L/min before entering the palmitic acid flask/coating oven in order to increase the amount of
time spent in the coating system and thus increase the amount of organic condensed onto the
particles. The flow rate through the coating oven, along with the temperature of the palmitic acid
oil bath, were the two variables that could be altered to change the coating thickness. The aerosol
flow was diluted to 1.5 L/min with dry nitrogen after the particles left the coating oven.
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The coating oven functions by reducing the temperature of the palmitic acid vapor as it
travels through the temperature gradient caused by the heat tape sections. As the vapor becomes
cooled, the palmitic acid reaches a point of saturation in the gas phase. Condensation will then
occur, typically onto the surfaces available nearby, such as those of aerosol particles. The
condensation of the palmitic acid will continue to occur as the vapor temperature is further
decreased. Upon exiting the coating oven, the temperature of the aerosol particles is less than 60
°C, which is below the melting point of palmitic acid (62.9 °C).47 Thus, the coatings should have
a relatively low vapor pressure, meaning that the aerosol particles should be relatively stable and
not lose an appreciable amount of organic acid through redistribution to the vapor phase after
exiting the coating oven.
Cavity Ring-Down Spectrometer
After coating, the aerosol particles are analyzed using a cavity ring-down (CRD)
spectrometer. The aerosol flows through the optical cavity of the instrument, which is capped
with highly reflective mirrors (≥ 99.998% reflective at 640 nm). A 643 nm laser is used to send
light into the cavity at a repetition rate of 500 Hz with a 50% duty cycle. A wavelength of 643
nm was used because longer wavelengths provide a more sensitive measurement of larger
mineral dust particles that may be included in the size-selected aerosol populations. The laser
pulse propagates through the cavity, and the intensity of the light that is transmitted through the
back mirror on each pass is recorded by a photomultiplier tube. The measurement of the rate of
decay of light intensity gives the ring-down time. The typical ring-down time for an empty cavity
with only a dry nitrogen flow is 160-170 µs, which corresponds to an effective path length of 4851 km. Adding the aerosol flow to the cavity increases the rate of decay due to the extinction of
the particles, which results in a smaller ring-down time. The extinction coefficient of the aerosol
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particles, bext (cm-1), can be calculated using the difference in ring-down times between an empty
cavity and a cavity containing aerosol particles. This quantity is given by the equation
𝑏𝑒𝑥𝑡 =

𝑅𝐿 1 1
( − )
𝑐 𝜏 𝜏0

(1)

where RL is the ratio of the cavity length to the length of the portion of cavity that contains
aerosol particles, c is the speed of light, τ is the ring-down time from a cavity containing aerosol
particles, and τ0 is the ring-down time of an empty cavity. For our results, the extinction cross
section of the aerosol particles is reported. The extinction cross section is given by the equation
𝜎𝑒𝑥𝑡 =

𝑏𝑒𝑥𝑡
𝑁

(2)

where σext is the extinction cross section and N is the concentration of aerosol particles. The
particle concentration was determined using a condensation particle counter (TSI 3775,
Shoreview, MN). For each aerosol sample, 5 extinction cross section measurements were
performed at each of the mobility diameters indicated above, with the standard deviation of these
measurements included as error bars. Each extinction cross section measurement is the average
of 100-200 values, which each include approximately 400 shots of the laser. In addition, to
obtain an accurate fit of the rate of decay of light intensity, a ring-down time of ˃100 is generally
needed. For the smaller particles (generally all plain aerosol particles), extinction cross section
values are low enough for concentrations up to 100 particles/cm3 to exhibit accurate ring-down
times. For the larger particles (coated particles), concentrations were limited to approximately 20
particles/cm3 to obtain an accurate ring-down time.
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Transmission Electron Microscopy
In addition to the cavity ring-down analysis, coated particles were imaged using
transmission electron microscopy (TEM). 200 mesh copper grids with a continuous carbon
coating (Electron Microscopy Science, Hatfield, PA) were used to collect the particles. The grid
was placed inside a cascade impactor (PIXE International Corp., Tallahassee, FL) and the
aerosol flow was pumped through at approximately 1 L/min using a mechanical pump. For plain
and coated ammonium sulfate aerosol, the particles were impacted directly after the differential
mobility analyzer or coating oven, respectively. For plain and coated quartz and kaolinite
aerosol, the particles were impacted after the cavity ring-down spectrometer in order to monitor
particle concentrations during long collection times. For uncoated particles, TEM samples were
collected at a variety of mobility diameters (ranging from 200 nm to 900 nm). For the coated
particles, TEM samples were only collected for core sizes corresponding to a 400 nm mobility
diameter. This diameter was selected because it gave ideal concentrations of aerosol particles to
avoid aggregation on the TEM grid, but still provide a large number of particles to analyze.
A Philips EM420T instrument was used for the TEM analysis. The TEM instrument
creates a beam of electrons that interacts with the aerosol particles on the grid. The interaction of
the particles with the electron beam causes fewer of the electrons to be transmitted through to the
detector. Thus, dark areas that appear in the TEM image correspond to aerosol particles that were
impacted on the grid. Particles with multiple components, such as a salt or mineral dust particle
with an organic coating, will have varying contrast across the different regions of the particle due
to variations in Z values and particle thickness. As a result, TEM is used to determine aerosol
particle morphology. To analyze the TEM images, we used image analysis software (ImageJ,
National Institutes of Health, Bethesda, MD) to find the area of each particle. The area of the
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particle is used to find an area-equivalent diameter (or in some cases a volume equivalent
diameter). The area equivalent diameter is the diameter of a circle that has the same area as
measured from the TEM image. The set of area equivalent diameters is divided into bins and
used to create a size distribution histogram.
As particles on the TEM grid are exposed to the electron beam, the particles can begin to
exhibit damage. For this project, palmitic acid was observed to damage dramatically in the
presence of the electron beam. Due to an inability to distinguish salt and mineral dust particles
from the palmitic acid coating (likely because of the thickness of the coating), the coated
particles were exposed to the electron beam at greater intensity than is required to obtain a
quality image. This process is performed carefully, so that the palmitic acid coating is only
slightly altered and not destroyed. The electron damage causes the palmitic acid to “thin” enough
that the core particles within each coating can be observed. This method was used to determine
the core and coating areas for all coated particles.
Mie Scattering Calculations
We compared the data collected from cavity ring-down spectroscopy to theoretical values
calculated from Mie scattering theory. A version of BHCOAT that has been adapted for
MATLAB was used to calculate the theoretical values.48,49 This code has been used previously to
analyze results from cavity ring-down spectroscopy. This program requires the size parameter
and refractive index of a particular compound to calculate the extinction efficiency of spherical
aerosol particles. The size parameter is calculated using xae = πdae/λ, where xae is the area
equivalent size parameter, dae is the area equivalent diameter, and λ is the wavelength of light.
When considering coated particles, the refractive indices of both the core material and coating
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material are needed, as well as the size parameter for the core component and the size parameter
for the entire particle. For this work, we used refractive indices of 1.53 for ammonium sulfate,
1.55 for quartz, 1.56 for kaolinite, and 1.48 for palmitic acid. Using these refractive indices and
the size parameters found from TEM images, both the extinction efficiency and extinction cross
section of all particle types were found.
Before using the Mie scattering program, the area equivalent diameters must be
converted to size parameters. The size parameter and refractive index are used to find the
extinction efficiency. The calculated extinction efficiency is then converted to extinction cross
section using σext = Qextπ(dae/2)2, where σext is the extinction cross section and Qext is the
extinction efficiency. To adjust the theoretical results to account for the polydispersity of the
size-selected aerosol samples, a weighted average of the extinction cross sections is found using
the size distribution of area equivalent diameters.28 The size parameter for each bin in the
histogram is used to calculate the extinction cross section and is then converted to a weighted
average using the equation
𝜎𝑒𝑥𝑡 =

1
𝑛𝑡𝑜𝑡

𝑡𝑜𝑡
∑𝑛𝑖=1
𝜎𝑒𝑥𝑡,𝑖

(3)

For coated particles, the weighted average also takes into account the variation in the thickness
of organic coating that is condensed onto the aerosol particles. To do this, each uncoated particle
bin size is combined with each organic coating bin size and converted to a weighted average
based on both histograms. To find the area equivalent diameter of the coated particle, the salt or
mineral dust particle bin size is converted to an area and then added to the coating area bin size.
The area equivalent diameter can then be found by treating the combined area as a circle and
solving for diameter. The histogram data reported for the amount of coating on the aerosol

14

particles is reported as coating areas (µm2), rather than the coating thickness (nm), which varies
based on the diameter of the salt or mineral dust particle.
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Chapter 3
Results & Discussion
We have imaged plain and coated particles of ammonium sulfate, quartz, and kaolinite.
TEM was used to determine the size distributions for the plain particles and the distribution of
coating areas for the coated particles. The size distributions of the particles and the coatings
obtained with TEM were used with Mie scattering theory to calculate theoretical extinction cross
sections, which are compared to the extinction cross sections obtained from cavity ring-down
spectroscopy of the coated aerosol particles.
Coated Particle Morphology
The TEM images of the plain and coated particles are shown in Figures 2-4. Each figure
shows a representative image of an uncoated particle, a coated particle, and a lightly damaged
coated particle. For the uncoated particles, each aerosol type clearly displays a different shape.
The ammonium sulfate is nearly spherical and is smooth. The quartz appears jagged and not as
spherical as the ammonium sulfate. Though quartz particles still have aspect ratios near unity,
they clearly exhibit much more particle to particle variation and thus the sample as a whole is
much more polydisperse than ammonium sulfate. Kaolinite particles are even less spherical than
quartz, and typically have aspect ratios that vary greatly from unity. Due to this, the most
polydispersity is observed in the kaolinite sample.
The coated aerosol particles exhibit similar morphologies. In each image of the coated
particles, a non-uniform coating of palmitic acid is observed, with a salt or mineral dust particle
located within. An image of a particle that has undergone electron beam damage is included
alongside each image of a coated particle, which allows the single salt or mineral dust particle to
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be observed. The location of the salt or mineral dust particle within the lightly damaged palmitic
acid gives an approximate location of where the particle was located within the palmitic acid
coating. It should be noted that the 2-D nature of TEM images makes it is impossible to tell
whether each core is completely covered with palmitic acid. Even after damaging the palmitic
acid, a core that appears towards the middle of the organic coating was not necessarily covered
completely. Also, a small number of particles appear to have a core particle visible “outside” of
the palmitic acid before damaging. Although a few particles have a salt or mineral dust core that
is not completely coated, the majority of core particles appear to have complete coatings.

Figure 2. TEM of (a) ammonium sulfate, (b) ammonium sulfate coated with palmitic acid, and
(c) ammonium sulfate coated with palmitic acid after electron beam damage.

Figure 3. TEM of (a) quartz, (b) quartz coated with palmitic acid, and (c) quartz coated with
palmitic acid after electron beam damage.
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Figure 4. TEM of (a) kaolinite, (b) kaolinite coated with palmitic acid, and (c) kaolinite coated
with palmitic acid after electron beam damage.
The use of a coating oven is thought to make the formation of a uniform coating likely by
slowly decreasing the temperature of the organic vapor, although we have observed a nonspherical coating asymmetric around the salt or mineral dust particle. Aerosol particles in the
atmosphere have been found to exhibit the morphology of a mineral dust core with agglomerates
of organic compounds, which agrees with our findings.30 In these cases, the organic coating was
suspected to contain high amounts of carboxylic acids, such as the palmitic acid used in this
study. Additionally, a laboratory study has shown that particles of calcite mixed with organic
acids have a segregated morphology similar to our observations.50 These particles were produced
by atomizing an aqueous solution of calcite and oxalic acid or acetic acid, rather than using a
coating oven, though a mineral dust particle with an asymmetric coating is still observed.
Organic Coating Histograms
The histograms showing the organic coating areas are shown in Figures 5-7. For this data,
only particles with a single core visible after damaging were included in the analysis. The data is
given in terms of the coating area due to the fact that the coating thickness varies greatly based
on the diameter of the core particle. A similar amount of organic acid should be condensed onto
a given particle regardless of the particle diameter, because the amount condensed should
correlate with the concentration of palmitic acid in the vapor phase. Thus, a core particle with a
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large cross section would have a smaller coating thickness than a core particle with a small cross
section. Also, although size-selected ammonium sulfate particles are spherical, the mineral dust
species and all coated particles are irregularly shaped. Thus, the actual thickness of the coatings
may not be well represented by a value converted from areas that are assumed to be circular. As
a result, the measured coating areas may not always accurately reflect the amount of palmitic
acid coating.
The distributions for each of the three particle types are similar in shape. A single mode
is present for each distribution, with particle counts dropping at larger and smaller values of the
coating area. This type of distribution supports our hypothesis that a similar amount of palmitic
acid is condensed onto a given core particle regardless of size. The average amount of organic
coating varies slightly between the various particle types, with kaolinite providing a lower
average (0.813 µm2) than ammonium sulfate and quartz (0.930 µm2 and 0.957 µm2,
respectively). The variation in coating area could result from differences in the organic-particle
interactions. A more favorable interaction between the surfaces of ammonium sulfate and quartz
with palmitic acid could explain the slightly larger coating area average.
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Figure 5. Histogram of coating area for ammonium sulfate particles.

Figure 6. Histogram of coating area for quartz particles.
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Figure 7. Histogram of coating area for kaolinite particles.
It should also be noted that the coating sizes observed on our particles are towards the
larger end of the size distribution typically found in the atmosphere. A field study has found
mineral dust particles that exhibit the same morphology as observed in this work with a 0.4 ± 0.2
average mass fraction of organic compounds.30 While the mass fraction of organic compounds
was not calculated for our particles, the amount of palmitic acid relative to the salt or mineral
dust particle sizes would suggest a high organic compound mass fraction, well above 0.4.
However, this same field study found inorganic particles coated with organic compounds where
the coating was between 0.01 and 0.98 particle volume fraction.30 The particle volume fraction
was calculated for each of the coated particle types in this study and were found to be 0.74-0.99
for coated ammonium sulfate, 0.54-0.95 for coated quartz, and 0.32-0.87 for coated kaolinite.
While a small number of coated ammonium sulfate particles had particle volume fractions above
those found experimentally, the vast majority of the coated particles were within the larger end
of the particle size range from this study.30 Although the inorganic particles exhibited uniform
coatings unlike our particles, this finding still demonstrates that large coatings are present in the
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atmosphere. Even considering the large coating thickness, this work still displays the ability to
generate salt and mineral dust particles that are asymmetrically coated with organic acid.
Optical Properties of Coated Particles
In Figure 8, we show the extinction cross section data for both uncoated and coated
ammonium sulfate particles. The cavity ring-down data for ammonium sulfate (circles) is
compared to the Mie scattering calculations (red line). The Mie scattering calculations assume a
monodisperse sample of aerosol particles with a geometric diameter equal to mobility diameter,
which is true for spherical particles. For each mobility diameter, the Mie scattering calculations
are within experimental error of the cavity ring-down data. The agreement between the
experimental data and theoretical calculations is expected for ammonium sulfate, because it is a
spherical system with low polydispersity. Mie scattering theory calculations assuming a
monodisperse set of particles has been previously shown to model ammonium sulfate extinction
cross sections well.28 The cavity ring-down data for coated ammonium sulfate (squares) is also
compared to Mie scattering calculations (red dashed line). These calculations account for the
polydispersity in ammonium sulfate particles and coating area, as determined from the TEM
images. The Mie scattering calculations fall within the standard deviation of the cavity ringdown data for the 200, 300, and 350 nm mobility diameters, while the rest of the calculations
overestimate the extinction cross section data. The Mie theory calculations for the coated
particles model the extinction cross sections well, providing an average percent difference of
8.0%.
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Figure 8. CRD extinction cross sections of size-selected ammonium sulfate (black circles) and
ammonium sulfate coated with palmitic acid (black squares). Error bars are indicated for the
experimentally determined CRD values. Mie scattering theory extinction cross section
calculations are also shown for ammonium sulfate (red line) and ammonium sulfate coated with
palmitic acid (red dashed line). Mie scattering theory values for ammonium sulfate assume a
monodisperse sample, while values for ammonium sulfate coated with palmitic acid assume both
polydisperse cores and coatings.
In Figure 9, we report the extinction cross section data for plain quartz using cavity ringdown spectroscopy (circles) and compare it to Mie scattering theory calculations assuming either
a monodisperse sample (red line) or a polydisperse sample (blue crosses). Unlike ammonium
sulfate, the extinction cross section values from cavity ring-down do not match the Mie
scattering calculations for a monodisperse sample. The extinction cross sections of mobility
diameters less than 500 nm are underestimated, while the extinction cross sections of mobility
diameters greater than 500 nm are overestimated. The decreased agreement is expected because
the quartz particles are less spherical than the ammonium sulfate particles and have rougher
surfaces. These factors increase the polydispersity of the size-selected quartz particles, which
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leads to a poor fit by the Mie scattering values that assume a monodisperse sample. Assuming
polydisperse quartz particles, the extinction cross sections of mobility diameters of 550 nm or
less match the Mie scattering calculations. All extinction cross sections of a mobility diameter
above 550 nm are underestimated. This trend is due to the large quartz particles being aggregates
of smaller particles. The large aggregates break apart upon impaction on a TEM grid, which
causes the size distributions to shift towards smaller mobility diameters. The altered size
distributions result in extinction cross sections that are less than those observed from cavity ringdown spectroscopy, where the large aggregates still exist. The cavity ring-down data for the
coated quartz (squares) is compared to the respective Mie scattering calculations (red dashed
line). Much like with the coated ammonium sulfate, the coated quartz calculations agree with the
cavity ring-down data for some of the mobility diameters (250, 300, 450, 600, 650, 850 nm) and
overestimates the extinction cross sections for the remaining mobility diameters. Overall, the
Mie scattering calculations match the extinction cross sections of the coated quartz particles,
resulting in a percent difference of 8.3%.
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Figure 9. CRD extinction cross sections of size-selected quartz (black circles) and quartz coated
with palmitic acid (black squares). Error bars are indicated for the experimentally determined
CRD values. Mie scattering theory extinction cross section values are also shown for quartz
assuming a monodisperse sample (red line), quartz assuming a polydisperse sample (blue
crosses), and quartz coated with palmitic acid (red dashed line). Mie scattering theory values for
quartz coated with palmitic acid assume both polydisperse cores and coating areas.
Figure 10 displays the cavity ring-down extinction cross section data for uncoated
kaolinite (circles) and coated kaolinite (squares), along with the Mie scattering calculations for
uncoated kaolinite assuming a monodisperse sample (red line), uncoated kaolinite assuming a
polydisperse sample using either area-equivalent diameters (green circles) or volume-equivalent
diameters (orange inverted triangles), and coated kaolinite using either area equivalent diameters
(green diamonds) or volume equivalent diameters (orange triangles). For uncoated kaolinite the
Mie scattering values that assume a monodisperse sample underestimate the extinction cross
sections from mobility diameters of 200-350 nm and overestimate the extinction cross sections
from mobility diameters of 400-900 nm. The kaolinite particles exhibit a greater aspect ratio than
the ammonium sulfate and quartz particles, meaning these particles are platelet-shaped rather
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than spherical and will have the most polydisperse size-selected samples. The platelet shape of
the kaolinite particles can also cause orientation of the particles within the cavity ring-down
spectrometer. Both the polydispersity and orientation effect can explain the lack of agreement
between the extinction cross sections and the Mie scattering values that assume a monodisperse
sample. The Mie scattering calculations for kaolinite that assume a polydisperse sample are only
provided for 2 mobility diameters (250 and 750 nm). Since the size distributions for uncoated
kaolinite particles are similar regardless of the mobility diameter that is size-selected, these two
mobility diameters are representative of the entire 200-900 nm range. A small increase in the
number of large diameter particles was observed at high mobility diameters, though the effect of
this difference on the Mie scattering calculations is minimal. Both area-equivalent and volumeequivalent calculations were performed to determine whether this aspect of the calculation
impacted the trends that were observed. In both cases, the area-equivalent and volume-equivalent
calculations underestimate the extinction cross sections of the uncoated kaolinite. An interesting
observation with these calculations is that the values predicted for 250 nm and 750 nm are
roughly equal for both cases. No major differences were noted in regards to the magnitude of
values produced by the area-equivalent data compared to the volume-equivalent data. However,
the volume-equivalent data did provide a slight positive slope for the extinction cross sections
from 250 nm to 750 nm whereas the area-equivalent data provided a slight negative slope. The
cavity ring-down extinction cross sections increase from 250 nm to 750 nm, meaning that the
volume-equivalent data reflects the correct trend. As was the case with coated ammonium
sulfate and coated quartz, the Mie scattering values for coated kaolinite overestimate the
extinction cross section values from cavity ring-down. Both Mie scattering calculations agree
with the extinction cross sections for coated kaolinite, providing a percent difference of 15.4%
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for the area-equivalent data and a percent difference of 15.5% for the volume-equivalent data. It
should also be noted that the magnitude of the extinction cross section values are lower for
coated kaolinite than for the other two coated systems. The lower extinction cross sections are
likely a result of less palmitic acid being deposited on the kaolinite particles, as discussed for
Figures 5-7.

Figure 10. CRD extinction cross sections of size-selected kaolinite (black circles) and kaolinite
coated with palmitic acid (black squares). Error bars are indicated for the experimentally
determined CRD values. Mie scattering theory extinction cross section values are also shown for
kaolinite assuming a monodisperse sample (red line), kaolinite assuming a polydisperse sample
using area-equivalent data (green circles) or volume-equivalent data (orange inverted triangles)
and kaolinite coated with palmitic acid using area-equivalent data (green diamonds) or volumeequivalent data (orange triangles). Mie scattering theory values for kaolinite coated with palmitic
acid assume both polydisperse cores and coating areas.
The formation of the palmitic acid coating on salt or mineral dust particles could be
related to findings that oleic acid wets a quartz surface.51 The oleic acid coverage is theorized to
occur from hydrogen bonding of the carboxylic acid head groups on the quartz surface. The
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hydrocarbon tails of the oleic acid molecules would then all be oriented away from the quartz
surface, and could create a hydrophobic area for other oleic acid molecules to align, although in
the opposite orientation (forming a bilayer). The carboxylic acid head groups of the second row
of oleic acid can then act as a surface for the oleic acid bilayer to repeat, causing an organic
coating to form. Palmitic acid has been theorized to similarly form a bilayer.52 Ammonium
sulfate has been theorized to form organic coatings with the hydrophilic head of an organic acid
buried within the particle and kaolinite contains hydroxyl groups similar to quartz.23,52,53 Thus,
all three particle types could form a palmitic acid coating with the same bilayer process.
For all three systems, the Mie scattering theory of the coated particles overestimated
experimental results from the cavity ring-down spectroscopy. However, the Mie scattering
calculations provide relatively small percent differences from the experimental cross sections
considering that they account for the polydispersity of both the salt or mineral dust particle and
the organic coating. Although previous research has been unable to use Mie theory for particles
with large coatings, our results show that Mie theory can be used to predict the extinction cross
sections of particles that contain thick coatings with reasonable accuracy.34 The agreement is
likely a consequence of the lower variability of the extinction coefficient measurements at high
mobility diameters. At small mobility diameters, such as those for thinly coated particles, the
extinction coefficient changes rapidly with variation in mobility diameter. This means that, even
with more variability in the mobility diameters of particles with thick coatings, a larger range of
extinction coefficients are likely for particles with thin coatings. Thus, the large coating
thickness of the analyzed aerosol particles places them in a size regime where extinction
coefficient variability is suppressed, resulting in the observed agreement.
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One reason for the minor discrepancy between the experimental and calculated extinction
cross sections could result from a salt or mineral dust particle that is asymmetric within the
organic coating. A salt or mineral dust particle located asymmetrically within the coating would
alter the predicted Mie scattering theory calculation since this program assumes a uniform
coating.34 Another reason for the disagreement of the Mie calculations is the non-uniform shape
of the coated aerosol particles. One of the main factors in calculating the extinction cross section
is the shape of the particle. Given that very few coated particles were spherical, the length, width,
and height aspects of a given particle are often different, which will affect the extinction cross
sections that are measured. In addition, the size distributions that are used for the Mie scattering
theory calculations are found assuming that the area of each particle can be converted into a
mobility diameter. Since the coated particles are not spherical, this assumption can introduce
error into the size distributions of the coated particles, which in turn alters the calculated
extinction cross sections.
Another factor that could influence the measured cavity ring-down values for the coated
ammonium sulfate particles are the constraints that wet generation places on particle
concentration. Only a small range of mobility diameters can be measured for a given solution
concentration. This is due to the particle concentrations that are required for accurate cavity ringdown measurements. The size of the coated particles makes the cavity ring-down measurements
sensitive to particle concentration, and thus mobility diameters towards the edge of the range of a
solution may have a greater error than other measurements. The extinction cross sections of
particles produced from dry generation are equally sensitive to the size of the coated particles,
however concentrations of particles from dry generation can be adjusted on-the-fly during an
experiment to obtain good cavity ring-down spectroscopy measurements.

29

Chapter 4
Conclusions
The morphology of coated aerosol particles has an effect on heterogeneous chemistry,
cloud nucleation activity, and optical properties. By specifically understanding the influence that
morphology has on aerosol optical properties, we can reduce the uncertainty associated with
predicting the net radiative forcing of aerosol particles. Through the use of TEM, we have
characterized the morphology of various particles coated with palmitic acid. These particles
contain asymmetric coatings of palmitic acid, rather than a uniform coating as would
traditionally be expected when using a coating oven. We were also able to use cavity ring-down
spectroscopy to investigate the extinction cross section of the coated aerosol particles and then
compare these values to Mie scattering theory calculations. The Mie scattering calculations
generally overestimated the experimental values, but still agree reasonably well with the cavity
ring-down spectroscopy data. The non-spherical shape of the coated particles and the nonconcentric coating around the salt or mineral dust particles are likely to affect the agreement
between experimental and calculated extinction cross sections. These results show that Mie
theory can be used to predict the optical properties of particles with thick organic coatings, such
as those created through the condensation of organic compounds onto atmospheric aerosol
particles.
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