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Instrument development for exploring the influence of interfacial
chemistry on aerosol growth, aging, and partitioning of gases

Cecilia Lynn Amick

(ABSTRACT)

Investigation of aerosol chemistry and growth under atmospheric conditions in a novel

rotating aerosol suspension chamber with cavity ring-down spectroscopy provided key in-

sight into the effect of pollutants and other vapors on the overall atmospheric lifetime of

particulate matter. The Atmospheric Cloud Simulation Instrument (ACSI) creates a well-

defined and controllable atmosphere of suspended particles, analyte gases, and background

gas molecules, which remains stable up to several days. Preliminary studies have shown that

monodisperse polystyrene latex (dp = 0.994 µm) and polydisperse ammonium sulfate (CMD

dp = 100 nm) particles remain suspended for at least 22 hours while the chamber rotates at

2 RPM. Further investigation into the aerosol dynamics showed the coagulation efficiency of

high concentration particle suspensions (>106 particles/cm3) depends on particle phase state

and composition. The coagulation efficiency decreased with increased humidity in the model

atmosphere and with increased ion concentrations in the aerosols. The decrease in efficiency

is attributed to repulsive forces from like-charges on the particle surfaces. In addition to hu-

midity, the spectroscopy integrated into the main chamber monitors the real-time response

to a perturbation in the model atmosphere, such as the introduction of a gas-phase reactant.

Cavity ring-down spectroscopy, performed in situ along the center axis, records mid-infrared

spectra (1010 cm-1 to 860 cm-1) to identify gas species evolved from gas-particle heteroge-

neous chemistry. In accord with previous studies, my results show that a known reaction

between monomethyl amine and ammonia occurs readily on suspended ammonium sulfate

particles in >50% RH and the extent of the reaction depends on the humidity of the model

atmosphere. Acidic ammonium bisulfate aerosols also produced a detectable amount of am-

monia upon exposure to monomethyl amine in a model atmosphere with >50% RH. Overall,

the new ACSI approach to atmospheric science provides the opportunity to study the in-

fluence of interfacial chemistry on particle growth, aging, and re-admission of gas-phase

compounds.
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(GENERAL AUDIENCE ABSTRACT)

“Molecules don’t have a passport.” - Carl Sagan. Gas molecules and particles emitted

into the atmosphere in one area can travel thousands of kilometers over the course of hours to

days, even weeks for some compounds. The gas-solid interactions that occur over the lifetime

of particulate matter are largely unknown. I focused my doctorate on bridging the knowledge

gap between traditional environmental monitoring research and highly controlled laboratory

experiments. To do so, I designed a new instrument capable of creating stable model atmo-

spheres that more accurately simulate the gas-particle interactions in Earth’s atmosphere

than previous environmental chambers. The Atmospheric Cloud Simulation Instrument de-

sign included a rotating chamber to increase the duration of stable particle suspensions in a

laboratory and a multi-pass infrared spectrometer to monitor gas-phase reactions in situ. I

explored the effect of humidity and particle composition on particle-particle coagulation and

gas-particle reactions. For example, liquid aerosols at humidities higher than 35% RH do no

coagulate as fast as a solid particle with the same composition in <35% RH. Similarly, the

same liquid aerosols produced more gaseous product during a heterogeneous reaction with

a ‘pollutant’ gas than solid particles. Overall, the ACSI will be an important tool for future

experiments exploring individual aspects of complex atmospheric processes.
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Chapter 1

Introduction and Motivation

1.1. Thesis Statement

The objective of this project is to develop a novel instrument and corresponding ex-

perimental method for exploring heterogeneous reactions between atmospheric gases and

aerosols through non-destructive, in situ spectroscopic monitoring of the gas species while

maintaining a stable particle suspension.

1.2. Background

Aerosols, liquid droplets, and other particles that persist in our atmosphere undergo

physical and chemical changes due to particle-particle interactions and reactions with gas

molecules. Chemical reactions occurring in the atmosphere facilitate new particle forma-

tion,1–3 changes in volatility,4 and even act as atmospheric “sinks”, or removal process, for

some pollutants.5–7 Currently, researchers employ various techniques to study aerosol chem-

istry, such as direct atmospheric monitoring,8 fundamental vacuum studies,9 single particle

levitation,10 and cloud chambers.11,12 Each approach has drawbacks: atmospheric monitor-

ing lacks experimental control, vacuum studies are performed on a fixed particle bed under

non-atmospheric conditions, particle levitation only provides information on a single parti-

cle, not a distribution of particles, and particles quickly settle out or deposit on the walls of

cloud chambers. Most cloud chambers also require a large laboratory space.11,12 I designed

the Atmospheric Cloud Simulation Instrument (ACSI) to extend particle suspension dura-

tion, spectroscopically monitor changes in gas composition in situ, and maintain a relatively

compact design. The instrument design and method development described in the following

chapters address the following objectives:
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Chapter 1. Introduction and Motivation

1. Design an instrumental approach for exploring particle growth over extended

durations.

2. Develop experimental methods that enable simultaneous monitoring of gas-

phase composition and particle size distributions over time.

3. Use the instrument to study of the emission of interfacial reaction products that

result from a perturbation to the atmospheric conditions.

The following sections in Chapter 1 provide background information on particulate mat-

ter and gases that play a major role in heterogeneous atmospheric chemistry.

1.2.1. Atmospheric Particulate Matter

Teragrams of particulate matter are released into the atmosphere every year.13 Aerosol

composition varies based on the source, size, and overall reactivity of the material. The ma-

jor natural, or biogenic, sources include wind-blown mineral dust, volcanic dust, combustion,

and sea spray aerosols. Anthropogenic, or man-made, particle sources consist of industrial

dust, combustion, and vehicle emissions. Particle source and composition will be described

further in Section 1.2.1.2. Aerosols are also characterized by size: coarse mode (>2.5 µm), ac-

cumulation mode (0.1–2.5 µm), and Aitken mode (10 nm–0.1 µm). Heterogeneous chemistry

alters the aerosol composition as particles persist in the atmosphere, a process also known

as aerosol aging.

Coarse mode particles remain in the atmosphere for less than a few hours, which is

the shortest lifetime of the three size ranges.13 Efficient sedimentation results in the short

atmospheric residence times for coarse particles and do not persist in the atmosphere long

enough to experience extensive atmospheric aging. Therefore, coarse particles will not be

explored experimentally in this dissertation.

Aitken mode particles are also referred to as ultrafine particles. Aitken mode particle

generation is dominated by condensation of molecules from the vapor phase.13,14 The main
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condensable vapors involved in particle generation are water, sulfuric acid, and high molec-

ular weight volatile organic compounds (VOCs). A comprehensive description of particle

nucleation and condensation can be found in Pandis and Seinfeld.15 Continued condensa-

tion and coagulation, or the process of particles colliding and adhering with one another,16

are the major removal processes for Aitken mode particles. Both processes eventually produce

accumulation mode-sized particles.13,14 Ultrafine particles, though short-lived, undergo the

beginning stages of aerosol aging. The ACSI is designed to explore ultrafine aerosol growth

and aging in a controlled, model atmosphere.

Particles between 0.1–2.5 µm, also referred to as fine particulate matter or PM2.5, persist

in the atmosphere for the longest amount of time due to inefficient removal processes. There

are two major types of removal processes: dry and wet ‘sinks’. Dry sinks include deposition

and coagulation.14 Deposition for PM2.5 can be neglected because the sedimentation veloc-

ity for this size range is <0.1 cm/s. A substantial amount of self-coagulation, or coagulation

between similarly sized particles, is required to increase the particle size by an order of magni-

tude. Therefore, coagulation of ultrafine and fine particulate matter with larger, pre-existing

particles is the main dry removal process for accumulation mode aerosols. Coagulation of

only PM2.5 is too slow to produce coarse mode particles.17 For example, Whitby defined

the turn-over time for particles as the total mass concentration of the primary particle di-

vided by the mass flux adding to the pre-existing particle population due to coagulation,

which approximates the amount of time a specific-sized particle remains suspended in the

atmosphere.18 The turn-over time solely from dry coagulation in low humidity and low con-

centrations of condensable vapors is 1 hour to 100 days.14,18,19 However, a more practical

turn-over time of 3–30 days for accumulation mode particles includes wet particle loss pro-

cesses as well as dry coagulation.14,19 See Section 1.2.1.1 for more information on aerosol

coagulation. All three objectives of my thesis seek to lay the foundation for interpreting the

effect of various model atmospheres on fine and ultrafine aerosol dynamics.

The interaction between existing particles and clouds is referred to as cloud processing,
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which is considered a wet sink for PM2.5. Clouds mainly consist of liquid water and ice

aerosols and water mass concentrations ranging from 0.05 to 3 g/m3, depending on cloud

type and location. Clouds are effective at reducing fine particle concentrations. For example,

Jaenicke and Ogren and Charlson found that the 12 hour median concentration of fine

particulates inside Arctic fog was <0.1 particles/cm3 and >100/cm3 outside of the fog.19,20

Hygroscopicity of the particle, cloud type and cloud frequency affects the cloud processing

of fine particulates.13,14 Fine particulates in tropical climate remain suspended for less than

a day and remain in the atmosphere for several weeks in an Arctic climate..14

Vapor condensation, coagulation, and cloud processing change the internal and external

composition of the original aerosols.14 Internal mixing denotes an even mixture of compounds

throughout the particle and external mixing indicates layers or sections of different types of

particulate material. The atmospheric lifetimes of PM2.5 permit the particles to transform

into complex mixtures of condensable materials, different types and sizes of primary particles,

and other heterogeneous reaction products. Figure 1.1 illustrates the complex aging processes

for each size range of particles. In general, the reactions involved in aging processes oxygenate

the aerosols, which eventually leads to the wet deposition of particulate matter. However, the

effect of each individual reaction contributing to the overall aging process on aerosol lifetimes

needs to be studied further. The ACSI was designed to control, explore, and understand

specific mechanisms involved in the multi-day aging processes of fine particulate matter.
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1.2. Background

Figure 1.1: Illustration of aerosol aging processes for ultrafine, fine and coarse particulate
matter. The figure is adapted from reference 13.

1.2.1.1. Aerosol Dynamics

Vapors partition into the particle phase and particles undergo coagulation, both pro-

cesses increase particle size over time, see Figure 1.1. Condensation results in larger particles

and higher particle mass or volume concentrations while maintaining a stable particle num-

ber concentration. Eventually, condensation alone could increase the particle size to over

1–2 µm without directly reducing the number of particles. High particle concentration areas

permit particle-particle collisions, initiating coagulation. Unlike condensation, coagulation

increases particle size while the particle number concentration decreases as particles collide

and adhere. The particle mass or volume concentration remains unchanged during coagula-

tion. The following derivation mathematically describes how particle suspensions change over
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time due to coagulation beginning with a simple monodisperse system. The computational

model is then applied to polydisperse suspensions. Chapter 3 describes the application of the

computational model to analyze changes in polydisperse, fine particle number and volume

concentrations suspended in various model atmospheres.

The following coagulation derivation from Hinds assumes the suspension is comprised of

monodisperse, hard spheres with diameters (dp) > 0.1 µm.16 The first step in the derivation

is to determine the particle collisional frequency in a suspension. The particle flux (J) at a

selected particle surface is defined using Fick’s first law of diffusion, Equation 1.1.

J = −D
dN
dx

(1.1)

N is the particle concentration and dN/dx is the particle concentration gradient at the

collision surface, and D is the diffusion coefficient for a particle of size dp (Equation 1.2).

D =
kbTCc

3πηdp
(1.2)

Equation 1.2 depends on temperature (T), the Cunningham slip correction factor (Cc), the

dynamic gas viscosity (η, Equation A.1), and particle diameter (dp). The Cunningham slip

correction factor, Cc, accounts for small particles ‘slipping’ on a collisional surface (see Equa-

tions A.2 and A.3).16 The effect of slip on collisions decreases as particle size increases. The

gas mean free path of air (λg) is 0.066 µm at 760 Torr and 293 K (Equation A.4).16 Gas

mean free path is only used in the calculations for the Cunningham slip correction factor and

the analytical solution derived for the polydisperse particle coagulation coefficient, described

later in this section (Equation 1.21).

The rate of collisions (dn/dt) of surrounding particles on the selected particle surface

is defined as the product of the surface area (As) and flux (J) (Equation 1.3). Particles of

diameter, dp, have a collisional surface area equal to the surface area of a sphere with a
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diameter of 2dp.
dn
dt

= As J = −π(2dp)
2D

dN
dx

(1.3)

Fuchs provided the solution for the concentration gradient at the collision surface for particles

with a diameter larger than the particle mean free path (Equation 1.4).21 The mean free

path of a particle (λp), defined as the average distance the center of a particle travels before

it completely changes direction, is the product of the particle relaxation time and the mean

thermal velocity of the particle (Equation 1.5).

dN
dx

= −2N
dp

for dp > λp (1.4)

λp = τc = τ
( 48kbT
π2ρpd3

p

)1/2
(1.5)

Particle relaxation time (τ) is the amount of time required for a particle to ‘relax’ to a new

velocity under a new force. Relaxation time depends on the particle density (ρp), particle

diameter (dp), the Cunningham slip correction factor (Cc), and the dynamic gas viscosity

(η).

τ =
ρpd2

pCc

18η
(1.6)

Substitution of Equation 1.4 into Equation 1.3 results in the rate of collisions of sur-

rounding particles with a selected particle (dn/dt, Equation 1.7).

dn
dt

= 8πdpDN (1.7)

The rate of collisions per unit volume (dnc/dt) accounts for the number of particles per unit

of volume (N) and incorporated a factor of 1/2 to avoid double counting the collisions.

dnc

dt
=

N
2
(8πdpDN) = 4πdpDN2 (1.8)
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The change in particle concentration over time (dN/dt) is equal but opposite to the rate of

collisions per unit volume under the assumption that every collision results in the adherence

of two particles. The constants in Equation 1.9 are combined to generate the coagulation co-

efficient for a monodisperse distribution (Ko). I defined a scalar, γ, that represents a sticking

coefficient of each collision, or the probability that the collisions results in particle coagula-

tion. The following integration of Equation 1.9 yields the an analytical solution to predict

the change in number concentration over time for an initially monodisperse suspension. The

following derivation expands the definition of Ko to apply to any polydisperse aerosol sus-

pension.

dN
dt

= −γ4πdpDN2 = −γKoN2 (1.9)

Ko = 4πdpD =
4kbTCc

3η
(1.10)

Under the assumption that the particle diameter is larger than the particle mean free path

(dp > λp), Equation 1.4 does not accurately describe the concentration gradient within one

particle mean free path of the particle surface when the particle diameter approaches 0.4

µm. Therefore, Fuchs provided values for a correction factor, β, to adjust the coagulation

coefficient (Ko) as particle size decreases.21 For example, the correction factor for particles

with a diameter of 0.1 and 0.4 µm is 0.82 and 0.95, respectively (see Figure A.1).

K = Koβ (1.11)

Equation 1.9 is rearranged so like variables are together then integrated over some interval

of time (0 → t), which results in an analytical solution to predict particle concentration after

some amount of time (t). No is the initial particle concentration and N(t) is the particle

concentration after some interval of time. The solution, conveniently, is an equation of a
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straight line. Kim et al. determined K from the slope of experimental data according to

Equation 1.13, a technique that is explored further in Chapter 3.22 Figure 1.2 shows a

representative plot for determining the coagulation coefficient from the slope of a straight

line for various particle sizes.
N(t)∫

No

dN
N2

=

t∫
0

−γKdt (1.12)

1

N(t)
− 1

No
= γKt (1.13)

Figure 1.2: Calculated plot of Equation 1.13 for various initial sizes of monodisperse parti-
cles. The inset provides the size-corrected coagulation coefficient for each size. The initial
concentration (No) is 105/cm3 for each size.

Rearranging Equation 1.13 yields the function for particle concentration over time due

to coagulation. Equation 1.14, along with an experimental γK, can be used to model the

number suspension efficiency in a chamber over time. Chapter 3 describes the application

of Equations 1.13 and 1.14 to data collected with the ACSI, which includes plots similar to

Figure 1.2 and 1.3.
N(t)
No

=
1

1 + NoγKt
(1.14)
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Figure 1.3: Calculated change in particle number concentration for monodisperse, 0.1 µm,
standard particles at various initial concentrations over 8 hours.

Particle number concentration decreases with each collision, assuming each collision re-

sults in two particles adhering to one another (Equation 1.9). As stated before, the total

particle mass and volume concentrations remain constant. Therefore, the mass or volume

concentration can be used to predict the average diameter of the coagulated particles (Equa-

tion 1.15).

Cm = No
π

6
ρpd3

o = N(t)
π

6
ρpd(t)3 (1.15)

The diameter of the coagulated particles can be calculated at any time (t) using Equation

1.17 for an initially monodisperse particle suspension under the assumption there is no loss

in total particle mass during coagulation. Figure 1.4 shows the increase in particle diameter

due to coagulation over time according to Equation 1.17 for monodisperse 0.1 µm particles.

d(t)
do

=
[ No

N(t)

]1/3
(1.16)

d(t) = do(1 + NoγKt)1/3 (1.17)
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Figure 1.4: Calculated change in diameter for 0.1 µm monodisperse suspensions over time at
various initial particle concentrations.

In a non-ideal system, particles suspensions are never perfectly monodisperse. Polydis-

perse distributions are suspensions with a wide range of particle sizes, usually described

mathematically using Equation 1.18.

N(dp) =
No√
2π

1

ln (σg)

1

dp
exp

[
−
(ln dp − ln CMD)2

2(lnσg)2

]
(1.18)

The number of particles of some size (N(dp)) depends on the total initial concentration (No),

the count median diameter (CMD), and the geometric standard deviation of the distribution

(σg). In experimental settings, monodisperse particle suspensions are defined as a distribution

with a geometric standard deviation (σg) less than 1.2.16

The coagulation coefficient for a polydisperse suspension can be calculated using the

CMD as the dp in Equation 1.10. If the number concentration decreases less than 8-fold

over time, the coagulation coefficient calculated using the CMD will predict the change of a

polydisperse particle concentration within 30%.16

A more accurate derivation for K within a polydisperse suspension begins with calculat-
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ing the coagulation coefficient between two different sized particles (K1,2, Equation 1.19).

K1,2 = π(d1D1 + d1D2 + d2D2 + d2D1) (1.19)

K1,2 depends on the diameter of each particle, d1 and d2, and the diffusion coefficient for

each particle, D1 and D2. The summation of all coagulation coefficients for every particle

size within a polydisperse distribution results in Equation 1.20, where Ki j is the coagulation

coefficient between particles of ith and jth size, and fi and f j are the fractions of the total

number of particles in the ith and jth intervals, respectively.

K =
k∑

i=1

k∑
j=1

Ki j fi f j (1.20)

If K does not change appreciably over time, the value can be used in Equation 1.14. Lee

and Lee and Chen developed an analytical solution for K for a polydisperse distribution

when CMD > λg (Equation 1.21), which corresponds to fine particles with diameters greater

than ~0.066 µm in 1 atm air.23,24

K =
2kbT
3η

(
1 + exp(ln2 σg) +

2.49λg

CMD [exp(0.5 ln2 σg) + exp(2.5 ln2 σg)]

)
(1.21)

The analytical solution for coagulation of polydisperse suspensions provides the ability

to predict how particle suspensions change over time. For example, a 70 nm monodisperse,

spherical particle suspension in air with a number concentration of 1 × 106/cm3 requires

approximately 0.4 hours for the concentration to decrease by half. After ~2.3 hours, the

particle size doubles (N(t) = 0.125No, dp(t) = 2do). Similarly, a polydisperse suspension in

air with the initial total number concentration of 1 × 106/cm3, geometric standard deviation

of 1.7, and an initial count median diameter of 70 nm requires approximately 0.2 hours for

the total number concentration to decrease by half. Therefore, a polydisperse suspension

coagulates faster than a monodisperse suspension under similar conditions, see Figure 1.5.
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Figure 1.5: Calculated change in number concentration for 70 nm, 1 × 106/cm3 monodisperse
and polydisperse (σg = 1.7) suspensions after 3 hours. The secondary axis represents the
increase in diameter for the monodisperse suspension due to coagulation.

Although Equation 1.21 provides a description for the coagulation of solid, spherical par-

ticles, particle shape and phase affect the rate of coagulation. For example, Zebel reported

that ellipsoid particles enhance the coagulation coefficient (K) by 35% when compared to

spherical particles with the same volume.25 Irregularly shaped particles have a larger colli-

sional cross section than spherical particles. The collisional frequency in a particle suspension

is proportional to the particle collisional surface area (Equation 1.7), which contributes to the

enhanced coagulation coefficient of ellipsoids. As I explore different particle types, shapes and

sizes, the derivation described in this section will provide a starting point for understanding

the aerosol dynamics observed during experiments using the ACSI.

1.2.1.2. Particle Sources and Composition

Aerosols are either emitted directly into the atmosphere (primary) or formed by gas-to-

particle conversion processes and reactions (secondary).13 Primary particles eventually un-

dergo chemical transformations while remaining in the particle phase to become secondary

particles.26 ‘Secondary’ indicates a gas-phase chemical reaction and a change of phase, i.e.

gas-phase to either the liquid or solid-phase. Secondary aerosols consist of organic molecules
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that have undergone chemical reactions resulting in a lower volatility compound before con-

densing or transferring to the particle phase.

Ultrafine particles usually enter the atmosphere as primary particles before secondary

material condenses onto the particle surface.17 Most fine particulate matter contains primary

ultrafine particles that have undergone coagulation and condensation. Larger, coarse-mode

particles are mostly primary particles from mechanical processes such as windblown dust and

sea spray aerosols. Some coarse particles contain secondary material like sulfates or nitrates

on the surface.17

Table 1.1: Estimated total yearly flux (Tg/yr) of particle mass from common sources. Table
adapted from Reference 13.

Source Estimated flux (Tg/yr)
Natural

Primary
Mineral dust, total 149027

0.1–1.0 µm 4827

1.0–2.5 µm 26027

Sea salt 10,10028

Volcanic dust 3029

Secondary
Sulfates from dimethyl sulfide (DMS) 12.430

Sulfates from volcanic SO2 2029

Organic aerosols from biogenic VOC 11.231

Anthropogenic
Primary

Industrial dust 10029

Black carbon 1232

Organic carbon 8132

Secondary
Sulfates from SO2 48.630

Nitrates from NOx 21.333

Particulate matter composition depends on the source. Section 1.2.1 established that

PM2.5 generally contains particles formed via gas-to-particle conversion processes and per-

sists in the atmosphere for the longest amount of time compared to other sizes of particles.

This section focuses on the sources and composition of fine and ultrafine particulate matter.
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Table 1.1 lists the estimated yearly flux (Tg/yr) from common fine and ultrafine particle

sources.13

Mineral or crustal dust is generally released into the atmosphere from wind storms in

arid and semi-arid regions. For example, the Saharan desert alone introduces 250 Tg/yr

of crustal dust into the atmosphere.34 Dust storms affect the immediate area as well as

surrounding regions due to long-range atmospheric particle transport.17,35 Research studies

have shown that enough dust originating from a Saharan dust storm travelled across the

Atlantic ocean to reduce visibility on the eastern coast of Florida and South America.36,37

Asian dust storms also contribute to mineral dust transport across the Pacific ocean. Figure

1.6 is satellite imagery from NASA’s CALIPSO, which illustrates dust transport from the

Saharan desert to South America. Dust particles involved in long-range transport (≥5000

km) consist of metal oxides indicative of the source material and are less than 10 µm in

diameter.17

Figure 1.6: Satellite imagery from NASA’s Goddard Space Flight Center CALIPSO illustrat-
ing dust transport from the Saharan desert to South America. The image is from Reference
37.
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The most abundant metal oxide species in crustal dust include quartz, clay, calcite,

gypsum and iron oxides.17,38 Some secondary material, such as sulfates, nitrates, and or-

ganic molecules, condense on the surface of the mineral dust particles that persist in the

atmosphere.39–45 As mineral dust transmits over remote oceans, up to 70% of particle mass

associated with crustal dust is internally mixed with sea salt aerosols, which results in par-

ticles approximately 1 µm in diameter.46–48 Andreae et al. suggested that cloud processing

and coagulation result in internally mixed particles, including mineral dust particles.48 The

mineral dust average mass concentration ranges from 0.05 to 0.5 µg/m3, however, the mass

concentration is occasionally higher and comparable to the average sea salt aerosol concen-

tration during major continental dust events.46,47,49,50

Sea salt, also referred to as sea spray or marine aerosols, have the highest yearly flux

into the atmosphere, over 10,000 Tg/yr13,28 and typical number concentrations around 100–

300/cm3.17,46,51 Each size mode defined in Section 1.2.1 is present in marine aerosols and are

generated by different processes.46 Agitation on the ocean surface due to wind and waves

create bubbles that burst and evaporate to form the larger, coarse marine aerosols.46,52

Larger marine particles consist mostly of NaCl and other natural substances found in the

ocean.46,52,53 Coarse mode sea salt aerosols represent ~95% of the total mass concentration

but less than 10% of the total number concentration.

Fine and ultrafine marine aerosols amount to approximately 95% of the total number

concentration and contain non-sea-salt sulfate (nss-sulfate) and sea salt.46 Gas-to-particle

conversion of sulfates in clouds form nss-sulfate ultrafine aerosols (<0.25 µm) found over

the oceans.46,54,55 Marine aerosols larger than ~0.3 µm mainly consist of sea salt similar

to NaCl.46,55 The concentration of nss-sulfate particles near coasts is nearly an order of

magnitude higher than that over remote areas of the Pacific ocean.46,56 Fitzgerald speculated

that nss-sulfate particles found over remote oceans are the result of long-range transport from

continental sources with small amounts of in situ formation over the ocean.46

Fine particles found over the ocean larger than 0.35 µm in diameter are more likely to
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contain nitrate salts than nss-sulfate salts.46,57–59 Remote regions of the ocean have 90% less

nitrate-containing particles than coastal regions.46,59 For example, 30–50% of the particles

collected in the equatorial region of the Pacific ocean contained nitrate salts, whereas <5%

of particles over latitude 60°S had nitrate present. The 60°S is unique because there is no

land mass at this latitude, resulting in the most remote regions of the ocean. The higher

concentration at equatorial regions indicate biogenically produced organic nitrogen from the

ocean near land masses may be an important source for nitrate-containing particles.46,59,60

Parungo et al. also reported that atmospheric NOx (oxides of nitrogen) from the strato-

sphere or upper tropospheric lightning were not sufficient sources for the amount of nitrate

salt found in marine aerosols.59 Size differences between nss-sulfate particles and nitrate par-

ticles indicate the nitrate aerosols are not formed by homogeneous nucleation gas-to-particle

conversion processes.46 Instead, atmospheric NO2 selectively dissolves into larger, more basic

sea salt aerosols that persist in the atmosphere.59 Common atmospheric gases, such as SO2

and NO2, will be discussed further in Section 1.2.2. Higher concentrations of nss-sulfate and

nitrate particles near continental regions indicate anthropogenic sources of inorganic partic-

ulate matter affect the atmosphere on a global scale. Sulfate-containing particles contribute

to heterogeneous chemistry explored in Chapter 4. See Section 1.2.3 for more information

on atmospheric heterogeneous reactions.

Urban areas introduce over 100 Tg of anthropogenic aerosol material every year into

the atmosphere.13,29 Average mass concentration of urban aerosols (UA) ranges from 30-

50 µg/m3.17 The main sources of UA include industrial processes, power generation, and

transportation.14,17 Particle concentrations near major roadways are 10–20% higher than

the average urban aerosol concentrations. Transportation introduces particles via tire and

brake wear, resuspension of various particles on the roadways from vehicle traffic,61 and

primary particles from combustion processes.17 Coarse mode UA primarily consists of soil

dust, sea salt, and brake and tire wear particles. Most UA, however, are Aitken mode particles,

less than 0.1 µm in diameter. Accumulation mode particles form either from coagulation of
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the Aitken mode, directly from combustion, or from gas-to-particle conversion processes

involving sulfates, nitrates, elemental carbon, and organic carbon. Gases present in urban

environments condense onto the larger, accumulation mode particles. Urban aerosols continue

to age through vapor condensation and cloud processing as the particles transport to rural

areas. Heintzenberg reported that the average concentration of fine particles in rural areas

is only a factor of two lower than in urban areas.14 However, the amount of highly oxidized

organic material on the UA increases as the aerosols transport through the atmosphere to

the rural and remote areas.62 The ACSI set-up has the capability to analyze the individual

effects of specific gases and model atmospheres on the lifetime of urban aerosols.

Carbonaceous particulate matter found in both anthropogenic and natural aerosols is

characterized into two main categories: elemental carbon (EC) and organic carbon (OC).26

EC exhibits molecular properties similar to graphite and OC encompasses hundreds of

volatile organic compounds (VOCs) that include atoms other than carbon, such as hydro-

gen, oxygen, and nitrogen, and eventually partition onto particles.62–65 Present research is

focused on not just EC and OC found in particulate matter but the sources and formation

pathways for the highly oxidized carbonaceous material found in SOA (secondary organic

aerosols). Organic carbon (OC) can be either directly emitted as volatile organic compounds

or evaporate off of primary organic aerosols such as diesel particulate matter,62,64 which even-

tually oxidize and condense on pre-existing particles. Ambient VOCs consist of a complex

mixture of organic compounds with up to 30+ carbons, including but not limited to n-

alkanes, n-alkanoic acids, n-alkanals, aromatic and aliphatic polycarboxylic acids, polycyclic

aromatic hydrocarbons, ketones, quinones, and N-containing compounds.26,64,66–71 Accord-

ing to Robinson et al., less than 10% of the organics present in particulate matter and

in the gas phase has been characterized in current atmospheric models.64 The oxidation

and condensation of gases evaporated off of primary particles or emitted directly into the

atmosphere contributes up to 20–90% of the organic material in PM2.5.62 In urban areas, or-

ganic aerosol (OA) concentrations reach 10-80 µg/m3, especially in heavily trafficked regions
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like Beijing, China.62,64 Aerosol science currently has a disconnect between results found

from atmospheric monitoring studies and laboratory research on the origin of the organic

fraction found on secondary aerosols. The ACSI provides the opportunity to explore and

monitor the process of low- and semi-volatile organic molecules partitioning off of primary

organic aerosols like diesel particulate matter, oxidizing in a model atmosphere, and then

re-condensing onto the remaining aerosols.

Other gases, such as sulfur and nitrogen-containing gases, contribute to secondary inor-

ganic aerosols. Sulfur- and nitrogen-containing molecules oxidize in the atmosphere to pro-

duce sulfates and nitrates, which form water-soluble inorganic particulate matter. Secondary

inorganic matter either forms new particles or adsorbs to existing particulate matter, which

increases the hygroscopicity of the water-insoluble particles like mineral dust.72 The hygro-

scopicity of a particle, defined as the ability to adsorb or release water vapor, is directly re-

lated to the particle composition. Composition determines the effectiveness for conventional

removal pathways, such as cloud processing. For example, the hygroscopicity of insoluble,

fine mineral dust increases as sulfates and nitrates adsorb onto the surface, enhancing the

ability for cloud droplets to scavenge and remove dust particles from the atmosphere.72

Natural sources introduce approximately 32.4 Tg of sulfur per year from dimethyl sul-

fide (DMS) and volcanic SO2 that eventually form secondary sulfate aerosols.13,29,30 An-

thropogenic sources of sulfates and nitrates contribute 48.6 Tg(S) and 21.3 Tg(N) per year,

respectively.13,30,33 Section 1.2.2 provides detail about common atmospheric gas sources and

related gas-phase chemical reactions. Secondary inorganic salt ions exist in most types and

sizes of particles, especially near continental and urban areas.14,39,40,46,48–51,60 Wall et al.

found that ammonium, sulfate and nitrate ions have the largest concentrations in fine par-

ticles, between 0.3–1.2 µm in diameter, see Figure 1.7 for the size distribution of inorganic

ions in particles.38 The ammonium concentration in accumulation mode particles is high

enough to chemically neutralize sulfuric acid and nitric acid.73 Ultrafine particles do not

contain enough ammonium to chemically neutralize the inorganic acids, which implies the
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acidic sulfates are not fully available for neutralization potentially due to an organic coating

around a sulfate core. Since fine inorganic salt particles also potentially act as a catalyst

for heterogeneous chemistry involving VOCs,74 I chose to explore the aerosol dynamics and

heterogeneous chemistry of ammonium sulfate for the initial experiments using the ACSI.

Figure 1.7: Size distribution of common inorganic salt ions. This figure adapted from Refer-
ence 38.

1.2.2. Atmospheric Gases

All types of particles, from nss-sulfate particles to urban and carbonaceous aerosols,

interact with gases, vapors and other particles until removed from the atmosphere via depo-

sition. The most abundant atmospheric gases are inert, such as molecular nitrogen. Reactive

gases are generally present in trace quantities but have significant effects on particle compo-

sition through heterogeneous reactions and vapor condensation. Gases emitted directly from

anthropogenic and natural sources undergo aging processes as well, which usually involves

gas-phase oxidation. Aged gases either continue to react in the gas-phase or partition into

the particle phase. This section details important reactions involving the most prominent

gases in the atmosphere.
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The most reactive gases in the atmosphere are oxidants, such as ozone, oxygen, and

the hydroxyl radical. Ozone (O3) exists throughout the troposphere (altitudes <10 km) and

the stratosphere (altitudes 10–50 km) at various concentrations.13 The stratosphere con-

tains approximately 90% of the naturally occurring ozone between 20 and 30 km above the

Earth’s surface, also known as the ozone layer. Stratospheric ozone, referred to as ‘good’

ozone, absorbs UV radiation from the sun, protecting organisms from dangerous high en-

ergy light. Tropospheric ‘bad’ ozone, however, is harmful to humans and other organisms

and contributes to urban particulate matter pollution through gas-phase oxidation reactions.

Tropospheric O3 concentrations have increased by 1.48%/yr between 1979 and 1992 in the

Pacific S. America region.75 Although ozone participates in oxidation reactions, ozone pro-

duces an even stronger oxidant, the hydroxyl radical, upon photolysis and reaction with

water vapor.76,77

Tropical areas with high humidity produce the most hydroxyl radicals.78 The hydroxyl

radical production reaction is the only known gas-phase reaction that breaks the O–H bonds

in water and is the only appreciable source for the radical in the atmosphere. Hydroxyl

radicals react with virtually all atmospheric trace gases, including VOCs, sulfur-containing

molecules, and nitrogen-containing molecules.

Volatile organic compounds (VOCs) released from both anthropogenic and natural

sources oxidize in the atmosphere, which results in hundreds of different molecules that

affect air quality and interact with particulate matter.13 Alkanes and alkenes are the two

most common types of atmospheric VOCs. Alkanes, fully saturated alkyl chains, undergo

hydrogen abstraction by oxidants, such as the hydroxyl and nitrate radicals.78

Once an alkane reacts with a hydroxyl or nitrate radical, the molecule continues to oxi-

dize to form a short chain carbonyl, such as formaldehyde (HCHO), or carbon dioxide (CO2).

Larger alkanes produce longer chain aldehydes that react or condense onto particulate mat-

ter. The simplest hydrocarbon, methane (CH4), is the most abundant VOC and almost 600

Tg(C) of methane are emitted every year.13 Twenty-two Tg(C)/yr are not readily removed
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through sinks, resulting in an accumulation of methane in the atmosphere. The average

concentration of methane has increased by a factor of two in the last 100 years.79 Methane

accumulated in the atmosphere eventually reacts with hydroxyl radicals to form formalde-

hyde. Formaldehyde, a known carcinogen,13 remains in the atmosphere for approximately 3.5

hours. Hydroxyl radicals only abstract hydrogen atoms from VOCs with nonreactive single

carbon-carbon bonds.

Instead of hydrogen abstraction, hydroxyl radicals add to the more reactive double bonds

in unsaturated VOCs with alkene functional groups. Unsaturated alkenes account for approxi-

mately 10% of the nonmethane organic compounds in urban areas.78,80,81 Most natural VOCs

contain at least one double bond and originate from plants and organisms. Natural alkene

concentrations depend strongly on the source organism and the time of year. The addition of

the hydroxyl radical to double bonds permits the formation of aldehydes and could initiate

isomerization between multiple VOCs to produce higher molecular weight, lower volatility,

organic molecules. The increase in reactivity from double bonds drastically decreases the

atmospheric lifetime of alkenes. The reactions mentioned in this section are only a few of the

potential pathways for VOC oxidation and aging. Hundreds of different oxidized VOCs are

produced from the aging process.26 Aged, oxidized molecules are more likely to react with

aerosols or partition onto the particle phase, forming secondary organic aerosol material.26,82

The ACSI will elucidate how individual aged VOCs affect aerosol dynamics as the molecules

react with and condense onto particles in model atmospheres.

Nitrogen-containing gases, including ammonia, alkyl amines and nitrogen oxides (NOx),

are another type of volatile compound present in the atmosphere. Approximately 57.6 Tg

of nitrogen from ammonia are emitted each year.13,83 Agriculture involving domesticated

animals, fertilizers, and crops is the main source of ammonia, which accounts for an average

of 37.4 Tg(N) per year.1,13,84 Natural sources of nitrogen-containing VOCs include the ocean,

undisturbed soils, wild animals and biomass burning. Amines remain in the atmosphere for an

average of 10 days and are removed via adsorption to surfaces, such as water, soil and aerosols.
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Concentrations are higher over source-rich regions and range from 0.1–10 ppb. Ammonia

and alkyl amines are the most significant basic gases in the atmosphere. Dimethylamine,

specifically, is the most abundant aliphatic amine found in ambient particulate matter,85,86

in the gas-phase,87 in fog water,88 and in cloud water.86 Youn et al. found that dimethylamine

participates in new particle formation events because the aliphatic amine is less volatile and

more basic than ammonia.86 The lower volatile dimethylamine is basic enough to react with

ammonium sulfate aerosols and displace ammonia, which partitions back into the gas-phase.

Nitrate and sulfate salts are the most common secondary inorganic ions found in particles

along with ammonium ions. Chapter 3 and Chapter 4 describes the aerosol dynamics and

heterogeneous chemistry involving nitrogen-containing particles and gases.

Nitrates form in the atmosphere as NOx molecules oxidize. NOx is defined as nitrogen

oxides including NO and NO2. High temperature combustion of molecular nitrogen produces

NOx. Internal combustion engines used to emit much more NOx before catalysts were added

to the exhaust system in order to reduce the nitrogen oxides back to molecular nitrogen.

For example, Houghton et al. reported 51.9 Tg(N) of NOx is released each year, and fossil

fuel combustion alone contributed 33 Tg(N).79 NOx concentrations range from 10–1000 ppb

in polluted urban and suburban areas and less in rural and remote areas.89 Previously

mentioned oxidants, such as ozone or the hydroxyl radical, continue to oxidize nitrogen

oxides until nitric acid (HNO3) is formed. Nitrogen oxides and nitric acid adsorb onto existing

aerosols, which affect the chemical and physical properties of the particle.72,90–92 More of

the common heterogeneous reactions occurring between atmospheric gases and particles will

be explored in Section 1.2.3.

Similar to NOx, sulfur dioxide (SO2) leads to the formation of inorganic, water soluble,

sulfate-containing aerosols. Oxidation reactions involving SO2 and dimethyl sulfide (DMS)

in clouds are the main sources of atmospheric sulfate. Approximately 98–120 Tg(S) of sulfur-

containing VOCs are emitted per year from anthropogenic and natural sources, not including

sea salt emissions.13,93,94 Anthropogenic sources account for 75% of the total atmospheric
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sulfur and 90% of the sulfur in the Northern Hemisphere.13,94 The oxidation state of sulfur

containing compounds dictates how readily the compound will react with hydroxyl radicals

and other atmospheric oxidants. Sulfur oxidation states range from the most reduced, -2, to

the most oxidized, +6.13 Table 1.2 lists the most abundant sulfur-containing compounds with

the respective sulfur oxidation states, yearly emissions, atmospheric lifetimes, and common

phase state. As sulfur compounds oxidize, the molecules partition to the particle phase,

forming aerosols like ammonium sulfate.13 Gas-to-particle conversion processes involving

sulfates generate ultrafine and fine particulate matter.46 Most of the fine particulate matter

contains non-sea-salt sulfate and represents approximately 95% of the total particle number

concentration in the atmosphere.

Table 1.2: Common sulfur-containing compounds in the atmosphere and the total yearly flux
(i.e. from fossil fuels, oceans, etc.), sulfur oxidation state, average atmospheric lifetime, and
usual phase state found in the atmosphere.13,94

Compound
Total Yearly

Emissions
(Tg(S))

Oxidation
state

Atmospheric
Lifetime

Usual
Atmospheric
Phase State

Dimethyl sulfide
(DMS, CH3SCH3) 17–27 −2 0.5 days gas

Sulfur dioxide
(SO2) 79–80 +4 2 days gas

Sulfate ion
(SO4

2– ) 6–10 +6 5 days aqueous, aerosol

Most gases emitted into the atmosphere react with oxidants such as the hydroxyl rad-

ical, and eventually interact with existing particles. Particles participate in heterogeneous

reactions in a variety of ways including organic reaction catalysis,74 reactive molecule re-

moval processes,95–98 secondary organic matter accumulation on existing aerosols,72,90 and

the release of gases back into the gas-phase.1,99,100 The ACSI is capable of being modified to

accommodate oxidative model atmospheres. The initial experiments described in Chapter 4

demonstrate the ability of the ACSI to monitor heterogeneous reactions between nitrogen-
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containing gases and inorganic salt particles.

1.2.3. Heterogeneous Reactions in the Atmosphere

Fine particles (PM2.5) persist for days to weeks in the atmosphere, as explained in Sec-

tion 1.2.1. Longer suspension durations allow for heterogeneous reactions, vapor condensation

onto the particle surface, and cloud process, all of which alter the surface and potentially the

aerosol bulk properties as well. The term “aerosol aging” encompasses all types of reactions

and changes a particle sustains while suspended in the atmosphere. Changes in aerosol com-

position alter how a particle interacts with the surrounding environment. For example, Kelly

et al. reported that soluble nitrates and sulfates adsorbed to existing particles increases the

ability of the particle to adsorb water, effectively increasing the likelihood that the parti-

cle will participate in cloud processing.72 In other instances, heterogeneous reactions result

in dissolved gases or particle-phase molecules to partition back into the gas-phase.99 Previ-

ous experiments exploring atmospherically-relevant heterogeneous reactions involve highly

controlled, short duration, gas-phase experiments,10 reactions occurring in solution,74 or re-

actions on a fixed particle bed.90,101,102 The ACSI was created to monitor gas-phase changes

due to reactions between stable fine particle suspensions and pollutant gases. Chapter 4

provides more detail on the initial heterogeneous reactions studied using the new instrumen-

tation and experimental approach.

Metal oxides represent components of crustal dust originating from arid and semi-arid

regions and react with existing gases. For example, nitric acid irreversibly and dissociatively

adsorbs to most metal oxides.90 When Goodman et al. increased the relative humidity within

the experimental chamber, the nitric acid reacted faster with metal oxides, like alumina and

calcium oxide.90 Furthermore, a layer of nitric acid solution formed and remained on the

surface of alumina, while nitric acid reacted throughout the bulk of calcium oxide under high

humidity.90,91 Similar to nitric acid, nitrates also adsorb to mineral oxide surfaces.92 Fairlie

et al. found that particulate nitrate is associated with mineral dust while particulate sulfate

is more commonly associated with ammonium ions.92 Nitrate adsorption onto mineral dust
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potentially acts as an atmospheric sink for NOx and increase the cloud processing potential

of insoluble, metal oxide particles.72,95–97

Metal oxides found in mineral dust also react with volatile organic compounds in the at-

mosphere. For example, several research groups found that isopropanol reacts on metal oxide

simulants that mimic natural mineral dust.103–105 Romanías et al. performed a similar exper-

iment and reported adsorbed isopropanol photochemically reacted with natural Gobi desert

dust.98 Competition for similar adsorption sites between isopropanol and water resulted in a

decrease in isopropanol uptake as humidity increased. Once the adsorbed isopropanol reached

a steady-state concentration, the exposed Gobi dust sample was irradiated with UV light

and a mass spectrometer detected gas-phase products that included: acetone, formaldehyde,

and acetic acid. Other produces bound to the surface were analyzed via liquid chromatogra-

phy and included: hydroxyacetone, formaldehyde, acetaldehyde, acetone and methylglyoxal.

The reaction occurred under both dry and humid conditions. Romanías et al. predicted that

Gobi dust can potentially deplete up to 38% of the isopropanol in dust storm conditions and

then go on to form oxidized VOCs as the particles transport to regions with >50% RH.98

Majority of the experiments involving metal oxides or mineral dusts utilize non-atmospheric

reaction conditions, such as a fixed particle bed or a flow tube reactor. The ACSI is set up

to detect the gas-phase products from similar reactions on particles suspended in a model

atmosphere in situ. Future researchers can easily add a light source to the ACSI to explore

photochemical heterogeneous reactions.

Inorganic, soluble salts catalyze organic reactions, such as aldol condensation reactions,

that are commonly known to require strong acid or base catalysts to yield appreciable

amounts of products.74 Established in Sections 1.2.1 and 1.2.1.2, inorganic salts, such as

ammonium sulfate or ammonium carbonate, are generally found in fine particulate matter

and persist in the atmosphere for an average of 4–5 days. Glyoxal aldol condensation re-

action products are known to exist in the atmosphere and Nozière et al. suggested that

the ammonium and carbonate ions in aerosols catalyze the reaction.74 Acetaldehyde and
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acetone formed aldol condensation products in an ammonium carbonate solution, similar

to the aldol condensation reaction catalyzed by concentrated sulfuric acid.74 Over 95% of

the acetaldehyde converted into the olefinic aldol products in a solution containing ammo-

nium ions. Aldol condensation reactions produce linear, conjugated, carbonyl compounds

that remain on the particle rather than partitioning back into the gas-phase, which could

lead to an increase in secondary organic material on aerosols. Though inorganic salt aerosols

act as catalysts in organic reactions, the ions also contribute to acid-base reactions in the

atmosphere.

Atmospheric acid-base reactions generally involve sulfuric acid and some type of basic

amine or ammonia. Most commonly, ammonia gas neutralizes sulfuric acid to form ammo-

nium sulfate salt. Other types of alkyl amines, such as monomethyl or dimethyl amine, also

participate in acid-base reactions. Tao et al. detected alkyl aminium salts in Aitken and

accumulation mode atmospheric particles as a result of alkyl amine gases participating in

chemical neutralization reactions.1 Another study collected particle samples and reported

that particles containing dimethylamine had a peak mass concentration between 0.18 and

0.56 µm, which is an identical peak mass concentration to particles containing ammonium

and sulfate ions.86 Similarly, nitrate-containing particles exhibited a peak mass concentration

larger than sulfates. The peak mass concentration trends of particles containing aminium,

sulfate, and nitrate ions indicate that basic amines preferentially neutralize sulfates over

nitrates.

Alkyl amines involved in atmospheric, heterogeneous acid-base reactions are stronger

bases compared to ammonia. The alkyl amines react readily with sulfuric acid to form

aminium sulfate particles during new particle formation events.1,106,107 You et al. compared

the ratios of the recorded gas-phase concentration of ammonia and a short chain amine

to the corresponding particle ammonium and aminium concentrations.106 Over half of the

ammonia molecules remained in the gas-phase while only 0.8–1.2% of the short chain alkyl

amines remained in gas-phase when compared to the corresponding ion concentration in
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the collected particles. Since alkyl amines are stronger bases than ammonia, alkyl amines

also react with existing ammonium sulfate particles, causing ammonia to partition back into

the gas-phase.99,100 Basic alkyl amines that react with acidic particles108,109 and oxidants

such as ozone, hydroxyl radicals and nitrate radicals110 could contribute to higher secondary

organic material incorporated into inorganic salt particles.86 The ACSI was designed to

elucidate the effect reactive gases have on the atmospheric lifetimes and aging processes of

atmospherically-relevant particles.

To summarize, different types of particles participate in reactions involving pollutant

gases. For example, nitrates affect the hygroscopicity of metal oxides,72 inorganic salt parti-

cles catalyze organic reactions,74 and acid-base reactions cause gases to partition back into

the gas-phase.99,100 Fine particles also experience many different types of environments due

to long-range transport and extended atmospheric lifetimes. The new ASCI will provide in-

sight into the effect of particle phase, particle composition, and heterogeneous chemistry on

aerosol coagulation dynamics. Fundamental information of gas-particle interactions discov-

ered with ASCI will contribute to existing atmospheric and computational models.

1.3. Instrument Design and Overview

After identifying remaining key scientific questions and current experimental limitations

for laboratory-based research studies, I compiled a detailed list of design criteria (Table 2.1)

that influenced the final design of the Atmospheric Cloud Simulation Instrument. The two

main demands for studying atmospheric aerosols in a laboratory include:

1. A technique for suspending the fine particulate matter for long durations to

simulate transport, aging, and fate of atmospheric particles.

2. A method for monitoring the gas-phase composition within the reaction cham-

ber during controlled particle aging processes.

My design approach incorporated a rotating main chamber to maintain a stable parti-

cle suspension with cavity ring-down spectroscopy to monitor the gas-phase. Employing a
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rotating cylindrical main chamber increases the drag force, which negates the gravitational

force acting on the suspended particles, thus increasing the effective particle suspension

duration.111–114 Mid-infrared cavity ring-down spectroscopy (CRDS) interrogates the gas

composition within the chamber. CRDS, a multi-pass spectroscopic technique, allows for

effective sample path lengths up to 1000 meters.115 This technique is commonly used in

gas-phase infrared spectroscopy.115–118 The CRDS incorporated into the ACSI employs a

mid-infrared spectral window (860–1010 cm-1) to decrease interference from PM2.5 within

the chamber and to detect unique spectral features from most VOCs of interest. The parti-

cle suspension characteristics in a rotating chamber and cavity ring-down spectroscopy are

described in more detail in Chapter 2. Figure 1.8 shows an assembly drawing of the ACSI

main chamber. Other design elements will be discussed in more detail in Chapter 2.

Figure 1.8: Assembly drawing of the Atmospheric Cloud Simulation Instrument. The height
of the stand was determined to match the height of the cavity ring-down spectrometer optics
table (not shown here). Leveling feet were used to reduce vibrations, align the CRDS, and
raise the stand so it did not rest on the castor wheels. The motor, belt, gas lines and gas-
handling manifold omitted for clarity.
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1.4. Summary and Overview of Thesis

Atmospheric heterogeneous chemistry research requires precise control over the gas and

aerosol composition in model atmospheres. I addressed these issues by designing and testing

a novel system with a rotating main chamber, which provided the capability to suspend any

type of particle or aerosol desired, whether it is a liquid droplet, dry metal oxide, atomized

salt particle or even secondary organic aerosol.111–113 I incorporated humidity control into

the design of the ACSI as well as the capability to control the gas environment within the

chamber to mimic most atmospheric conditions. The instrument design affords the possibility

to modify the chamber to accommodate future atmospheric aerosol research. The following

chapters describe the design process, benchmark testing, and the first heterogeneous chem-

istry system explored using the Atmospheric Cloud Simulation Instrument.
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Experimental Approach for Aerosol Studies

2.1. Introduction

The atmosphere contains a complex mixture of particulate matter and gases. Gases inter-

acting and reacting with particulate matter alter the surface and bulk particle composition

over the course of the particle atmospheric lifetime. In order to understand the heterogeneous

reactions occurring in the environment, I needed to develop a strategy to mimic typical at-

mospheric conditions. The experimental approach needed to be able suspend particles on

atmospherically-relevant time scales depending on particle size. For example, larger, coarse

particles (dp > 2.5 µm) generally deposit within a few hours after emission12 while fine par-

ticulate matter (PM2.5, 0.1 < dp < 2.5 µm) remains in the atmosphere for days to weeks,13

as explained in Section 1.2.1.

Fine particles encounter many different atmospheric compositions ranging from dry, un-

polluted, remote deserts to humid, coastal cities during long-range transport and extended

atmospheric lifetimes compared to other sized particles. Model atmospheres in the ACSI

need to be able to contain various volatile organic compounds (VOCs), like amines, that

simulate pollutants and age or alter fine particulate matter suspensions. A decrease in the

initial analyte pollutant gas concentration, a chemical change of the analyte induced by inter-

actions with the particulate matter, or even the evolution of a different gas altogether from

the particle surface constitute the potential gas composition changes due to heterogeneous

reactions.74,98,99 The instrument needed to be able to the track gas-phase composition in

situ and as well as any changes in particle size distributions over the course of an experiment.

Previous research studies employed other techniques for exploring atmospheric reactions,

which included short duration, gas-phase experiments,10 solution-based reactions,74 or re-

actions on a fixed particle bed.90,101,102 Our goal was to develop an instrument and ex-
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perimental approach to bridge the gap between direct environmental monitoring research

and previous fundamental studies conducted under non-atmospheric conditions. The new

Atmospheric Cloud Simulation Instrument (ACSI) utilizes cavity ring-down spectroscopy to

monitor gas-phase composition and a rotating main chamber to establish stable fine particle

suspensions.

The unique rotating chamber feature provides the capability to suspend and investigate

interesting chemistry for any type of particle or aerosol desired, whether it is a liquid or oil

droplet, dry metal oxide, atomized salt particle or secondary organic aerosol.111–113 Cavity

ring-down spectroscopy is a highly sensitive spectroscopic technique incorporated into the

central axis of the rotating chamber that allows for the detection of trace gas concentrations

nearing the parts per billion (ppb) level. I also included humidity control into the ACSI

design as well as the capability to control the gas environment within the chamber to mimic

most atmospheric conditions. In addition to current experimental requirements, the instru-

ment design affords the possibility to modify the chamber for future atmospheric aerosol

research projects. The following sections describe the design considerations, computational

model, benchmark testing, and the first heterogeneous chemistry systems explored using the

Atmospheric Cloud Simulation Instrument.

2.2. Design Criteria

Atmospheric heterogeneous chemistry research requires precise control of various exper-

imental parameters such as humidity, gas composition, aerosol material, etc. The ACSI was

specifically designed to simulate atmospheric conditions by creating a stable particle suspen-

sion utilizing a rotating cylindrical chamber while exploring the changes in gas and aerosol

composition during the aging process with cavity ring-down spectroscopy. Longer suspension

durations allow for heterogeneous reactions or vapor condensation to occur, which alter the

surface and potentially the aerosol bulk material as well. Experimental criteria and the cor-

responding design solutions, listed in Table 2.1, enable complete experimental control as well
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as adaptability for future research requirements. Figure 2.1 revisited is the general assembly

drawing for the chamber design after all of the criteria listed in Table 2.1 were addressed.

Future experiments using the ACSI will provide insight into changes in aerosol dynamics

from heterogeneous reactions help understand our complex atmosphere.

Table 2.1: List of experimental criteria necessary for heterogeneous aerosol chemistry studies
and the respective design approach for the ACSI.

Experiment Criteria Design Approach

Long term particle suspension durations Rotating Chamber

Monitor gas phase species Cavity ring-down spectroscopy

Analyte introduction and minimal particle
interaction with spectroscopic mirrors 6 in diameter stationary tube extensions

Aerosol introduction directly into the
chamber Unique aerosol pathway and ports

Ability to alter and continuously monitor
chamber humidity

MFC-controlled humidity introduction
and relative humidity and temperature

probe

Adaptable to future research requirements
such as photochemistry or particle collection 8 modifiable ports on the main chamber

2.2.1. Particle Suspension

Natural and anthropogenic aerosols persist in the atmosphere for different lengths of time

depending on particle size and composition. Fine particulate matter (PM2.5) remain in the

atmosphere for up to weeks and consist of mineral dust, sea-spray aerosols, secondary inor-

ganic salts, etc. See Section 1.2.1.2 for more information on the composition and lifetimes of

atmospheric particulate matter. Particles can travel over thousands of kilometers17,35,36 and

experience a variety of different types of environments, such as various humidities, higher con-

centration of pollutants and other pre-existing particles. For example, wind storms in Africa

introduce mineral dust particles into the atmosphere that transport through regions of low

humidity (<30% RH), high humidity (>70% RH), high concentrations of sea-spray aerosols,

and eventually urban environments over Florida.36 Aerosol aging processes, including coag-
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Figure 2.1: Assembly drawing of the Atmospheric Cloud Simulation Instrument. The height
of the stand was determined to match the height of the cavity ring-down spectrometer optics
table (not shown here). Leveling feet were used to reduce vibrations, align the CRDS, and
raise the stand so it did not rest on the castor wheels. The motor, belt, gas lines and the
gas-handling manifold omitted for clarity.

ulation, vapor condensation, and cloud processing, alter particle size and composition. In

order to understand how these environments and aerosol aging processes affect atmospheric

aerosol lifetime, I developed a chamber to suspend any type of PM2.5 for hours to days and

in any model atmosphere.

Aerosol suspensions in experimental settings are affected by a variety of phenomena

including electrostatic forces, pressure and concentration gradients, inter-particle collisions,

gravity, and viscous drag from surrounding gas molecules.112,113,119 Mathematical models

that support the use of a rotating cylindrical chamber to extend particle suspension dura-

tions only considered gravitational and viscous forces and assumed other forces were negligi-

ble under normal conditions. Two mathematical models for particle suspensions in rotating

chambers were developed by Gruel et al. and Asgharian and Moss.112,113 The Gruel et al.
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model predicted the particle suspension efficiency in a chamber rotating between 0.1–10

RPM, however the model did not converge with gravitational settling as the rotating speed

approached 0 RPM.112 Asgharian and Moss revised the model and applied the method of

limiting trajectories to account for transient particle loss in a chamber rotating less than

1 × 10−3 RPM.113 The two approaches resulted in similar optimal rotation speeds but pre-

dicted different suspension efficiencies. Our collaborators at Clarkson University expanded

on the two previous models and developed a method to account for the particles re-entering

the particle field in the Asgharian and Moss model.113,114 The new Brown and Dhaniyala

model converged with the Gruel et al. model for fine particulate matter suspended in a

chamber rotating at a moderate speed (0.5–5 RPM), which also encompasses optimal ro-

tating speeds for PM2.5.112,114 The following computational model outlines the Gruel et al.

model applied the initial, moderate rotating speed experiments in Chapter 3.112 For more

information on the Brown and Dhaniyala model, see Appendix Section A.1.1.114

Gruel et al. predicted the fraction of particles remaining in a suspension due to the

combination of centrifugal force acting on the particles (Equation 2.1) and gravitational

settling (Equation 2.2).112

N
N0

����
rot

= exp(−2τω2t) (2.1)

The particle suspension efficiency is defined as N/N0, where N is the number of particles

at time t, and N0 is the initial particle concentration, ω is defined as angular velocity in

radians per second (determined by the chamber rotation speed), and τ is particle relaxation

time or particle time constant, defined in Equation 1.6. The particle relaxation time depends

on the particle density (ρp), particle diameter (dp), the Cunningham correction factor (Cc,

Equation A.2),16 and the dynamic gas viscosity (η, Equation A.1). The rate of particle loss

due only to centrifugal forces, Equation 2.1, increases as the chamber rotation speed increases

and is independent of chamber size.
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Particle loss due to gravity depends on the particle time constant and chamber rotation

rate relative to the chamber radius. Particle suspension efficiency is defined as the area

of particle concentration normalized to the chamber area (Equation 2.2). The point where

terminal settling velocity of the particle is equal and opposite in magnitude to the chamber

tangential velocity determines the radius of the particle area (r0, Equation 2.3).

N
N0

����
grav

=
(R − r0)2

R2
(2.2)

r0 =
τg

ω
(2.3)

Gruel et al. assumed a steady state particle concentration loss due to gravity,112 therefore

the total rate of particle loss in a rotating chamber is the product of Equation 2.1 and

Equation 2.2 resulting in Equation 2.4.

N
N0

����
total

=
(R − r0)2

R2
exp(−2τω2t) (2.4)

The new model from Brown and Dhaniyala converges to the gravitational settling rate

of the particles when chamber rotation speed approaches zero and converges with the Gruel

et al. model when ωt/2π > 1.112,114 Therefore, Equation 2.4 is used determine the optimal

rotational speed and depends on the diameter and density of the particles under investigation.

Figure 2.2 compares the modeled particle suspension efficiency for a variety of particle sizes

(0.5 µm to 20 µm) versus chamber rotation rate after 8 hours using the models from Asgharian

and Moss, Gruel et al., and Brown and Dhaniyala.112–114
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Figure 2.2: Computational models from Asgharian and Moss (solid)113 Gruel et al.
(dashed)112 and Brown and Dhaniyala (o)114 models for particle suspension efficiency (N/No)
as a function of chamber rotation rate for multiple particle sizes and a test duration of 8 hrs.
This figure is from Reference 114.

Fine particles (PM2.5), which remain suspended in the atmosphere for the longest amount

of time, do not remain suspended in an extremely slow rotating (<1 × 10−3) or stationary

chamber according to the models due to the gravitational force. Similarly, if the chamber

rotates at speeds over 5 RPM, the centrifugal force acting on the particles would overcome

the gravitational force, causing particles to deposit on the walls of the chamber. However, the

computational model predicts 80–100% of the PM2.5 will remain suspended after 8 hours in

a chamber rotating between 0.5 and 2 RPM. The peak N/No fraction determines the optimal

rotation speed for that diameter particle. The desired atmospheric studies involve a range of

particle sizes that may change over time due to aging processes, therefore rotational speeds

between 1–2 RPM should result in the highest particle suspension efficiencies for polydisperse

particles used in the preliminary studies. Using the models described above, I decided that a

rotating aerosol chamber would extend particle suspension durations to perform the necessary

experiments to explore heterogeneous reactions involving fine particulate matter over the

course of several hours or days.
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2.2.2. Cavity Ring-down Spectroscopy

The atmosphere contains a complex mixture of natural and anthropogenic pollutant

gases, including sulfur-containing compounds, nitrogen oxides (NOx), volatile organic com-

pounds (VOCs), and toxic industrial compounds (TICs). Gas-phase contaminants either orig-

inate with reactive functional groups, like natural alkenes, or undergo oxidation that produces

complex and reactive compounds, like aldehydes or other carbonyl functional groups.26,66–71

For more information on gases in the atmosphere, see Section 1.2.2. Such complex mixtures

make understanding the individual interactions between a specific gas and type of particle

difficult. For example, a simple system involving one type gaseous amine and an ammonium

sulfate particle suspension will introduce a trace amount of ammonia gas into the model

atmosphere.99,100,120 One of the objectives of the ACSI is to provide more fundamental in-

sight into observed reactions from environmental monitoring studies by precise control of

the model atmospheres.

Interfacial chemistry and subsequent release of surface adsorbates into the model atmo-

sphere can be characterized using a type of infrared spectroscopy. Common heterogeneous

atmospheric reactions involve trace amounts of gases that fall below the limits of detection for

many conventional, non-destructive gas detection methods. For example, ammonia is known

to react with sulfuric acid and sulfates and has ambient concentrations below ~10 ppb.99,106

Typical instrumental techniques capable of detecting gases on the ppb scale generally include

gas chromatography or mass spectrometry. Both approaches require ex situ sample analy-

sis and destroy the sample gas. A spectroscopic method incorporated into the instrument

provided the ability to analyze the gas-phase composition without disturbing the model at-

mosphere. The design constraints of the ACSI required a spectroscopic technique that could

detect molecules of interest at trace levels with a ~1 m long, fixed path length. A traditional

single pass technique would not have the sensitivity necessary for atmospherically-relevant

concentrations, such as ~10 ppb for ammonia. Cavity ring-down spectroscopy increases the

absorption sensitivity proportional to the effective path length, which is increased with every
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pass or round-trip the light makes through the sample chamber.

According to Beer’s Law (equation 2.5), absorbance (A(ν)) is proportional to path length

(d), therefore, a longer path length increases the absorbance for a given trace gas concen-

tration (N). The ACSI CRDS increases the effective path length of the sample cell from

an actual length of 1 m to ~1000 m, thus, the sensitivity will increase by three orders of

magnitude.

A(ν) = σ(ν)Nd (2.5)

The unique multi-pass feature of cavity ring-down spectroscopy employs pulsed laser light

injected into an optical cavity formed by a pair of highly reflective mirrors. The intensity of

each pulse of light exponentially decays with every pass or round-trip through the optical

cavity. Light intensity decreases over time due to losses within the chamber, which include

mirror surface imperfections, transmission through the mirrors, and the absorbing media in

the model atmosphere. The spectrometer records the exponential decay of light intensity for

every pulse of light while stepping through the spectral window at a given wavenumber inter-

val, which results in an infrared spectrum. Equation 2.6 describes the exponential decrease of

light intensity over time with one absorbing medium present in the optical cavity.115,121,122

I(ν, t)
Io(ν)

= exp (
−tc
L

(ln R(ν) − σ(ν)Nd)) (2.6)

I(ν, t) is the intensity of light at a specific frequency (ν) as a function of time, Io(ν) is the

initial light intensity after one pass through the optical cavity, t is time in microseconds, c is

the speed of light in cm/µs, L is the physical distance between the highly reflective mirrors,

R(ν) is the reflectivity of the mirrors at that frequency, σ(ν) is the frequency-dependent

absorption cross section for one absorbing medium, N is the number density or concentration

of the absorbing medium, and d is the effective optical path length. The intensity of the light

exponentially decreases without any absorbing medium present due to the transmission of a

small amount of light (T = 1 − R) through the mirrors with each pass.
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Frequency-dependent absorbance due to one absorbing medium (σ(ν)Nd) is computed

from each exponential decay using Equations 2.7 and 2.8. The reciprocal of the exponential

decay constant (k) is the characteristic “ring-down time” (τ(ν)). Equation 2.7 describes the

relationship between the intensity of light over time (I(ν, t)/Io(ν)), τ(ν), mirror reflectivity

(R(ν)) and absorbance (σ(ν)d). When the chamber contains no absorbing medium, the

reflectivity of the mirrors dictates the initial ring-down time, τo(ν).

I(ν, t)
Io(ν)

= exp (−kt) where 1

k
= τ(ν) =

L
c(1 − R(ν) + σ(ν)Nd)

(2.7)

Once τo(ν) and τ(ν) are obtained, equation 2.8 is used to calculate absorbance due to the

absorbing medium (σ(ν)d).

(τo(ν) − τ(ν))
τo(ν)τ(ν)

L
c
= σ(ν)Nd (2.8)

Atmospheric reactions rarely involve a single absorbing species. Therefore, we need to

separate the total absorbance due to different species into the absorbance due to each compo-

nent in a gas mixture. According Beer’s Law, individual components in a mixture additively

absorb light and scale linearly with the concentration of each absorbing medium (equation

2.9). Thus, the spectrum for a specific absorbing medium may be isolated through subtract-

ing known or control absorbance spectra after extracting the necessary information from the

ring-down time.

A(ν) = σ1(ν)N1d + σ2(ν)N2d + ...
n∑

i=1

σi(ν)Nid (2.9)

The CRDS theory outlined in this section supports the experimental approach that

combined a rotating chamber to elongate particles suspension duration and a cavity ring-

down spectrometer for monitoring small changes in gas composition within the chamber.

Section 2.2.1 and Section 2.2.2 will serve as the basis for understanding and explaining

the heterogeneous chemistry observed in the ACSI as I begin to explore different model
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atmospheres containing various particles, gases, and different relative humidities. The final

design addresses all of the criteria listed in Table 2.1 and detailed construction information

is described in Section 2.3.

2.3. Chamber Construction

Every atmospheric research project requires a unique experimental approach in order to

effectively study the desired chemistry. For example, a study monitoring gas evolution from

a gas-particle reaction needs the ability to sustain a particle suspension, perturb and control

the model atmosphere, monitor changes in the gas composition, as well as adequately clean

the reaction chamber between experiments. Table 2.2 lists experimental approaches the ACSI

employed to address requirements necessary to conduct atmospheric chemistry research with

a rotating aerosol suspension chamber.

Table 2.2: Experimental requirements for a generic atmospheric study and our approach with
the ACSI. Each topic will be discussed further in the following sections.

Experimental Requirement Approach

1. Rotate the main chamber and
maintain continuous access to ports
and optics.

Chamber rests on double-wall ball bearings around the
axles for smooth rotation and fixed tubes provide a
location for stationary ports and optical mounts.

2. Minimize particle loss throughout the
experimental procedure.

Shortest possible, dedicated, stainless steel tube pathway
allows for introduction of aerosols directly into the main
chamber.

3. Generate a model atmosphere with
different gases through individual
introduction pathways.

Five male VCR ports welded onto both fixed tubes
allows for up to ten gas introduction pathways.

4. Produce different types of salt
aerosols, solid particles, or liquid
droplets in a controlled manner.

Generate the aerosols from solution and remove residual
aerosol water with a diffusion dryer along the aerosol
introduction path.

5. Monitor and control the humidity
within the chamber without
introducing water droplets or
condensation.

Bubble nitrogen gas through two water reservoirs and an
empty container then into the chamber while
spectroscopically monitoring for condensation on the
CRDS mirrors. A probe continuously monitors the
humidity.

6. Remove gases, particles and humidity
and maintain a clean chamber between
experiments.

One port on the fixed tube connected via a valve and
filter to a vacuum scroll pump for chamber evacuation.
Valve remains open to the pump between experiments.
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The ACSI design employed a rotating chamber for suspending particles and two station-

ary sections for the optical path, analyte introduction, and particle sampling. The rotating

portion consisted of a 24” diameter 316 stainless steel main chamber and faceplates (Kurt J.

Lesker, Inc. MJ5GG28196 and QF630-BF) shown in Figure 2.3A and 2.3B. The axle (Fig-

ure 2.3D) attaches to the faceplate from the inside of the chamber. Two double-walled ball

bearings (VXB Bearing KA050CP0) were pressed onto the outside of each axle and rest on

a clamp affixed to the stand. The bearings allow the chamber to rotate while a fixed tube

remains stationary (Figure 2.3E), which houses gas and aerosol ports and the CRDS optical

mounts (Requirement 1). Stainless steel is a robust, conductive material, which is necessary

to reduce aerosol loss due to electrostatic forces (Requirement 2). Stainless steel is used

throughout the chamber construction unless otherwise noted. Three rotary vacuum seals

(SKF 36740 LDS) hydraulically pressed into each axle keep the chamber airtight between

the fixed tube and the axle. A 1/8 HP parallel shaft DC gear motor (McMaster 6470K87)

powered by an AC to DC, variable speed controller regulates the chamber rotation speed. A

cut-to-length, ¾” wide timing belt (McMaster 1840K4) and L-series quick disconnect pulley

mounted to the motor shaft ensures minimal slipping while the chamber rotates.

Both stationary fixed tubes house six ports necessary for every experiment (Requirement

3). Each port welded onto the fixed tube is a male VCR port (6LV-4-HVCR-1-6TB7). The

port on the top of the fixed tube is dedicated to aerosol introduction. A 90° tube welded

between the aerosol port on the fixed tube and a channel machined into the axle provides a

dedicated pathway for aerosol introduction and sampling (Figure 2.3 Aerosol Intro/Sampling,

Requirement 2). The fixed tube/axle channel allows for aerosol introduction and sampling

through a stationary port while the chamber rotates (Requirement 1). Both axle channels

have eight male VCR ports (6LV-4-HVCR-1-6TB7) that connect to the four modifiable ports

on the faceplate via stainless steel tubing. The four additional axle ports provide options

for the shortest possible path with the fewest 90° angles for aerosol introduction in order to

reduce particle loss (Requirement 2 and 4). The unused ports are capped. The modifiable
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Figure 2.3: Cross-sectional assembly drawing of the chamber design. Part A is the 222.4 L
main chamber. Part B is the faceplate modified to mount four aerosol ports (C) and the axle
(D). The stationary fixed tube (E) has six male VCR ports equally spaced around the larger
diameter section. The CRDS optical mounts for the highly reflective mirrors (G), RH/T
probe (not pictured here), and pressure gauge (not pictured here) are attached to the end
plate (F) on the gas evacuation side of the chamber. Newly generated aerosols flow through
a 90° tube welded between the vertical introduction port and a hole bored in the smaller
diameter section of the tube extension, which is aligned with a separate channel in the axle.
The ports (C), connected to the axle via stainless steel tubing, are located at radii of 5 in, 7
in, 9 in and 11 in. Background and analyte gases flow through ports on the tube extension
and into the main chamber through a 2 in hole in the faceplate.

ports are mounted to the main chamber faceplate at different radii (5 in, 7 in, 9 in and 11 in

from center, Figure 2.3C). The ports located at four, different radii for aerosol introduction

allows us to assume the particle introduction process is uniform throughout the entire cham-

ber. The four ports also allow for sampling at a variety of locations in order to characterize

spatial distributions and verify uniform aerosol distributions during an experiment. One fixed

tube port is dedicated to evacuating the chamber via a vacuum scroll pump. The chamber is

kept under vacuum between experiments to remove gases and aerosols and maintain a clean

chamber (Requirement 6). Background and reagent gas introduction occurs through ports

on the fixed tube opposite of the pump.
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Endplates on the fixed tubes contain mounts for the CRDS optics and other instru-

mentation. Los Gatos Research, Inc. (LGR, Inc.) manufactured the two optical mounts for

the highly reflective mirrors. Both endplates contain a machined inset designed to house

the optical mounts. A Rotronic humidity/temperature probe (HC2-IE302) and an MKS ab-

solute capacitance manometer pressure gauge (727A13TCE2FB) mounted to one endplate

continuously monitor the model atmospheric conditions within the chamber (Requirement

5).

2.4. Optical Set-up

As described above in Section 2.2.2, CRDS relies on a pulsed laser source injected into

a rigid optical cavity formed by a pair of highly reflective mirrors. The optical cavity within

the ACSI was established along the axis of rotation (Figure 2.4). In this arrangement, a

planar Au-coated mirror focused pulsed laser light from the external cavity tunable quantum

cascade laser (Daylight Solutions 11100-UT, 9 µm to 12 µm, 35 kHz pulse frequency, 0.5 µs

pulse width) through a 5 mm hole in a reinjection mirror (Newport 20DC500ER.1). The

pulse width is much less than the average τo(ν) (2 µs–4 µs) and the pulse frequency allows

for the decay of light (I(ν, t)/Io(ν)) to approach zero between pulses, ~30 µs. A tunable

laser is necessary to record the ring-down time at different frequencies by tuning through

the wavelength range at 0.5 cm-1 step sizes, which will produce a mid-infrared spectrum

of the gases within the chamber. The spectroscopic range in the mid-infrared allows us to

detect most common VOCs with minimal interference from PM2.5. Section 3.2.3 describes

the interaction between fine particulate matter and light in more detail, specifically Rayleigh

scattering.

After passing through the hole in the reinjection mirror, the light enters the optical cavity

formed by two 50.8 mm diameter, 5 mm thick, plano-concave zinc selenide (ZnSe) mirrors

that have a broadband highly reflective coating (9.9–12.4 µm) and a 0.9949 m radius of

curvature from II-VI Infrared. Zinc selenide is a robust material that withstands most corro-
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sive gases, humidity and large pressure differentials while maintaining infrared transparency.

Transmission of small amount of light through the mirror closest to the laser is reflected

back into the optical cavity by the reinjection mirror with each round-trip. The reinjection

mirror increases the ring-down time and the sensitivity by up to an order of magnitude. A

2 in diameter ZnSe meniscus lens (ULO Optics 20ZLF43/10.0 µm) collected and focused

light transmitted through the exit mirror, which is then detected by a photovoltaic HgCdTe

detector (PV-MCT, Teledyne J19D11-M204-R01M-60). The PV-MCT signal is amplified by

105 (FEMTO DLPCA-S1) then digitized by the NI-DAQ board. A LabVIEW program devel-

oped by LGR, Inc records the decrease in light intensity over time at 10 million samples/s for

20,000 traces that are boxcar averaged with 2000 points at each frequency before calculating

the characteristic ring-down time, (τ(ν)). The data collection is triggered by the falling edge

of the pulse and the first 40 points after the trigger are omitted from the data analysis. The

falling edge trigger and the data point omission ensures the data involved in calculating the

τ is due to the ring-down and not the 0.5 µs pulse width of the laser. Any calculated τ(ν)

outside of 0.3–10 µs is rejected by the LabView program. Plots of τ(ν) (µs) versus time (s)

or wavenumber (cm-1) provide the change in absorption overtime or an infrared spectrum,

respectively. Appendix Figure A.3 shows the ring-down time, τo(ν), and mirror reflectivity

(R) when the chamber is filled with ~700 Torr of ultra high purity nitrogen. Figure 2.4 depicts

the optical set-up described above.
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Chapter 2. Experimental Approach for Aerosol Studies

Figure 2.4: Optics schematic involved in acquiring CRDS infrared spectra. Laser light is
focused into the cavity through a 5 mm hole in the reinjection mirror using flat mirrors. Two
highly reflective mirrors create the optical cavity that produces the ring-down. A lens collects
the exiting light, which is then detected by a PV-MCT. A LabVIEW program records the
intensity after the signal is amplified and digitized. Not drawn to scale.

2.5. Experimental Background Measurement Procedure

The chamber is kept under vacuum (<1 Torr) between each experiment to remove exist-

ing particulate matter and residual gas phase species, which satisfies Requirement 6. Each ex-

periment began by closing the evacuation valve and flowing in 5000 SCCM of ultrahigh purity

nitrogen (UHP N2) using an MKS metal sealed mass flow controller (GM50A013503SBV020)

until the main chamber pressure reached atmospheric pressure, approximately 695–715 Torr

for Blacksburg, Virginia. The motor was then set to rotate the chamber at the desired speed

and a background IR spectrum was recorded. An Aerodynamic Particle Sizer (APS, TSI

3321) or a Scanning Mobility Particle Sizer (SMPS, TSI 3080 EC/TSI 3081 DMA/TSI 3782

CPC)) sampled the UHP N2-filled, rotating chamber to ensure minimal or no residual par-

ticles were present from previous experiments or laboratory air. A port on the opposite side

of the chamber to the sampling tube was opened to filtered laboratory air (Parker Balston

9922-05-CQ) to maintain atmospheric pressure within the chamber during active sampling.
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2.5. Experimental Background Measurement Procedure

The filter removed 99.98% of the particles >0.5 µm. A series of control studies using the

CRDS and particle sizers showed that the open filter had negligible effect on the gas-phase

composition and particle concentration inside the chamber (see Section 2.5.2). At this point,

the relative humidity is increased to the desired amount using the procedure outlined in

Section 2.5.1.1.

2.5.1. Humidity Control

Water vapor in the atmosphere, or humidity, varies based on the weather and location.

Relative humidity is the ratio of the partial pressure of water vapor (pH2O) to the saturation

vapor pressure of water (po
H2O) at a specific temperature (Equation 2.10).

% RH =
pH2O
po

H2O
× 100 (2.10)

The Saharan desert, for example, has an average 25% RH, coastal regions average ~70% RH,

and clouds and fog have 100% RH.19,20,123 The atmospheric water vapor concentration deter-

mines the dominant removal process of a particle, such as cloud and fog processing (wet) or

deposition and coagulation (dry). The dominant removal process directly affects the particle

lifetime. Wet removal processes are more effective at reducing fine particle concentrations

when compared to dry processes. For instance, particles in a relatively dry Arctic climate

experience longer atmospheric lifetimes (several weeks) than those in tropical climates (less

than a day).12,13 Particle composition dictates the state the particle is in, liquid or solid, and

depends on the relative humidity. Therefore, a model atmosphere in an experimental setting

requires the ability to control the water content within the chamber (Requirement 5).

Our current design approach incorporated the ability to control the water vapor, or

humidity, in the chamber using a tandem bubbler system explained in the following sections.

Chapter 3 and Chapter 4 describe experiments performed to determine the effect of variations

in humidity on aerosol dynamics and heterogeneous chemistry.
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2.5.1.1. Water Vapor Introduction Procedure

The procedure for introducing humidity into the chamber started with background mea-

surements, described in Section 2.5. UHP N2 flowed through an elastomer-sealed, MKS

mass flow controller (GE50A013503SBV020) at 2500 SCCM through two Nalgene bubblers

containing HPLC grade, submicron filtered water (Figure 2.5A&B). A third container, down-

stream of the bubblers and preceding the chamber, captured any large water droplets before

the humid nitrogen flowed into the rotating chamber (Figure 2.5C). In conjunction with the

wet nitrogen introduction, approximately 500–1500 SCCM of dry UHP N2 was added into

the chamber to prevent condensation on the CRDS mirror. A valve opened to the labora-

tory, equipped with a Parker Balston filter, prevented over-pressurization within the chamber

during the humidity introduction process. Figure 2.5 depicts the humidity control set-up.

Figure 2.5: Schematic for humidity control system. UHP N2 flows through the nanopure water
in the series of bubblers (Nalgene containers A & B). The wet nitrogen then flows through
container C, an empty container, to trap any large droplets or condensation before entering
the rotating main chamber. Dry nitrogen simultaneously flows into the main chamber to
prevent condensation on the mirror. A relative humidity and temperature probe monitors
the composition on the opposite side of the chamber. A Parker Balston filter is opened to
laboratory air to prevent over-pressurization. Not drawn to scale.

Introduction of the humid/dry nitrogen mixture continued until the chamber reached
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2.5. Experimental Background Measurement Procedure

the desired relative humidity (up to ~80% RH), measured by a Rotronic relative humidity

and temperature probe (HC2-IE302). Rotating the chamber shortened the time required to

reach the chosen relative humidity compared to a stationary chamber. Figure 2.6 shows the

% RH recorded with the Rotronic % RH/T probe during the humidity introduction for an

experiment requiring 60% RH.

Figure 2.6: Humidity introduction process monitored via the RH/T probe. 60% RH achieved
after approximately 2 hours of water vapor introduction.

2.5.1.2. Water Vapor Spectral Analysis

An important aspect of the humidity control system in the ACSI is understanding the

effect water vapor has on the CRDS mid-infrared spectra. Water vapor has two intense

spectral features close to, but outside of, the ACSI CRDS spectroscopic window. The two

spectral features detected with traditional, single-pass spectroscopic techniques are the P-

branch of the asymmetric bending rovibrational band centered around 1595 cm-1 and a pure

rotational band centered at 204 cm-1. These spectral features overlap in the CRDS spectral

window (860–1010 cm-1). Figure 2.7 shows the High Resolution Transmission (HITRAN)

simulated spectra of the rovibrational and rotational bands of water below 2000 cm-1, as
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well as an inset of the wavelength range accessible via the CRDS incorporated into the

ACSI.124,125 Notice the spectral line intensities of water between ~860–1010 cm-1 are five

orders of magnitude lower in intensity than those typically detected with traditional, single-

pass spectroscopic techniques.

Figure 2.7: Simulated spectra of the rovibrational and rotational bands of water below 2000
cm-1 using SpectraPlot.126 The pressure is 1 atm, path length is set to 80000 cm (comparable
to the ACSI CRDS set-up), temperature is 300 K and χH2O is 0.0016. The inset includes the
spectral features in the wavelength range accessible via mid-infrared CRDS. The spectral line
positions and intensities are calculated with the process described in Reference 126 using
the database in Reference 125.

A highly detailed spectrum of water vapor recorded by the ACSI CRDS in Figure 2.8

illustrates the sensitivity of the multi-pass technique. The figure shows excellent agreement

between the average spectrum of 11.4 Torr water vapor, or 61.3±0.7 % RH, and the scaled

HITRAN calculated spectral line positions and anticipated relative intensities.124,125
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Figure 2.8: Offset absorbance spectra of 11.4 Torr of water vapor (61.3±0.7 % RH, red line)
filled to 700 Torr with UHP N2. Simulated water spectra using the algorithm developed
by Goldenstein et al. showing excellent agreement between the computational model and
experimental data.126

The water vapor spectrum recorded with the CRDS shows a sharp peak in the middle

of the spectral window at 948 cm-1. The change in absorbance at 948 cm-1 was recorded

over time to monitor the humidity introduction process, also referred to as a ‘free-scan’.

Figure 2.9 compares the absorbance at 948 cm-1 free-scan to the % RH recorded with the

Rotronic humidity probe for an experiment that required 60% RH in the model atmosphere.

The quicker response to the humidity introduction in the CRDS free-scan is due to the

water vapor that immediately entered the optical path but had not yet reached the humidity

probe. After the water vapor reached a uniform concentration throughout the chamber, the

signal from the CRDS directly correlated to the % RH recorded by the humidity probe. The

free-scan also ensured that there is no condensation on the highly-reflective mirrors while

increasing the humidity. If condensation were to occur, there would be a complete loss of the

ring-down signal.
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Figure 2.9: Humidity introduction process monitored via the RH/T probe (red, left axis) and
CRDS (green, right axis). The CRDS recorded the ring-down time for 948 cm-1 over time.
Absorbance was determined using Equation 2.8 where τ0(ν) is the ring-down time recorded
before beginning the water vapor introduction process.

2.5.2. Parker Balston Filter Control Studies

Valves open to the laboratory equipped with particulate matter filters maintained atmo-

spheric pressure during aerosol and humidity introduction as well as aerosol sampling. The

Parker Balston particulate matter filters (922-05-CQ) were selected as a cost-effective option

to filter 99.98% of particles >0.5µm. The size range was chosen to capture the particles used

in experiments as well as those present in the laboratory. The following sections explore the

effectiveness of these filters throughout a standard experiment.

The procedure for increasing the humidity in the chamber resulted in a positive pressure

differential between the chamber and the laboratory, which forced air out of the Parker Bal-

ston filter. The filter also restricted the introduction of chamber contents into the laboratory

space. Figure 2.10 represents the average water vapor spectrum recorded for different exper-

iments after the background, dry UHP N2 was displaced with the water vapor and UHP N2

mixture. Gas-phase contamination from the laboratory air during the humidity introduction
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process would appear as new peaks in the infrared spectrum for higher humidities, which

required a longer introduction time to achieve the desired humidity. As expected, agreement

between the average water vapor spectra at each relative humidity suggests that the humidity

control process does not introduce significant amounts of gas-phase contaminants.

Figure 2.10: Average CRDS spectra for positive pressure Parker Balston filter control. Each
spectrum represents the average spectrum for different relative humidities. Humid nitrogen
was added to the chamber by flushing out dry nitrogen through a Parker Balston filter.

Each spectrum in Figure 2.10 is the spectrum determined with the CRDS, i.e. there is no

offset for clarity. The increase in baseline as the relative humidity increases is likely caused

by the water vapor self-continuum.127 According to current reports, the water vapor self-

continuum is caused by water–water molecular interactions, in addition to water–nitrogen

and water–oxygen interactions.127 Some spectral databases and atmospheric models use a

semi-empirical value for modeling the self-continuum in different wavelength ranges. To the

best of my knowledge, the water vapor self-continuum for the ASCI spectral range has not

been quantified in a laboratory study.

In addition to the water vapor self-continuum, the line width of the pulsed laser also

prevents quantification of molecules with sharp rovibrational spectral features, like water
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vapor. The line width of the pulsed laser employed in the CRDS is approximately 1 cm-1

(Figure A.10). The average full width at half maximum (FWHM) for the rovibrational and

rotational spectral features for water in the ACSI spectral range is less than 0.4 cm-1. Water

vapor and other molecules with spectral features that exhibit a FWHM less than the laser

line width cannot be quantified with the current set-up. Therefore, a calibration curve for

different relative humidities cannot be produced with the information available.

A negative pressure differential, created by sampling process of the particle sizers, intro-

duced filtered laboratory air into the chamber. The following control experiment involving

polydisperse ammonium sulfate particles in a 50% RH model atmosphere determined the

filtered laboratory air drawn into the chamber did not introduce appreciable gaseous con-

taminants. Ammonium sulfate particles in various model atmospheres are the basis of the

initial experiments described in Chapter 3 and Chapter 4. Approximately 50% RH and a

polydisperse distribution of ammonium sulfate particles were added to the main chamber.

Particles were sampled at 0.4 SLPM for two minutes in triplicate using the SMPS every half

hour. Multiple CRDS spectra were recorded between each particle sampling. Figure 2.11

shows the average spectrum between each particle sampling event. Gas contamination from

the laboratory air would appear as new peaks in the infrared spectrum, which would increase

over time as more and more laboratory air is drawn into the chamber with each round of

aerosol sampling. No additional CRDS spectral features appear after 10 sampling events over

five hours, indicating negligible gas-phase contaminants from the filtered laboratory air were

drawn into the chamber during the particle sampling process.
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Figure 2.11: CRDS spectra for negative pressure differential Parker Balston filter control.
Each trace represents the average spectrum after each set of three particle samples.

The negative pressure differential induced by the standard aerosol sampling procedure

has the potential to introduce contaminant particulate matter along with gas-phase impu-

rities. Figure 2.12 shows the particle sampling data from the same ammonium sulfate and

~50% RH experiment described above for Figure 2.11. The introduction of particulate mat-

ter through the Parker Balston filter during the course of the experiment is insignificant

and negligible compared to the amount of analyte aerosols. If the filtered laboratory air

introduced particle contaminants, there would be a non-zero particle concentration to after

humidity introduction and an increase in particle concentration throughout the course of the

control experiment. The Parker Balston particulate matter filters are effective at preventing

appreciable gas and particulate contamination during different aspects of the experiments

reported in Chapter 3 and Chapter 4.

55



Chapter 2. Experimental Approach for Aerosol Studies

Figure 2.12: Ammonium sulfate particle concentration over time during the Parker Balston
filter control. The left axis corresponds to the dark red trace representing the total particle
volume concentration (nm3/cm3). The right axis corresponds to the yellow trace representing
the total particle number concentration (particles/cm3). The initial particle distribution
characteristics are listed in the inset. Error bars represent absolute error of the average
value, error bars smaller than the data point markers are not displayed.

Polydisperse particle distributions in experimental settings experience a decrease in par-

ticle number concentration from inter-particle coagulation, deposition, and dilution from

particle sampling techniques. In order to understand how experimental parameters might

affect coagulation, I need to understand the other ways particles are lost within the chamber

during an experiment. The computational model results and monodisperse experiments us-

ing particles of various sizes provide insight on particle number concentration decrease due

to deposition. A simple calculation in the analysis will account for the particle dilution from

the sampling procedure with an APS or SMPS. Particles are drawn out of the main chamber

during particle sampling events at a set flow rate and sampling duration. The volume of

particle-laden air removed from the chamber is replaced with the same volume of filtered

laboratory air. Equation 2.11 is used to correct the diluted, measured particle concentration

(Cd) back to the concentration prior to sampling (C) after some number of samples (ns).
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The sample volume (Vs) is determined by multiplying the sample flow rate by the sample

duration. Total volume (Vtot) is the chamber volume (222.4 L). Every particle concentration-

related figure reported in the following sections using this instrument has been corrected

for the particle dilution using Equation 2.11. Any particle concentration loss detected after

correcting for dilution are from other causes, such as coagulation or deposition.

C =
Cd

1 − nsVs

Vtot

(2.11)

2.6. Summary

The final chamber design addressed all of the major experimental criteria and maintained

the ability to adapt to future research requirements. The computational model in Sections

2.2.1 and 2.2.2 supports the decision to utilize a rotating chamber for extending particle

suspension duration while monitoring the gas-phase with cavity ring-down spectroscopy. The

following chapters explore the experimental capabilities of the chamber to extend particle

suspension durations for selected types of particles (Chapter 3) and the ability to observe

heterogeneous chemistry in a variety of model atmospheres (Chapter 4).
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Chapter 3

Particulate Matter Suspension Characterization

3.1. Introduction

Particles between 0.1–2.5 µm experience various aerosol aging processes including vapor

condensation, surface and bulk heterogeneous reactions, and coagulation with other exist-

ing particles to form larger particles. PM2.5 exists for days to weeks longer than ultrafine

(<0.1 µm) and course (>2.5 µm) particles, allowing for aerosol aging to occur.14 See Section

1.2.1 for more information on particulate matter atmospheric lifetimes. Atmospheric aging

transforms existing particles into complex mixtures of condensed materials, different primary

particles, and products from other atmospheric reactions. Such aging processes could affect

the hygroscopicity of an insoluble particle, such as mineral dust, or even increase the size

enough to enhance removal processes.13,72 Creating a model atmosphere with pollutant-type

molecules allowed us to study simulated particle transport through the atmosphere.

Fine particulate matter laboratory research requires the ability to extend lab-generated

aerosol suspension durations to atmospherically relevant timescales. The slowly rotating

ACSI main chamber hypothetically lengthens particle suspension durations to several hours

or even days, see Chapter 2 for more information on the rotating main chamber.112–114,128

I developed the ACSI to explore and understand simpler, well-controlled, heterogeneous

reactions involved in the overall fine particulate matter aging processes. Determining the

suspension efficiency for a well-characterized particle distribution in the rotating main cham-

ber provided the foundation for understanding the effects of complex model atmospheres

on polydisperse aerosol dynamics. The first particles used were monodisperse polystyrene

latex spheres (PSLs). PSLs bridge the gap between computational models, which involved

monodisperse hard spheres,16 and real laboratory experiments. The larger, 1 µm particles

represented the maximum particle size that required high suspension efficiencies in the ro-
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tating main chamber. The initial heterogeneous chemistry experiments began with smaller

particle distributions that approached 1 µm through coagulation (Section 3.4.2).

Polydisperse, ammonium sulfate aerosols are used in the heterogeneous chemistry experi-

ments described in Chapter 4. Inorganic salts are generally produced via gas-phase acid-base

reactions. Salt particles have peak mass concentrations in particles between 0.1–1.2 µm in

diameter, within in the size definition of PM2.5.38 The polydisperse ammonium sulfate par-

ticles are assumed to be solid when no water vapor was added prior to aerosol introduction.

Ammonium sulfate particles are known to be in the solid phase below the characteristic

efflorescence relative humidity (35% RH).129–131 See Section 3.5 for more information on del-

iquescence and efflorescence of water-soluble molecules. The ammonium sulfate particles are

expected to be aqueous droplets when the relative humidity increases above the characteristic

efflorescence relative humidity. Controlling the particle phase state and composition allowed

for further characterization of how different model atmospheres affect aerosol coagulation

dynamics.

The following aerosol dynamics experiments described in this chapter included well-

characterized monodisperse PSLs, monodisperse and polydisperse solid ammonium sulfate

particles, polydisperse ammonium sulfate, and polydisperse acidic ammonium sulfate parti-

cles suspended in a humid chamber. The experiments described in Chapter 4 incorporated

the polydisperse suspensions, increased relative humidity, and finally pollutant introduction

into the model atmosphere.

3.2. Monodisperse Fine Particulates

Various types of particle suspensions were characterized in the rotating ACSI main cham-

ber to fully understand the effect heterogeneous reactions have on the atmospheric lifetime of

PM2.5. A series of experiments explored the effect of rotating the chamber on a aerosol dynam-

ics for a variety of particle compositions and distributions. Monodisperse, 0.994 ± 0.012 µm

diameter, polystyrene latex solid spheres (PSLs) were chosen as the simplest particle, which
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directly related to the computational model described in Section 2.2.1. One-micrometer par-

ticles are mid-range PM2.5, (0.1 µm < dp < 2.5 µm). The PSLs also represent the upper

size range of the aged particles in the polydisperse coagulation experiments, which began

with smaller ammonium sulfate particles that undergo coagulation and condensation until

the largest particles in the distribution approach 1 µm.

One of the key objectives for the PSL experiments was to define a standard experimental

method for maximizing particle suspension durations. The chamber rotation rate was limited

experimentally to ~1–2 RPM to minimize belt slipping and deterioration, which arose in low

(<1 RPM) and high (>5 RPM) rotating speeds, respectively. Computational models predict

high particle suspension efficiencies for rotation rates between 1–2 RPM for particles smaller

than ~1 µm (Figure 3.1).112–114

Figure 3.1: Computational models from Asgharian and Moss (solid)113 Gruel et al.
(dashed)112 and Brown and Dhaniyala (o)114 models for particle suspension efficiency (N/No)
as a function of chamber rotation rate for multiple particle sizes and a test duration of 8 hrs.
The dark red box represents the practical rotation rates accessible with the ACSI system
(1–5 RPM). The figure is adapted from Reference 114.
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3.2.1. Experimental Details

3.2.1.1. Materials

The particles employed in this section are monodisperse 0.994 ± 0.012 µm spherical

polystyrene latex particles (PSLs) suspended in water with a proprietary surfactant to mini-

mize coagulation in solution were purchased from Thermo Fisher Scientific (Duke Standards

4009A). Research grade UHP N2 was purchased from Praxair, Inc. The deionized water was

acquired from Hahn Hall South (Millipore Purification Systems, 18.2 MΩ).

3.2.1.2. Particle Introduction

At the beginning of the experiment, background measurements were recorded using the

procedure described in Section 2.5. The rotating chamber was then evacuated to approx-

imately 350 Torr in preparation for aerosol introduction. Twenty psi of UHP N2 flowed

through a Collison 6-jet nebulizer filled with 30 mL deionized water and 10–15 drops of the

PSL suspension to generate the aerosols. The newly generated aerosol droplets were com-

prised of PSLs and water. The droplets were dried with a TSI 3062 diffusion dryer before

introduction into the main chamber. Particle introduction continued until the chamber pres-

sure reached 600 Torr, then UHP N2 was added until the chamber returned to atmospheric

pressure.

3.2.1.3. Sampling Procedure

The aerodynamic particle sizer (APS, TSI 3321) sampled the particle suspension for

two minutes at 1 SLPM approximately every hour for 12–36 hours. The APS measures the

aerodynamic diameter of the particle, which is defined as the diameter of a water droplet

with the same terminal velocity as the irregular particle (see Equation A.5).16 Sampling for

the experiment discussed in Section 3.2.2 utilized all four ports simultaneously, which yielded

the average concentration within the chamber. Sampling occurred through one port at a time

for Section 3.2.3, which resulted in information on the radial distribution of particles in the

rotating chamber. A port on the tube extension on the opposite side to the sampling port
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was opened to filtered laboratory air to maintain atmospheric pressure within the chamber

during active sampling.

3.2.2. Suspension Efficiency

Monodisperse, solid PSLs were introduced into the chamber to form a fine particulate

suspension. The PSLs were periodically sampled over 16 hours. Three rotation speeds were

investigated: 0 RPM, 1 RPM and 2 RPM. Figure 3.2 shows the number suspension efficiency

(N/No) for each speed, where No is the initial 0.994 ± 0.012 µm particle concentration

(particles/cm3) immediately after introduction and N is the particle concentration at each

sampling event. Particle concentration dilution due to the sampling process is corrected for

using Equation 2.11.

Figure 3.2: Experimental and computed long-term particle suspension efficiency (N/No)
while the chamber rotates at 1 RPM (yellow) and 2 RPM (green) compared to a station-
ary chamber (red). The dashed lines correspond to the computed particle suspension effi-
ciency calculated using mathematical models discussed in Section 2.2.1.114 The particles are
0.994±0.012 µm polystyrene latex spheres. Each data point represents a sample taken with
the APS through all four ports simultaneously and was corrected for sample dilution caused
by the particle sampling process (Equation 2.11). The lines were added to help guide the
eye.
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For the stationary chamber (0 RPM), the 0.994 ± 0.012 µm particle concentration falls

immediately upon introduction and concentration decreases more than 50% after 2 hours.

Monodisperse, 0.994 ± 0.012 µm PSLs should completely deposit after approximately 5 hours

according to computational models. However, some of the particles remain suspended longer

than the model predicted. We hypothesize the non-ideal, axial flows within the chamber from

the sampling/dilution process perturbed the suspension, which lengthened the time required

for complete deposition of 1 µm particles.

Computational models suggest that 1 and 2 RPM rotation rates are expected to yield sus-

pension efficiencies >98% for fine particulates on a 15 hour timescale.112–114 Approximately

70% of the particles remained suspended after 15 hours in the slowly rotating chamber. The

models developed by Gruel et al.,112 Asgharian and Moss,113 and Brown and Dhaniyala 114

assumed ideal flow scenarios and neglected other forces that negatively affect the particle

suspension efficiency. A rotation rate of 2 RPM is used for every experiment unless otherwise

noted.

3.2.3. Radial Distribution

A significant design challenge associated with our goal of performing CRDS along the

center was the spatial distribution of particles within the rotating main chamber. Particles

in the optical path scatter the mid-infrared laser light for the cavity ring-down spectrometer.

Our collaborators, Matt Brown and Suresh Dhaniyala at Clarkson University, calculated the

concentration profile for 2 µm particles in the chamber rotating at 2 RPM after 16 hours.

Figure 3.3A is a half cross-section of the YZ plane of the chamber and the particle concentra-

tion is depicted as a color gradient. Figure 3.3B is an XY cross-section of the main chamber.

Each red dot represents the location of a 2 µm particle after 16 hours in a rotating chamber.

Computational models suggest that PM2.5 establishes a uniform distribution throughout the

rotating chamber. As shown in Figure 2.4, the CRDS optical path is in the center of the

cylindrical chamber, through the uniform particle distribution, which will result in some

fraction of light scattered due to the particles.
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Figure 3.3: A) Computed particle concentration profile in the YZ plane for 2 µm particles
after 16 hours while the simulated chamber rotated at 2 RPM. B) Computed particle concen-
tration profile in the XY plane for 2 µm particles after 16 hours while the simulated chamber
rotated at 2 RPM. Our collaborator at Clarkson University, Matthew Brown, performed the
simulations for the figure.

Mid-infrared light undergoes elastic Rayleigh scattering in the presence of PM2.5.132,133

The ACSI CRDS utilizes mid-IR wavelengths between 9.9 µm and 12 µm. The Rayleigh

scattering cross-section is the average fraction of light scattered for a wavelength of light

from one particle over all angles. Equation A.20 describes the Rayleigh cross-section in 1 m

for one wavelength of light (λ) from a single particle with the diameter, dp, and refractive

index (n). The product of the Rayleigh scattering cross-section and the particle concentration

is the total fraction of light scattered from a particle suspension in one meter. Tables 3.1 and

3.2 list the Rayleigh scattering cross-section and fraction of 9 µm and 12 µm mid-infrared light

scattered from the typical size and particle concentrations that were used in the following

benchmark studies.
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Table 3.1: Refractive index, Rayleigh scattering cross-section, and fraction of light scattered
from the PSLs and ammonium sulfate particles when λ = 9 µm with a path length of 1 m.

Particle
Material

dp
(µm)

Refractive
Index (n) σs (m2) N

(#/cm3)

Fraction
of Light

Scattered

Polystyrene latex 0.994 1.563134 3.3 × 10-15 2000 6.6 × 10-6

Ammonium sulfate 0.100 1.086135 9.9 × 10-23 1 × 106 9.9 × 10-12

Ammonium sulfate 0.400 1.086135 4.1 × 10-19 1 × 106 4.1 × 10-8

Table 3.2: Refractive index, Rayleigh scattering cross-section, and fraction of light scattered
from the PSLs and ammonium sulfate particles when λ = 12 µm with a path length of 1 m.

Particle
Material

dp
(µm)

Refractive
Index (n) σs (m2) N

(#/cm3)

Fraction
of Light

Scattered

Polystyrene latex 0.994 1.563134 1.0 × 10-15 2000 2.1 × 10-6

Ammonium sulfate 0.100 1.652135 1.3 × 10-21 1 × 106 1.3 × 10-10

Ammonium sulfate 0.400 1.652135 5.4 × 10-18 1 × 106 5.4 × 10-7

According to the information on Rayleigh scattering in Table 3.1 and Table 3.2, one

micrometer PSLs and ammonium sulfate nanoparticles elastically scatter a negligible amount

of mid-infrared light (< 2.1 × 10-4%). Therefore, minimal Rayleigh scattering occurs in the

benchmark and preliminary experiments because the particles are more than an order of

magnitude smaller than the mid-infrared light employed by the CRDS.132,133 Experiments

involving particle sizes within an order of magnitude of the CRDS laser wavelength range

will need to apply Mie theory to quantify the amount of light scattered by the particles.

The suspension efficiency of the monodisperse PSLs 5 in, 7 in, 9 in and 11 in away from

the center axis determined the experimental radial distribution of the particle suspension

(Figure 3.4). The introduction and sampling processes were the same as described in Section

3.2.1.2 and Section 3.2.1.3, respectively. However, three of the four valves were closed between

the ports and aerosol channel during sampling events to isolate one radius per experiment.
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The inset in Figure 3.4 shows the placement of the fours ports on the chamber face plate.

Four experiments were conducted in total, one for each radii (5 in, 7 in, 9 in, and 11 in).

Figure 3.4: Number suspension efficiency (N/No) of 0.994±0.012 µm polystyrene latex parti-
cles measured at different radii while the chamber rotated at 2 RPM. The data confirmed a
uniform distribution of particles throughout the main chamber. The inset shows the place-
ment of the fours ports on the chamber face plate. Each data point represents a sample taken
with the APS and was corrected for sample dilution caused by the particle sampling process
(Equation 2.11). The lines were added to help guide the eye.

In agreement with computational models, Figure 3.4 indicates the first time long-term

uniform particle distributions have ever been reported in a rotating chamber. The uniform

distribution and Rayleigh scattering characteristics for 0.994 ± 0.012 µm PSLs results in

minimal mid-infrared light scattering from the particles in the CRDS optical path. Any

future experiments using the ACSI will need to evaluate the extent different particle types

and sizes Rayleigh and Mie scatter the laser light. Next, I explored the suspension efficiency of

solid, monodisperse ammonium sulfate salt nanoparticles in the rotating ACSI to transition

from a simple, synthetic particle to an atmospherically-relevant system.
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3.3. Monodisperse Ammonium Sulfate Nanoparticles

Atmospheric aging processes alter smaller, ultrafine particles that increase in size over

time due to coagulation and condensation. High concentrations of ultrafine particles permit

particle-particle collisions which initiate coagulation.16 Background vapors, such as water or

other volatile organic compounds condense and partition to the particle phase. Both con-

densation and coagulation increase particle size. Coagulation decreases the number concen-

tration as particles collide and adhere while condensation preserves the number of particles.

Most natural fine particles are considered secondary particles consisting of primary ultrafine

particles that have undergone coagulation and condensation processes. Secondary fine par-

ticulate matter persists in the atmosphere longer than ultrafine or coarse particles, which

allows for aerosol aging, see Section 1.2.1 for more information on atmospheric lifetimes for

different sized particles. Fine inorganic salt ions catalyze heterogeneous reactions involving

VOCs and particulate matter.1,74 For example, fine and ultrafine ammonium sulfate particles

participate in known atmospheric heterogeneous reactions with amines.1,106,107 I employed

ammonium sulfate for the initial characterization and proof-of-concept experiments because

the salt is abundant, reactive, and naturally exists in PM2.5.

Monodisperse, dried ammonium sulfate particles consist of an atmospherically-relevant

material while satisfying the monodisperse assumptions made in the aerosol dynamics models

explained in Section 1.2.1.1. Salt particle generation began with aqueous salt droplets. The

droplets flowed through a diffusion dryer, which removed almost all of the water present

in the droplets. An electrostatic classifier size selected particles to form the monodisperse

distribution. The diffusion-dried, monodisperse particles flowed into the main chamber with

no additional water vapor. Figure 3.5 shows a general schematic for monodisperse aerosol

generation and introduction into the ACSI. Ammonium sulfate recrystallizes, or effloresces,

at 35% RH at 25°C.129,130 See Section 3.5 and Figure 3.14 for more information on particle

phases at different relative humidities. Therefore, the aerosols in the following experiments

were solid salt particles rather than aqueous salt droplets because the relative humidity
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after particle introduction is below 35% RH. Dried, solid particles are necessary for the

initial experiments instead of droplets because the coagulation equations derived in Section

1.2.1.1 assumed solid particles. The experiments in the following sections explore polydisperse

particle suspensions introduced into a increasingly complex model atmospheres, which can

be perturbed with pollutant gases.

Figure 3.5: Experimental schematic for the introduction of monodisperse ammonium sul-
fate aerosols through the use of an electrostatic classifier and differential mobility analyzer.
Schematic is not to scale.

3.3.1. Experimental Details

3.3.1.1. Materials

Certified ACS grade ammonium sulfate salt was purchased from Fisher Chemical. Re-

search grade UHP N2 was purchased from Praxair, Inc. The deionized water was acquired

from Hahn Hall South (Millipore Purification Systems, 18.2 MΩ).

3.3.1.2. Particle Introduction

As previously described in Section 2.5, experiments began with spectroscopic and particle

background measurements taken with the rotating chamber filled to atmospheric pressure

with UHP N2. For monodisperse aerosol introduction, 5 psi of UHP N2 flowed through a

Collison 6-jet nebulizer containing approximately 30 mL of 0.6833 g/L aqueous ammonium
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sulfate solution. The newly generated salt aerosols flowed through a TSI 3062 diffusion dryer

to remove excess water. Ammonium sulfate particles 90 nm in diameter were selected via an

electrostatic classifier (TSI 3080) and long differential mobility analyzer (DMA, TSI 3081)

set at 6.0 SLPM sheath flow rate and approximately 0.70 SLPM aerosol flow rate. The

aerosol inlet tube leading to the electrostatic classifier had a valve with a Parker Balston

filter (9922-05-CQ) open to laboratory air to reduce the aerosol flow rate into the electrostatic

classifier. The 90 nm particles flowed into the chamber and a valve and filter attached to

the tube extension opposite to aerosol introduction was opened to laboratory air to avoid

over-pressurizing the main chamber. Particle introduction continued for 100 minutes.

3.3.1.3. Sampling Procedure

The nanoparticle suspensions were sampled through all four sampling ports simulta-

neously in triplicate every 20–60 minutes using an electrostatic classifier (TSI 3080), long

differential mobility analyzer (DMA, TSI 3081) and water condensation particle counter (TSI

3782) in scanning mobility particle sizer (SMPS) mode. The DMA selects particles with a

narrow range of electrical mobilities via an electric field created between the central tube

and the outer wall of the column. The electrical mobility of a particle is determined by the

terminal electrostatic velocity, which is related to the dynamic viscosity of the air, particle

size, and charge (Equation A.6). The sample flowed into the SMPS at approximately 0.60

SLPM aerosol flow rate. Multiple charge and diffusion correction TSI algorithms were ap-

plied to each SMPS data set. The algorithms are described in detail by TSI Incorporated.136

A port on the tube extension on the non-sampling side was opened to filtered laboratory air

to maintain atmospheric pressure within the chamber during active sampling.

3.3.2. Suspension Efficiency

Number suspension efficiency alone was sufficient to understand the particle suspension

characteristics for large, 1 µm PSLs in a rotating and stationary chamber. The monodisperse

PSL experiments had low number concentrations (<2000/cm3), thus the collisional frequen-
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cies were too low to initiate coagulation and no condensable vapors were present to partition

onto the particle surface. The particle number and volume concentrations of the PSLs were

not affected by particle-particle interactions or the surrounding model atmosphere.

Ultrafine particles (PM0.1) readily undergo coagulation and condensation in atmospheric

conditions. Coagulation dramatically decreases the number concentration while the volume

or mass concentration remains unchanged. Condensation, however, results in a higher particle

mass or volume concentration with a stable particle number concentration. See Section 1.2.1.1

for more information on aerosol dynamics. A combination of V/Vo and N/No suspension

efficiencies provided information on the aerosol dynamics over the course of an experiment,

including coagulation, condensation, deposition and the effect rotation has on the overall

suspension efficiencies of smaller, ammonium sulfate aerosols.

The ‘monodisperse’ salt aerosols generated by the electrostatic classifier and DMA col-

umn are not perfectly monodisperse, therefore V/Vo provides additional information nec-

essary for the analysis of PM0.1. The DMA filters the aerosol distribution for a specific

mass-to-charge ratio on the assumption that the aerosols have one charge per aerosol after

passing through a neutralizer. Some larger-than-desired aerosols pass through the neutralizer

with multiple charges and enter the DMA, which allows the particles to pass through the

column with smaller, singularly charged aerosols that have the same mass-to-charge ratio.

Therefore, the electrostatic classifier did not generate a perfectly monodisperse suspension.

The geometric standard deviations (σg) for the experiments described in this section are

approximately 1.2, which is considered experimentally monodisperse.16 The total volume

along with total number suspension efficiency provided necessary information for analyzing

the potential nanoparticle coagulation and condensation processes in the rotating chamber.

Figure 3.6 represents the number and volume suspension efficiency for monodisperse, solid

ammonium sulfate particles in the rotating chamber compared to a stationary chamber.
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Figure 3.6: Long-term particle number (A) and volume (B) suspension efficiency (N/No and
V/Vo, respectively) while the chamber rotated at 2 RPM (green) compared to a stationary
chamber (red). The particles are 90±4 nm monodisperse ammonium sulfate particles and
No was approximately 2–5 ×103/cm3. Each data point represents a sample taken in tripli-
cate with the SMPS and was corrected for sample dilution caused by the particle sampling
process (Equation 2.11). The lines were added to help guide the eye. Error bars represent
absolute error of the average value, error bars smaller than the data point markers are not
displayed. . The inset in Panel B provides the initial particle distribution characteristics for
both experiments.

According to the computational model for aerosol dynamics explained in Sections 1.2.1.1,

monodisperse, 0.1 µm particles at low concentrations (<104/cm3) are expected to maintain

a >50% number and volume suspension efficiencies for over 30 hours in both a rotating and

stationary chamber (Equation 1.14). The concentrations of the particle suspensions repre-

sented in Figure 3.6 were too low to detect coagulation on the time scale of the experiments.

Therefore, the number concentration and volume concentration remained stable over the

course of the experiments. Both large, 1 µm, solid particles and ultrafine 90±4 salt particles

follow the predicted suspension efficiencies described in Section 2.2.1 for a slowly rotating

and stationary chamber.

3.4. Polydisperse Ammonium Sulfate Nanoparticles

Atmospherically-relevant particle suspension involve polydisperse aerosols of varying

compositions and phases, not just monodisperse solid spheres, like PSLs. Previous Sections
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3.2.2 and 3.3.2 described the initial particle dynamics and analysis techniques for monodis-

perse fine and ultrafine solid particles in the ACSI. The following experiments employed

polydisperse, irregularly-shaped, ammonium sulfate particle suspensions at high number

concentrations. High number concentrations (>105 particles/cm3) result in higher collision

frequencies that permit substantial coagulation over ~8 hour experiments. For example, a 100

nm particle suspension with 1000 particles/cm3, the collisional frequency in the 222.4 L ACSI

chamber is ~340 collisions/s while a 100 nm particle suspension with 1×105 particles/cm3 will

have 3.4× 106 collisions/s (Equation 1.8). During coagulation, the number of small particles

(<100 nm) decreases substantially as particles collide and adhere, which increases the num-

ber of larger particles. Overall, the total number concentration decreases due to coagulation,

in agreement with Equation 1.14. No particle volume is lost during coagulation, therefore

particle volume concentration remains unchanged (Equation 1.15).

dnc

dt
=

N
2
(8πdpDN) = 4πdpDN2 (1.8 revisited)

N(t) =
No

1 + NoγβKt
(1.14 revisited)

Cm = No
π

6
ρpd3

o = N(t)
π

6
ρpd(t)3 (1.15 revisited)

Equation 1.21 was used to predict the calculated coagulation coefficient for the poly-

disperse ammonium sulfate distributions. The count median diameter (CMD) was used to

determine the β correction factor.21 A comparison between the calculated and experimen-

tal coagulation coefficient, using Equation 1.13, provided insight into the effect of rotation

and other factors on particle coagulation rate. An experimental coagulation larger than the

predicted βK results in γ greater than one and indicates external factors enhanced the coag-

ulation rate. Conversely, a γ less than one implies a decrease in coagulation efficiency. The
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determination of γ under different conditions for the same aerosol serves as a benchmark for

identifying changes in aerosol dynamics in heterogeneous chemistry research with the ACSI.

K =
2kbT
3η

(
1 + exp(ln2 σg) +

2.49λ

CMD [exp(0.5 ln2 σg) + exp(2.5 ln2 σg)]

)
(1.21 revisited)

1

N(t)
− 1

No
= γβKt (1.13 revisited)

3.4.1. Experiment Details

3.4.1.1. Materials

Certified ACS grade ammonium sulfate salt was purchased from Fisher Chemical. Re-

search grade UHP N2 was purchased from Praxair, Inc. The deionized water was acquired

from the Hahn Hall South facilities (Millipore Purification Systems, 18.2 MΩ).

3.4.1.2. Particle Introduction

The experiment began with background measurements described in Section 2.5. For poly-

disperse aerosol introduction, the rotating main chamber was evacuated to approximately

600 Torr. Twenty psi of UHP N2 flowed through a Collison 6-jet nebulizer, which contained

approximately 30 mL of 0.6833 g/L aqueous ammonium sulfate solution. The newly gener-

ated salt aerosols flowed through a diffusion dryer to remove excess water before introduction

into the main chamber. Dried aerosol introduction continued until the chamber returned to

atmospheric pressure.

Low ammonium sulfate aerosol concentration experiments followed a similar procedure

as the one described above. The chamber was evacuated to 690–695 Torr prior to aerosol

introduction. Aerosol introduction continued until the chamber returned to atmospheric

pressure.
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3.4.1.3. Sampling Procedure

The nanoparticle suspensions were sampled through all four sampling ports simultane-

ously in triplicate every 20–60 minutes using an electrostatic classifier (TSI 3080), long DMA

(TSI 3081) and water condensation particle counter (TSI 3782) in scanning mobility particle

sizer (SMPS) mode. The DMA selects particles with a narrow range of electrical mobilities

via an electric field created between the central tube and the outer wall of the column. The

electrical mobility of a particle is determined by the terminal electrostatic velocity, which

is related to the dynamic viscosity of the air, particle size, and charge (Equation A.6). The

sample flowed into the SMPS at approximately 0.60 SLPM aerosol flow rate. Multiple charge

and diffusion correction TSI algorithms were applied to each SMPS data set. The algorithms

are described in detail by TSI Incorporated.136 A port on the tube extension on the non-

sampling side was opened to filtered laboratory air to maintain atmospheric pressure within

the chamber during active sampling.

3.4.2. Suspension Efficiency and Coagulation Analysis

Polydisperse distribution total number (N/No) and volume (V/Vo) suspension efficien-

cies were used to compare the aerosol dynamics in the rotating and stationary experiments,

similar to the analysis used for the ultrafine monodisperse particle suspensions. Most of

the following experiments employed approximately 2–3 orders of magnitude more particles

than the monodisperse studies, which resulted in ~4–6 orders of magnitude higher collision

frequency between particles in the chamber (Equation 1.8). Higher concentrations and colli-

sion frequencies necessitate a closer inspection of the suspension efficiencies to evaluate the

aerosol dynamics for a complex particle suspension. According to aerosol dynamics, each

collision results in two particles sticking together, which lowers the number concentration

while the particle volume concentration remains unchanged. Therefore, number suspension

efficiency alone would not be adequate to determine the effect of the chamber rotation on

the particle suspension due to changes over time from particle coagulation. The following
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section will explore the effects of particle concentration, rotation, and other external factors

on coagulation rate for a polydisperse solid particle in a simple model atmosphere of dry

nitrogen gas.

The polydisperse total number suspension efficiency (N/No) is expected to drop signifi-

cantly due to coagulation within the first hour, (Equation 1.14). For example, the number

suspension efficiency for a polydisperse suspension with 1×106 particles/cm3, CMD of 70 nm,

and σg of 1.7, will decrease the number concentration by half in approximately 12 minutes.

Lower concentrations and corresponding lower collision frequencies result in less change in

the number concentration over time, which was shown experimentally in both the fine (PSL)

and ultrafine (ammonium sulfate) monodisperse experiments described in Sections 3.2.2 and

3.3.2. Figure 3.7 represents the number and volume suspension efficiencies for polydisperse

ammonium sulfate particles in the rotating chamber compared to a stationary chamber.

Figure 3.7: Long-term polydispserse ammonium sulfate suspension total number (N/No, A)
and total volume (V/Vo, B) suspension efficiency while the chamber rotated at 2 RPM
(green) compared to a stationary chamber (red). Each data point represents a sample taken
in triplicate with the SMPS and was corrected for sample dilution caused by the particle
sampling process (Equation 2.11). The lines were added to help guide the eye. Error bars
represent absolute error of the average value, error bars smaller than the data point markers
are not displayed. The inset in Panel B provides the initial particle distribution characteristics
for both experiments.

The immediate decline in particle number concentration decline for the stationary and
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2 RPM trials supported the hypothesis that polydisperse suspensions undergo coagulation

at high concentrations in the ACSI. The volume suspension efficiency over time, however,

was slightly different between the experiments. The 2 RPM experiment maintained almost

100% volume suspension efficiency while the particle volume concentration in the stationary

experiment diminished 40% after 8 hours. The decline in total particle volume concentration

for the stationary chamber trial suggests that some particles were lost to deposition as

coagulation progressed. A low particle concentration study (<1000 particles/cm3) provided

information on polydisperse particle deposition within the rotating chamber. Any decrease

in particle number recorded in a low particle concentration is most likely due to deposition,

rather than from coagulation.22 Figure 3.8 includes the number and volume suspension

efficiencies for the low concentration trial as well as those depicted in Figure 3.7.

Figure 3.8: A) Number suspension efficiency (N/No) for high initial ammonium sulfate
aerosol concentration while the chamber rotated at 2 RPM (dark red), 0 RPM (yellow),
and low initial ammonium sulfate aerosol concentration (red). B) Volume suspension effi-
ciency (V/Vo) for high initial ammonium sulfate aerosol concentration while the chamber
rotated at 2 RPM (dark red), 0 RPM (yellow), and low initial ammonium sulfate aerosol
concentration (red). Each data point represents a sample taken in triplicate with the SMPS
and was corrected for sample dilution caused by the particle sampling process (Equation
2.11). The lines were added to help guide the eye. Error bars represent absolute error of the
average value, error bars smaller than the data point markers are not displayed. The inset
in Panel B provides the initial particle distribution characteristics.

Figure 3.8 indicates negligible particle loss in the rotating chamber for low particle
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concentrations. Both the number and volume suspension efficiency remained stable for

the low concentration (<104 particles/cm3) trial while the high concentration studies (106

particles/cm3) exhibited dramatic particle loss, likely from coagulation. In order to confirm

particles coagulated in the high concentration studies, the particle number suspension effi-

ciency was analyzed for 6–8 particle sizes throughout the particle distributions for all three

trials. A particle suspension that experiences coagulation should show a sharp decrease in

the number of small particles and an increase in larger particles as aggregates are formed.

No or minimal coagulation is hypothesized for the low concentration trial, which should re-

sult in no discernible trends for each particle size. Figure 3.9 shows the number suspension

efficiencies for 6–8 particle sizes from all three experiments shown Figure 3.8.
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Figure 3.9: Number suspension efficiency (N/No) for different particle sizes for low initial
ammonium sulfate aerosol concentration while the chamber rotated at 2 RPM (A), high
initial ammonium sulfate aerosol concentration in a stationary chamber (B), high initial
ammonium sulfate aerosol concentration while the chamber rotated at 2 RPM (C). Each
data point represents a sample taken in triplicate with the SMPS and was corrected for
sample dilution caused by the particle sampling process (Equation 2.11). The lines were
added to help guide the eye. Error bars represent absolute error of the average value, error
bars smaller than the data point markers are not displayed.

Figure 3.9A suggests no coagulation or particle loss occurred in the low concentration

particle suspension because the number suspension efficiency in the did not exhibit dis-

cernible upward or downward trends in the rotating ACSI for all six particle sizes. Figure

3.9B showed a rapid initial decrease in small particle concentration (≤ 98.2 nm) and a corre-

sponding increase in larger particles for the stationary trial, which suggests the high particle

concentration permitted the formation of aggregates through coagulation. However, the large

particle concentration began to drop after approximately 2 hours. Similar trends in the high
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concentration, rotating trial indicated coagulation, except the newly formed large particles

remained suspended over the course of the experiment.

Computational models and experimental data shown in Figure 3.8 and Figure 3.9 indi-

cated measurable coagulation within 8 hours depended on the initial concentration of the

polydisperse suspensions. The low concentration trial (<1000 particles/cm3) did not change

appreciably over time, which is likely due to low collisional frequency (~300/s) and mini-

mal gravitational deposition.16,22,137 In the stationary experiment, the larger, newly formed

aggregates were lost to gravitational settling after approximately 2 hours, which coincides

with the decrease in total number and volume suspension efficiency shown in Figure 3.8. A

steady total volume concentration and the trends seen for different particle sizes implied

that rotating the chamber kept the new aggregates suspended as coagulation progressed.

The derivation for the size-corrected coagulation coefficient (βK, Equation 1.21) de-

scribed in Section 1.2.1.1 assumed ideal conditions that are not representative of real exper-

imental conditions. Therefore, calculating experimental coagulation coefficient (γβK) pro-

vided insight on how the particle type, phase, and model atmosphere affect aerosol dynam-

ics. A method outlined by Kim et al. determined the experimental coagulation coefficient

for high particle concentrations.22 A plot of Equation 1.13 and experimental data resulted

in a straight line with a slope of γβK, where the scalar, γ, is used to fit the experimental

data to the calculated coagulation coefficient. A scalar larger than 1 indicates the coagula-

tion is enhanced compared to the derivation outlined in Section 1.2.1.1, while a γ less than

one suggests the coagulation is negatively impacted by experimental conditions. Figure 3.10

depicts the data analysis process for determining γβK for a high particle concentration in a

rotating chamber.
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Figure 3.10: Plot depicting the data analysis used to determine the γβK for the high con-
centration polydisperse distribution coagulating in a rotating chamber. The product, γβK,
is the slope of the line with the intercept set to zero according to the equation in the figure
and the method developed by Kim et al..22 The red outlined inset provides the calculated
γβK. The black outlined inset provides the initial particle distribution characteristics. Error
bars represent absolute error of the average value, error bars smaller than the data point
markers are not displayed.

The difference between the experimental and calculated coagulation coefficients provides

insight into the enhancement or reduction of particle coagulation in a model atmosphere. The

slope of the line in Figure 3.10 (γβK) was substituted to in Equation 1.14, which was then

compared to the number suspension efficiency for both experiments previously reported

(Figure 3.11). The calculated change in particle number concentration over time agreed

with the experimental data. Initial distribution characteristics for the high concentration

suspensions were used to calculate the size-corrected coagulation coefficient (βK, Equation

1.21). The scalar, γ, is determined using the calculated βK and the experimental γβK.
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Figure 3.11: Experimental and calculated number suspension efficiency (N/No) for high
initial ammonium sulfate aerosol concentration while the chamber rotated at 2 RPM (dark
red) and 0 RPM (yellow). Each data point represents a sample taken with the SMPS. Error
bars represent absolute error of the average value, error bars smaller than the data point
markers are not displayed. The dotted traces represent the calculated decrease in number
concentration using experimental coagulation coefficients, γβK. The inset provides the size-
corrected coagulation coefficient (βK), sticking coefficient (γ), and the product of γβK.

Both trials resulted in a γ less than one, which implies the coagulation measured in the

experiment is not as fast or as efficient as predicted by computational models. The particle

suspension in a stationary chamber had a much lower γ than a comparable particle suspension

in a rotating chamber. Therefore, the lower γ indicates a less efficient coagulation in the

stationary chamber when compared to the chamber rotating at 2 RPM. The coagulation

derivation described in Section 1.2.1.1 neglected experimental factors, such as turbulence,

particle surface charge, shape, and phase, that could affect coagulation efficiency.

Kim et al. reported coagulation coefficients 20–70% larger than the calculated βK for

similarly-sized, polydisperse NaCl salt particles (γ > 1), unlike the scalars calculated for the

ammonium sulfate suspensions that are all less than one.22 Particle surface charge could ex-

plain the discrepancy between the experiments described in this chapter and those previously
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reported for NaCl.22 My experiments only dried the aerosol-laden flow prior to introduction

while Kim et al. dried and neutralized most of the particle surface charge with a Kr-85

neutralizer.22

Surface charge affects coagulation in a few ways: diminish coagulation due to the re-

pulsion of like surface charges,138 coagulation enhancement from strongly bipolar surface

charges, negligible changes when particles exhibit a Boltzmann equilibrium charge distribu-

tion, and coagulation enhancement from the formation of chain-like aggregates.16 At equilib-

rium, approximately 28.7% of 100 nm particles are expected to have at least one elementary

charge unit on the particle surface (Equation A.21).16 Figure 3.12 displays the computed

fraction of particles between 10–1000 nm with 1 to 5 elementary charges. Hinds states that

neutral particles will acquire charge over time from collisions with air molecules and other par-

ticles.16 In addition, Kim et al. reported that high concentrations of similar surface charges

stabilized particle suspensions and decreased coagulation.138 The introduction of aerosols

directly from the drier without neutralization most likely resulted in particles with surface

charge.

Figure 3.12: Boltzmann’s equilibrium charge distribution for ultrafine and fine particulate
matter for n = 1–5 elementary charges.
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The coagulation derivation described in Section 1.2.1.1 also assumed hard, spherical

particles, instead of an irregularly-shaped, effloresced salt particles. The ammonium sulfate

in the experiments above existed as solid salt particles because the aerosol-laden flow was

dried and introduced into the ACSI with humidity lower than ammonium sulfate efflorescence

relative humidity. See Section 3.5 for more information on the efflorescence and deliquesence

of hygroscopic materials. Irregular particle shapes increase the coagulation coefficient when

compared to spherical particles. For example, Zebel reported that ellipsoids with a 10:1

radius ratio enhanced the coagulation coefficient (K) by 35% when compared to a spherical

particle with the same volume.16,25 If the irregularity of the particle shape affected the

coagulation in the ammonium sulfate experiments, the scalar, γ, would have been greater

than 1, which indicates an increased experimental coagulation coefficient when compared to

βK. Future studies involving scanning electron microscopy will show the extent of irregularity

in particulate shapes and how the geometry depends on experimental parameters.

Fractal aggregates and turbulence are factors other than shape and surface charge that

alter the coagulation. Fractal aggregates occur when solid particles collide and form long lin-

ear chains instead of uniform spherical droplets. Fractal aggregates enhance the coagulation

rate.16 Turbulence and non-ideal flow patterns in the rotating chamber increases the number

of collisions between particles,16 thus enhancing coagulation in a rotating chamber relative

to a stationary chamber. However, turbulent coagulation only affects particles larger than

10 µm.16,22,137 Turbulent coagulation is negligible for PM2.5 even though the environment

within the rotating chamber is turbulent and the sampling procedure causes turbulence as

the samples flow through the tubing.

Non-ideal flows enhance coagulation due to increased particle collisional frequencies in

turbulent environments.16 The flow environment within the chamber is considered non-ideal

because of the chamber rotation and sampling procedure. Figure 3.13 shows the calculated

velocity contours for tangential, radial and axial velocities in m/s with the chamber rotating

at 2 RPM, determined by our collaborator Matt Brown at Clarkson University. Frostling was
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the first, to my knowledge, to describe particle distributions within a cylindrical, rotating

chamber intended to extend particle suspension durations.128 The distributions reported

only had 6 channels for particle sizes between 0.3–3 µm. In comparison, the SMPS used

for all of the ammonium sulfate experiments employs 108 channels between ~20–700 nm,

which resulted in a more resolved distribution for every sample collected. The distributions

reported by Frostling involve much larger particles than the ammonium sulfate distributions

and hypothesized the decrease in particle number concentration is due to coagulation.128

The analytical solution for polydisperse coagulation coefficients was developed by Lee and

Lee and Chen after the Frostling paper was published.16,23,24,128 Therefore, the prior work

reported a calculated coagulation coefficient, which disagrees with current computational

models.

Figure 3.13: Calculated velocity contour within the ASCI, rotating at 2 RPM. The color
scale units are m/s for all three contours. Our collaborator at Clarkson University, Matthew
Brown, performed the simulations for the figure.
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In conclusion, the experimental ammonium sulfate coagulation coefficients were both

lower than the calculated βK. There are multiple, well-known factors that affect coagulation

rates: the formation of chain-like fractal aggregates, non-ideal turbulent flows, shape, and

surface charge. Non-ideal flows, fractal aggregates, and irregular particle shapes all increase

coagulation rate. Therefore, those factors are likely not the cause of the difference between the

calculated and experimental coagulation coefficients. Surface charge is one of the only plau-

sible explanations for an experimental coagulation coefficient to be less than predicted.16,138

As mentioned above, the experimental set-up used for these experiments could not neutralize

the particles prior to introduction to investigate the relationship between surface charge and

coagulation rate for particles with the same composition and phase state.

3.5. Effect of Humidity and Particle Composition on Aerosol Coagulation

Humidity and particle composition affect atmospheric lifetimes of particulate matter,

especially in hygroscopic inorganic salt particles. Approximately 81 Tg of sulfur and over

21 Tg of nitrogen are emitted into the atmosphere each year from both anthropogenic and

natural sources.13,29,30,33 Sulfur and nitrogen-containing molecules oxidize in the atmosphere

to form molecules such as sulfuric acid (H2SO4) and nitric acid (HNO3). Atmospheric acids

and bases react to form secondary ammonium sulfate and other water-soluble, inorganic salt

aerosols. Acidic compounds incorporated onto aerosols are not always chemically neutralized

by available basic gases,86 which results in compounds like ammonium bisulfate (NH4HSO4)

and highly acidic particles (pH < 1).139,140 Youn et al. collected PM1.0 in the Southwest

United States and reported NH4
+:SO4

2– ratios less than 2:1, indicating some of the sulfate

was not chemically neutralized by the available basic amines in the atmosphere.86 Therefore,

natural inorganic salt particles consist of complex mixtures, including acidic compounds.

The following section employs the ACSI to explore the effect of particle phase state and

composition on aerosol dynamics, specifically coagulation.

Acidic particles also facilitate heterogeneous reactions between the particle and surround-
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ing gases. Nozière et al. reported that inorganic salt ions, such as ammonium and carbonate,

catalyze aldol condensation reactions, which ordinarily require strong acid or base cata-

lysts.74 Acidic particles contribute to particle growth during new particle formation events

through acid-base reactions with amines and basic gases.1 For example, ammonium bisulfate

(NH4HSO4) particles react with gaseous alkyl amines without displacing ammonia within the

particle.99 In contrast, chemically neutralized ammonium sulfate ((NH4)2SO4) particles re-

lease ammonia when exposed to more basic, less volatile alkyl amines.86,99,100,141 Aerosol

acidity affects the known heterogeneous reactions and hygroscopicity of atmospheric parti-

cles.72

All aerosols and reactive gases in the atmosphere also interact with water. Atmospheric

water exists as water vapor (humidity), liquid (droplets or coatings around existing particles),

and solid (ice particles). The particle phase of hygroscopic material depends on aerosol

composition and the relative humidity of the surroundings.72,131 Inorganic salts exist either

as solid salt crystals at low relative humidity or aqueous droplets at high relative humidity.

The following section focuses on the phase state of H2SO4, NH4HSO4, and (NH4)2SO4 at

various relative humidities.

At extremely low relative humidities, most inorganic salt particles exist as solid crys-

tals.131 The particle remains solid until the characteristic deliquescence humidity (DRH),

at which point the particle spontaneously forms a saturated aqueous droplet. A continued

increase in humidity past the DRH results in water adsorption onto the aqueous droplet,

increasing the size of the aerosol. An aqueous droplet develops into a supersaturated droplet

when the relative humidity decreases below the DRH. The droplet remains aqueous until the

efflorescence relative humidity (ERH) is reached, at which point the droplet recrystallizes

back into a solid salt particle. Highly hygroscopic species, like sulfuric acid and ammonium

bisulfate, do not effloresce—instead, the aerosol changes smoothly with fluctuating relative

humidity.129,131,139 Figure 3.14 shows the change in aerosol diameter for H2SO4, NH4HSO4,

and (NH4)2SO4 at different relative humidities. Notice the sharp increase in aerosol diam-
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eter for ammonium sulfate at the 80% RH (DRH) and decrease at 35% RH (ERH).129–131

Assuming the particles passing through the diffusion dryer do not effloresce prior to intro-

duction into the chamber, the ammonium sulfate particles existed as supersaturated aqueous

droplets at 45–50% RH.129,131

Figure 3.14: Diameter change of ammonium sulfate, ammonium bisulfate, and sulfuric acid
as a function of relative humidity. Dp,o is defined as the diameter of the particle at 0% RH.
This figure adapted from reference 131.

The three humidities explored in the following sections are <15% RH, ~30% RH, and

>50% RH. Therefore, ammonium sulfate particles are expected to be solid at <15% RH, solid

with some water vapor or a liquid water layer on the particle at ~30% RH, and aqueous salt

droplets at >50% RH. As the particle composition changed through the addition of sulfuric

acid to the seed solution, the acidic particles are assumed to exist as aqueous, ammonium

bisulfate/sulfuric acid salt droplets at all relative humidities. The following section explores

the effect of humidity, particle composition, and particle phase on aerosol dynamics of inor-

ganic salts. Similar techniques described in Section 3.4.2 were used to analyze polydisperse

particle suspension characteristics for each model atmosphere.

87



Chapter 3. Particulate Matter Suspension Characterization

3.5.1. Experimental Details

3.5.1.1. Materials

Certified ACS grade ammonium sulfate salt was purchased from Fisher Chemical. Certi-

fied ACS grade sulfuric acid was purchased from Spectrum Chemical. Research grade UHP

N2 was purchased from Praxair, Inc. The deionized water was acquired from the Hahn Hall

South facilities (Millipore Purification Systems, 18.2 MΩ). HPLC grade, submicron filtered

water used for humidity control was purchased from Fisher Chemical.

3.5.1.2. Particle Introduction

The experiment began with background measurements described in Section 2.5. Water

vapor was added until the relative humidity reached the desired level using the procedure

in Section 2.5.1.1. For polydisperse aerosol introduction, the rotating main chamber was

evacuated to approximately 600 Torr. Twenty psi of UHP N2 flowed through a Collison

6-jet nebulizer containing approximately 40 mL of 0.6833 g/L aqueous ammonium sulfate

solution (pH ~5.5). The newly generated salt aerosols flowed through a TSI 3062 diffusion

dryer to remove excess water before introduction into the main chamber. Aerosol introduction

continued until the chamber returned to atmospheric pressure.

Sulfuric acid was added to the ammonium sulfate seed solution to generate the acidic

particles. The seed solution acidity was increased until the pH reached ~2.5 for one trial

and ~1.5 pH for the second. The acidic seed solutions are assumed to contain a mixture of

ammonium sulfate, ammonium bisulfate, and sulfuric acid.

3.5.1.3. Sampling Procedure

The nanoparticle suspensions were sampled through all four sampling ports simultane-

ously in triplicate every 20–60 minutes using an electrostatic classifier (TSI 3080), long DMA

(TSI 3081) and water condensation particle counter (TSI 3782) in scanning mobility particle

sizer (SMPS) mode. The DMA selects particles with a narrow range of electrical mobilities

via an electric field created between the central tube and the outer wall of the column. The
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electrical mobility of a particle is determined by the terminal electrostatic velocity, which

is related to the dynamic viscosity of the air, particle size, and charge (Equation A.6). The

sample flowed into the SMPS at approximately 0.60 SLPM aerosol flow rate. Multiple charge

and diffusion correction algorithms from TSI were applied to each SMPS data set. The al-

gorithms are described in detail by TSI Incorporated.136 A port on the non-sampling tube

extension was opened to filtered laboratory air to maintain atmospheric pressure within the

chamber during active sampling.

3.5.2. Suspension Efficiency and Coagulation Analysis

As described in Section 3.4.2, the total number and volume suspension efficiencies were

used to explore the changes in aerosol dynamics for the polydisperse ammonium sulfate

particles at different relative humidities. Figure 3.16 displays the suspension efficiencies for

four trials: 1.6% RH, 16.7% RH, 45.7% RH, and 49.8% RH initial relative humidity.

Figure 3.15: A) Ammonium sulfate number suspension efficiency (N/No) at 1.6% RH (dark
red), 16.7% RH (red), 45.7% RH (yellow), and 49.8% RH humidity (green) while the chamber
rotated at 2 RPM. B) Ammonium sulfate volume suspension efficiency (V/Vo) at 1.6% RH
(dark red), 16.7% RH (red), 45.7% RH (yellow), and 49.8% RH humidity (green). Each data
point represents a sample taken in triplicate with the SMPS and was corrected for sample
dilution caused by the particle sampling process (Equation 2.11). The lines were added
to help guide the eye. Error bars represent absolute error of the average value, error bars
smaller than the data point markers are not displayed. The inset in Panel B provides the
initial particle distribution characteristics.
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The three trials with humidity >15% RH resulted in a quicker decrease in particle number

concentration compared to the very low humidity trial (1.6% RH). Volume suspension effi-

ciencies indicate the loss of some particles for the 16.7% RH, 45.7% RH, and 49.8% RH trials.

The polydisperse ammonium sulfate particles in a rotating chamber at any relative humidity

exhibit a higher volume suspension efficiency when compared to the particle suspension in

a stationary chamber at <5% RH (Figure 3.8). The number suspension efficiency shown in

Figure 3.15 quickly decreases while the volume suspension efficiency (V/Vo) remained stable,

which suggests the aerosols coagulated during the experiment.

The coagulation of two same-sized, aqueous droplets results in a droplet with twice the

volume but a radius only ~26% larger. In contrast, the coagulation of two same-sized, solid

particles results in a particle with an effective diameter twice as large as the original particles.

Therefore, if the particles are aqueous droplets at approximately 50% RH, the increase in

the number of large particles would not be as apparent as in the low humidity experiments.

I hypothesize that the aqueous aerosols in the 45.7% RH and 49.8% RH trials will exhibit a

limited increase for the N/No of larger sized particles compared to the coagulation of solid

particles in the experiments <16.7% RH. Figure 3.16 shows the number suspension efficiency

for different sized particles at each humidity over time and provides insight into a possible

explanation for the lower total volume suspension efficiency highlighted in Figure 3.15.

The different-sized particle suspension efficiencies depicted in Figure 3.16 suggest that

as humidity increases, the larger particles do not increase in number significantly as the

suspension coagulates. The 16.7% RH trial exhibited similar trends in different particle

sizes compared to the 1.6% RH experiment. The number of larger particles increased while

the smallest particles decreased rapidly after particle introduction, indicative of coagulation.

Although the trends are similar between the 1.6% RH and the 16.7% RH trials, the number

of larger particles did not increase as dramatically in the 16.7% RH as in the 1.6% RH

trial. The 45.7% RH and 49.8% RH trials showed almost no increase in the number of large

particles over the course of the experiment. Small particles still decreased over time, similar
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to the experiments known to coagulate at relative humidities <10% RH. The lack of increase

in larger particles in the experiments with >35% RH could be due to unaccounted particle

loss, particle phase, or a combination of factors. I hypothesize that the salt ions move freely

throughout aqueous droplets, which can result in enhanced ionic concentrations on particle

surfaces. An enhanced concentration of one ion could negatively impact coagulation through

repulsive forces.

Figure 3.16: Number suspension efficiency (N/No) for different particle diameters for am-
monium sulfate aerosol with A) 1.6% RH (no added humidity), B) 16.7% RH, C) 45.7%
RH, and D) 49.8% RH while the chamber rotated at 2 RPM. Each data point represents a
sample taken in triplicate with the SMPS and was corrected for sample dilution caused by
the particle sampling process (Equation 2.11). The lines were added to help guide the eye.
Error bars represent absolute error of the average value, error bars smaller than the data
point markers are not displayed.
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The experimental coagulation coefficient was calculated for the ammonium sulfate sus-

pensions to compare the sticking coefficient, γ, at each relative humidity. Equation 1.13 was

fit to the total number suspension efficiency for each trial to determine the experimental co-

agulation coefficient, γβK. The calculated coagulation coefficient, βK, was also determined

for each trial. The scalar, γ, was calculated from the difference between the calculated and

experimental coagulation coefficients using the analysis discussed in Section 3.4.2. Table 3.3

lists the coagulation coefficients and the scalar for the 1.6% RH, 16.7% RH, 45.7% RH, and

49.8% RH experiments.

Table 3.3: Comparison between the calculated (βK) and experimental coagulation coefficients
(γβK) for ammonium sulfate particles at different relative humidities.

Initial
Humidity

βK
(cm3/s) γ

γβK
(cm3/s)

1.6% RH 1.61 × 10−9 0.357 5.73 × 10−10

16.7% RH 1.77 × 10−9 0.318 5.65 × 10−10

45.7% RH 1.93 × 10−9 0.280 5.40 × 10−10

49.8% RH 1.96 × 10−9 0.295 5.78 × 10−10

The experimental coagulation gradually decreases in efficiency, i.e. the scalar (γ) de-

creases, with increasing humidity. The presence of 16–50% water vapor negatively impacted

coagulation for ammonium sulfate when compared to the particle suspension coagulation in

1.6% RH. As described in Section 3.5, the ammonium sulfate particles most likely exist as

aqueous droplets above 35% RH, the characteristic efflorescence humidity. Therefore, am-

monium sulfate aerosols in the 45.7% RH and 49.8% RH experiments are assumed to be

droplets, not solid salt particles.

Ault et al. reported that an aqueous mixture of typical sea salt ions form “heterogeneous

internal structures” upon reaction with nitric acid, including an enhanced cation concen-

tration the particle surface.142 The ammonium sulfate particles are inherently acidic (seed

solution had a pH of 5.5), therefore the ions could form ionic layers in the aqueous ammonium
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sulfate droplets, similar to the internal aerosol structures discovered by Ault et al..142 The

positively charged ion concentration could be enhanced on the aerosol surface. Increased con-

centrations of like-charged ions on the particle surface result in Coulombic repulsion forces

between particles, which decreases the coagulation efficiency.138 Slower coagulation caused

the repulsion of particles with like surface charges supports the discovery that γ decreases

with increasing humidity reported in Table 3.3.

Analysis of the acidic aerosol suspensions provided information on how composition,

phase, and acidity affected coagulation. Adding sulfuric acid increased the acidity of the

seed solution and the aerosols generated. Rindelaub et al. reported that the seed solution pH

is much higher than that of the generated aerosol, e.g. a seed solution pH of 1.64 resulted in

an aerosol pH of 0.37 determined via Raman microspectroscopy.139 The three seed solutions

were ~5.5 pH (ammonium sulfate only), ~2.5 pH, and ~1.5 pH. The two acidic solutions gen-

erated aerosols containing water, ammonium bisulfate, and sulfuric acid. Previous research

reported that ammonium bisulfate and sulfuric acid do not effloresce, even at extremely low

relative humidities (see Figure 3.14).129,131 Therefore, in my work, the aerosols generated

from the acidic solutions are expected to be aqueous droplets. I hypothesize that the acidic

aerosols exhibit lower sticking coefficients (γ) than ammonium sulfate due to an increase in

repulsive Coulomb forces from surface charges. Figure 3.17 shows the relationship between

the coagulation coefficient scalar, γ, versus relative humidity (% RH) for the 5.5 pH, 2.5 pH,

and 1.5 pH seed solutions.
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Figure 3.17: Graphical relationship between the coagulation coefficient scalar, γ, and relative
humidity for the ammonium sulfate seed solution (dark red, 5.5 pH), and two ammonium
sulfate/sulfuric acid seed solutions (red, 2.5 pH and yellow, 1.5 pH).

Acidic particles exhibited a decrease in γ as relative humidity increased, comparable

to the ammonium sulfate particles. The aerosols in each trial are expected to be aqueous

droplets. The coagulation scalar for acidic, aqueous droplets below 20% RH was similar to

that of the ammonium sulfate aerosols in >45% RH. As described in Section 3.4.2, the only

external factor that could decrease coagulation efficiency is surface charge.16,138 Therefore,

the low coagulation efficiency for the acidic aerosols resulted in aqueous droplets at all relative

humidities and a likely increase in surface charge due to differences in particle composition.

3.6. Summary

Initial experiments involving particulate matter provided the first in depth insight into

the aerosol dynamics in the rotating chamber. Monodisperse 1 µm polystyrene latex spheres

represented the type of hard, spherical particle used in computational models.114 The rotat-

ing ACSI suspended >70% of the PSLs over 16 hours while the particles deposited quickly

(<8 hours) in a stationary chamber. Rotating the chamber at 2 RPM also established a uni-

form radial distribution of particles. Particle tracking models calculated by our collaborator,
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Matt Brown, support both the suspension efficiency and uniform distribution of fine partic-

ulate matter. The uniform distribution indicates the particles will scatter the spectroscopic

light in the optical path along the central axis. For the particle sizes and wavelengths of

light currently used in the ACSI, <2.4×10-4% of the light in the optical path is elastically

scattered by the particles, according to Rayleigh scattering.

The experiments described in this chapter are the first, to my knowledge, to explore the

suspension efficiency of fine and ultrafine salt particles in a rotating chamber with a station-

ary, central optical path. Computational models predicted ultrafine monodisperse salts, i.e.

less than 0.1 µm in diameter, have high suspension efficiencies in stationary and slowly rotat-

ing chambers (Figure 2.2). The monodisperse ammonium sulfate salt nanoparticles remained

suspended in both the stationary and rotating chamber, as expected for low concentrations of

90±4 nm sized particles. Low monodisperse particle concentrations resulted in low collisional

frequencies and thus no coagulation was observed on the 8 hour experimental timescale. No

observable amount of monodisperse particles were lost to factors other than coagulation,

such as gravitational deposition.

The aerosol dynamics model derived in Section 1.2.1.1 predicted polydisperse parti-

cles with a count median diameter of approximately 0.1 µm at low concentrations (<1000

particles/cm3) will not coagulate. Low concentrations of solid, polydisperse, ammonium sul-

fate particles suspended in the ACSI had no observable particle coagulation, as expected

by the computational model. Coagulation did occur when the initial ammonium sulfate con-

centrations were higher than ~1 × 106 particles/cm3. Analysis of the number suspension

efficiency (N/No) for different sized particles in both the 0 RPM and 2 RPM trials (Figure

3.9) confirmed coagulation in the particle suspensions when No = ~1 × 106 particles/cm3.

Investigation of the number suspension efficiency (N/No) for different sized particles

in the stationary chamber showed the effect of gravitational deposition on a suspension

as particles coagulate. The larger particles formed by coagulation in the stationary trial

deposited out of the suspension. In contrast, slow rotation (2 RPM) of the main chamber kept
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the newly-formed aggregates suspended over 8 hours. The analysis of the number suspension

efficiency (N/No) for different sized particles was used for the first time in this chapter to

illustrate coagulation in various model atmospheres.

In Section 1.2.1.1, I defined the “sticking coefficient” (γ) that was used to quantify the

changes in coagulation caused by different model atmospheres, such as relative humidity

and particle composition. The experimental coagulation coefficient (γβK) was calculated

using Equation 1.13 for the trials that exhibited coagulation. The experimental coagula-

tion coefficients for all polydisperse ammonium sulfate suspensions were lower than the

calculated βK based on the initial distribution characteristics. Common factors that affect

coagulation include turbulence, formation of fractal aggregates, irregular shapes, and surface

charge.16,25,138,143 Surface charge is the only external factor known to slow coagulation in a

particle suspension. Therefore, the ammonium sulfate particles are hypothesized to possess

like surface charges that decrease coagulation efficiency and stabilize the particle suspension

through repulsive forces.138

After establishing an analysis technique to quantify changes in coagulation, I explored

the effect of particle phase state and composition on the coagulation of ammonium sulfate

salt aerosols. Ammonium sulfate aerosols are generated as aqueous droplets and effloresced

into solid aerosols in the model atmosphere when the relative humidity dropped below 35%

RH. Ammonium sulfate aerosols are expected to be aqueous droplets at any relative humidity

higher than 35% RH. Therefore, analyzing the aerosol dynamics at low (<35% RH) and high

(>35% RH) humidities elucidated the effect phase state has on coagulation for ammonium

sulfate aerosols. As humidity increased beyond the ammonium sulfate efflorescence (35%

RH), the coagulation sticking coefficient (γ) decreased. Prior work reported simulated sea

salt droplets had an enhanced cation concentration on the particle surface.142 Therefore, I

hypothesize the decrease in the sticking coefficient is related to the mobility of ions in an

aqueous droplet versus a solid salt particle.

Coagulation efficiency also depends on particle composition, not just phase state. Acidic
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aerosols were generated by adding sulfuric acid to the seed solution, which resulted in

seed solutions with 5.5 pH, 2.5 pH and 1.5 pH. Acidic ammonium sulfate droplets con-

tained ammonium bisulfate and sulfuric acid. Unlike ammonium sulfate, ammonium bisulfate

and sulfuric acid do not effloresce after aerosol generation, which resulted in only aqueous

droplets.129,131,139 As expected, the coagulation sticking coefficient calculated for acidic am-

monium bisulfate aerosols at relative humidities ranging from <10% RH to >55% RH are all

lower than the ammonium sulfate aerosols (Figure 3.17). I expect the increased concentration

of ions in the acidic droplets likely contribute to lower experimental coagulation coefficients.

Like-charges on the surface of particles, aqueous or solid, slow coagulation.138,143 Pandis

and Seinfeld derived a correction factor (Wc) that represents the effect of surface coulomb

forces on the coagulation of two equal sized particles.143 Equation 3.1 shows the insertion of

the correction factor into the equation for coagulation flux. The correction factor is derived

from the potential energy of the interaction between two charged particles. See Appendix

A.1.3 for the derivation of Wc. The Coulomb force correction factor (1/Wc) is greater than

1 for particles with unlike charges and less than 1 for like-charged particles. I hypothesized

that the coagulation of ammonium sulfate and ammonium bisulfate aerosols is lower than

expected due to like charges on the particle surfaces. I quantified the decrease in coagulation

by defining a “sticking coefficient” (γ), which always resulted in a value less than one. The

sticking coefficients calculated in this section could be interpreted instead as the Coulomb

force correction factor (1/Wc). Calculating 1/Wc for a polydisperse suspension is not trivial,

however the correction factor is still a useful tool to provide insight into the effect of particle

composition and phase state on coagulation.

J1,2 =
1

Wc
K1,2N1N2 (3.1)

Overall, monodisperse and polydisperse particles remain uniformly suspended in the ro-

tating chamber of the ACSI with a stationary optical path along the central axis. Coagulation
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occurred when initial particle concentrations are approximately 1×105–1×106 particles/cm3.

Humidity, particle composition and phase state all affect coagulation through enhanced con-

centrations of like charges on the particle surface. Chapter 4 explores heterogeneous reactions

on particle suspensions analogous to those characterized in this chapter.
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Chapter 4

Ammonium Sulfate Heterogeneous Reactions

4.1. Introduction

The atmosphere consists of a highly complex mixture of gases ranging from small, inert

diatomic molecules like nitrogen to reactive volatile organic compounds (VOCs).26 Some

reactive molecules, like alkyl amines and ammonia, are emitted directly into the atmosphere,

while oxidation produces secondary reactive functional groups, including aldehydes or hy-

droxyl groups. Sulfur-containing pollutants, such as SO2 from anthropogenic and natural

combustion processes, are oxidized to form sulfuric acid. The process of sulfuric acid and

other molecules interacting with particles in the surrounding atmosphere is one type of

aerosol aging. Fine particulate matter (PM2.5) has the longest atmospheric lifetime, thus

particles <2.5 µm age more than larger, short-lived coarse mode particles. VOCs collect on

particles and alter the overall reactivity of a surface. For example, Kelly et al. demonstrated

that as metal oxide dusts reacted with nitric and sulfuric acid, the particle solubility in

water increased. Semi-volatile compounds also condense onto particle surfaces without re-

acting with the bulk material, which increases the particle size. Aging processes affect the

overall atmospheric fate of particles by either changing the particle reactivity or increasing

the particle size until the particle settles or washes out of the atmosphere.

Heterogeneous reactions involved in aerosol aging are complex processes that potentially

produce new molecules or release gases back into the atmosphere. For example, isopropanol

dissolved into water on Gobi Desert dust produces and releases acetone and formaldehyde

upon photolysis with UV light.98 Aqueous ammonium and carbonate ions catalyze aldol

reactions with glyoxal molecules.74 Another inorganic salt, ammonium sulfate, is formed in

the atmosphere through the reaction between sulfuric acid and ammonia. Ammonium sulfate

releases trace amounts of ammonia upon acid-base reaction with alkyl amines that are more
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basic and less volatile than ammonia.1,99,100,107 In this chapter, research in which the ACSI

was employed to investigate the types of heterogeneous reactions described above, especially

those that produce gas-phase molecules is described.

Chapter 4 focuses on acid-base reactions that involve alkyl amines and ammonium sulfate

aerosols. Short chain alkyl amines and ammonia are abundant gases emitted from both

anthropogenic and natural sources.86 Amines remain in the atmosphere for days in the

gas-phase,87 ambient particulate matter,85,86 and fog and cloud water.13,86,88 As sulfuric

acid reacts with ammonia to form secondary ammonium sulfate aerosols, the particles are

not completely chemically neutralized. The resulting particles are more acidic than a particle

with a 2:1 ammonium to sulfate ratio.86 Most laboratory studies that investigate atmospheric

amine chemistry involve non-atmospheric conditions, such as single particle levitation120 or

ammonium sulfate coated flow tube reactor.99,100 For example, Qiu et al. used a flow tube

reactor and chemical ionization mass spectrometer to discover that the monomethyl amine

reaction with acidic ammonium sulfate, or ammonium bisulfate, did not release a detectable

amount of ammonia, which suggests the alkyl amine only reactively uptakes onto the particle.

The ACSI was designed to monitor heterogeneous reactions in a controlled aerosol suspension

that better represents the conditions naturally occurring in the atmosphere. Specifically, the

spectroscopy integrated into the ACSI was used to detect gas-phase products in situ from

heterogeneous reactions that occur at the vapor-particle interface, such as the ammonia

released off of ammonium sulfate particles.

Cavity ring-down spectroscopy incorporated into the ACSI allowed for the detection of

trace gas concentrations nearing the parts per billion (ppb) level in situ. Common analytical

techniques sensitive enough to detect ppb-level gases usually involve ex situ and destruc-

tive analysis, such as mass spectrometry or gas chromatography. The in situ spectroscopic

technique affords the opportunity to monitor changes in the model atmosphere without dis-

turbing the particulate matter. Stable model atmospheres are created in the ACSI via the

rotating main chamber, see Chapter 3 for more information on the suspension efficiencies
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of ammonium sulfate particles. The following sections explore the effect of the model atmo-

sphere and the particle composition on heterogeneous reactions between monomethyl amine

and ammonium sulfate.

4.2. Ammonia Release from Heterogeneous Reaction Between Ammonium

Sulfate and Monomethyl Amine

A prevalent atmospheric reaction involves the chemical neutralization of acids, such as

sulfuric acid, by basic gases like ammonia or alkyl amines to form secondary particulate

matter.17,86,99,100 Ammonia gas is the most abundant atmospheric base and readily neu-

tralizes sulfuric acid to produce ammonium sulfate. Nitric acid participates in analogous

acid-base reactions, however amines preferentially neutralize sulfuric acid over nitric acid.86

Other amines, such as dimethyl amine, also react with atmospheric acids to form aminium

salts.1 Amine chemistry in the atmosphere has been monitored directly and simulated with

laboratory studies involving flow tubes or single particle levitation.86,99,100,120 The following

experiments conducted with the ACSI bridge the gap between the monitoring and collec-

tion of particulate matter and laboratory studies with a well-controlled model atmosphere

simulating the conditions necessary for amine-related heterogeneous reactions.

Alkyl amines compete with ammonia to form secondary organic aerosols and react with

existing salt particles. For instance, Youn et al. observed a peak mass concentration of

dimethyl aminium ions that directly correlated with the ammonium and sulfate concentra-

tions in PM2.5 collected in the Southwest United States.86 Table 4.1 lists the pKb for select at-

mospheric amines in 25°C water. Aqueous basicity constants provide further insight into the

acid-base reactions that occur in a humid atmosphere. The two strongest atmospheric bases,

monomethyl amine and dimethyl amine, are known to preferentially form alkyl aminium

sulfate particles in new particle formation events with sulfuric acid, even in the presence

of ammonia.1,106,107 Basic alkyl amines also displace ammonium ions in ammonium sulfate

aerosols, which causes ammonia to partition back into the gas phase.1,99,100
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Table 4.1: Base dissociation constants of select alkyl amines in 25°C water.144

Compound Structure pKb

Ammonia NH3 4.7

Monomethyl amine CH3NH2 3.4

Dimethyl amine (CH3)2NH 3.3

Trimethyl amine (CH3)3N 4.3

Previous laboratory studies have shown that ammonium sulfate produces gaseous ammo-

nia upon the reactive uptake of alkyl amines in the presence of ≥5% relative humidity.99,100

The net reaction between monomethyl amine and ammonium sulfate is depicted in Reaction

R 4.1.

nCH3NH2(g) + (NH4)2SO4(aerosol) −−−→ nNH3(g) + (CH3NH3)n(NH4)2−nSO4(aerosol) (R 4.1)

The ammonia displacement reaction in a humid model atmosphere was selected as a proof-

of-concept study since sulfate particles play a critical role in atmospheric aging chemistry.

Benchmark tests involved in situ monitoring with cavity ring-down spectroscopy as the

ammonium sulfate aerosol suspension is exposed to monomethyl amine. The perturbation

of a stable model atmosphere with an analyte gas simulates the scenario in which a reactive

pollutant alters and ages an existing particle suspension.

4.2.1. Experimental Details

4.2.1.1. Materials

Certified ACS grade ammonium sulfate salt was purchased from Fisher Chemical. The

control particles were 1% monodisperse 0.994 ± 0.012 µm spherical polystyrene latex par-

ticles (PSLs) suspended in water with a proprietary surfactant to minimize coagulation in

solution were purchased from Thermo Fisher Scientific (Duke Standards 4009A). A lecture

bottle of ≥99.9% anhydrous ammonia was purchased from Sigma Aldrich. A lecture bottle
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of monomethyl amine was purchased from Matheson Tri-Gas. Research grade UHP N2 was

purchased from Praxair, Inc. Deionized water was acquired from Hahn Hall South (Millipore

Purification Systems, 18.2 MΩ). HPLC grade, submicron filtered water used for humidity

control was purchased from Fisher Chemical.

4.2.1.2. Analyte Introduction

The experiment began with the background procedure described in Section 2.5. Water

vapor was added until the relative humidity reached the desired level using the procedure

from Section 2.5.1.1. The rotating main chamber was evacuated to approximately 600 Torr.

Twenty psi of UHP N2 flowed through a Collison 6-jet nebulizer containing approximately

40 mL of 0.6833 g/L aqueous ammonium sulfate solution (pH ~5.5). The newly generated

salt aerosols flowed through a TSI 3062 diffusion dryer to remove excess water before intro-

duction into the main chamber. Aerosol introduction continued until the chamber returned

to atmospheric pressure.

The aerosol suspension reached a stable distribution after 1–2 hours in the chamber.

The chamber was evacuated until the pressure was 10 Torr below atmospheric pressure in

preparation for monomethyl amine introduction. Twenty seconds of 100 SCCM monomethyl

amine gas was introduced into the chamber using a metal sealed mass flow controller (MKS

GM50A013503SBV020). UHP N2 was added until the chamber returned to atmospheric

pressure.

4.2.1.3. Sampling Procedure

The nanoparticle suspensions were sampled through all four sampling ports simultane-

ously in triplicate every 20–60 minutes using an electrostatic classifier (TSI 3080), long DMA

(TSI 3081) and water condensation particle counter (TSI 3782) in scanning mobility particle

sizer (SMPS) mode. The sample flowed into the SMPS at approximately 0.60 SLPM aerosol

flow rate.Multiple charge and diffusion correction TSI algorithms were applied to each SMPS

data set. The algorithms are described in detail by TSI Incorporated.136 A port on the oppo-

103



Chapter 4. Ammonium Sulfate Heterogeneous Reactions

site side of the chamber to the aerosol sampling instrument was opened to filtered laboratory

air to maintain atmospheric pressure within the chamber during active sampling. A CRDS

spectrum was collected during each particle sampling event.

4.2.2. Results and Discussion

The ACSI employs multi-pass, non-destructive, infrared spectroscopy to detect ppb-levels

of gases evolved from controlled heterogeneous reactions. The model atmosphere developed

to explore the reactive uptake of monomethyl amine onto ammonium sulfate particles in-

volved multiple infrared-absorbing gases, such as water vapor, monomethyl amine, and trace

amounts of ammonia. Several control spectra and spectra recorded at strategic points during

each experiment validated the displacement of ammonia using Beer’s Law (Equation 2.9).

To the best of my knowledge, the following results are the first time the reactive uptake of

monomethyl amine has been observed in situ on an aerosol suspension using infrared cavity

ring-down spectroscopy.

A(ν) = σ1(ν)N1d + σ2(ν)N2d + ...
n∑

i=1

σi(ν)Nid (2.9 revisited)

Spectra were recorded at critical points in the experiment: before and after water vapor

(humidity) introduction, after the ammonium sulfate aerosol introduction, and finally after

the perturbing the model atmosphere with monomethyl amine. The background spectrum

recorded (Figure 4.1) shows the mid-infrared absorption features of the model atmosphere

containing only ammonium sulfate aerosols, 60% RH, and UHP N2. The spectrum of the

initial model atmosphere shows absorption features that were subtracted from subsequent

spectra recorded after monomethyl amine introduction.
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Figure 4.1: Absorption spectrum of the model atmosphere containing only ammonium sulfate
aerosols, 60% RH, and UHP N2.

The CRDS mid-infrared spectrum recorded after monomethyl amine introduction into

the model atmosphere is shown as the green spectrum in Figure 4.2. The spectrum includes

the additive absorption of each absorbing species in the model atmosphere. The black back-

ground spectrum is subtracted from the green spectrum, which results in the spectrum of

the excess monomethyl amine and gases produced via Reaction R 4.1.
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Figure 4.2: Absorption spectra of the initial model atmosphere (black) and mixture of the
model atmosphere and the monomethyl amine (green).

The subtraction of the initial model atmosphere spectrum from the total additive absorp-

tion spectrum post monomethyl amine introduction produced the blue spectrum in Figure

4.3, representative of the absorption only from the excess monomethyl amine and gas-phase

products from Reaction R 4.1. A scaled control spectrum of monomethyl amine in dry UHP

N2, red spectrum in Figure 4.3, is subtracted from the blue spectrum representative of the

monomethyl amine and gas products in order to produce the spectrum in Figure 4.4, indica-

tive of only the gas-phase products from Reaction R 4.1.
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Figure 4.3: Absorption spectra of excess monomethyl amine and gas products (blue) and a
scaled monomethyl amine in dry UHP N2 control spectrum (red).

Figure 4.4: Absorption spectrum of the gas-phase products released from the heterogeneous
reaction between monomethyl amine and a model atmosphere containing ammonium sulfate,
60% RH, and UHP N2.

The spectral features in Figure 4.4 suggest the presence of a gas product after the het-

erogeneous reaction. I hypothesize that the gas produced is ammonia partitioned off of the

ammonium sulfate particles after reaction with monomethyl amine. In order to validate the
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evolved gas was ammonia, the spectrum was compared with a control spectrum and the cal-

culated High Resolution Transmission (HITRAN) spectral line positions and intensities for

ammonia.124,125 Figure 4.5 shows the comparison between the gas product spectrum, scaled

ammonia control spectrum and the HITRAN calculated spectral features for ammonia.

Figure 4.5: Comparison of the products spectrum (purple), ammonia control (yellow) and
scaled HITRAN calculated spectral line positions and intensities for ammonia (grey).124,125

The spectrum of the evolved reaction products is consistent with the recorded and cal-

culated spectral features of ammonia (Figure 4.5). The CRDS incorporated into the ACSI

required 6 minutes to record one spectrum. I expect the amount of ammonia gas detected

from the ammonium sulfate/monomethyl amine reaction to remain steady after the first

acquisition and throughout the remainder of the experiment, which could last 2+ hours.

Figure 4.6 shows CRDS spectra recorded after 0 minutes, 67 minutes, and 120 minutes post

monomethyl amine introduction.
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Figure 4.6: Ammonia produced by the reaction between monomethyl amine and ammo-
nium sulfate in 60% RH over time. The green spectrum was recorded immediately after the
monomethyl amine introduction process, the grey and purple spectra were recorded at 67
minutes and 120 minutes post exposure.

Ammonia was detected immediately after perturbing the humid ammonium sulfate sus-

pension with monomethyl amine. Figure 4.6 shows that the ammonia spectral features re-

mained constant after 67 minutes and 120 minutes. Stable concentrations of ammonia were

also observed for all remaining experiments in this chapter.

Although I hypothesize that ammonia was released directly from the heterogeneous reac-

tion involving ammonium sulfate suspended particles, other possibilities, including chamber-

wall reactions, could explain the generation of gas-phase ammonia. The hypothesis was tested

with a control experiment to verify the ammonia release required the reactive, ammonium

sulfate aerosols. Nonreactive, polystyrene latex particles (PSLs) under similarly humid con-

ditions (~30% RH) replaced the ammonium sulfate aerosols in the control experiment. The

experiment began by establishing the model atmosphere, which contained the desired relative

humidity and an analyte particle suspension. After the model atmosphere of PSLs and hu-

midity stabilized, monomethyl amine was introduced and Figure 4.7 shows the corresponding
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spectra recorded during the control experiment.

Figure 4.7: Spectra representing the lack of ammonia gas evolution after exposing 0.994 ±
0.012 µm particles to monomethyl amine. A) Black spectrum illustrates the CRDS spec-
trum of PSLs in approximately 30% RH. Green spectrum was recorded upon release of
monomethyl amine into the simulated cloud, thus the spectrum contains features associated
with the particles, water vapor, and excess monomethyl amine. B) The black, background
spectrum was subtracted from the green spectrum resulting in the blue spectrum, which
indicates excess monomethyl amine. The scaled monomethyl amine control spectrum (red)
is subtracted from the blue spectrum. Purple spectrum is the difference between the blue
and red spectrum.

The final spectrum in Figure 4.7B suggests the monomethyl amine did not produce

gas-phase products upon release into the PSL atmosphere. More specifically, no ammonia

was released from the control particles or the chamber wall upon monomethyl amine intro-

duction. The lack of ammonia production in the control experiment also indicated minimal

ammonium sulfate contamination from particles deposited on the chamber walls or residual

aerosol suspensions from previous experiments. Therefore, the heterogeneous Reaction R 4.1

only produced ammonia in the presence of an ammonium sulfate particle suspension and

monomethyl amine.
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4.3. Effect of Humidity on Ammonia Release from the Reaction between

Ammonium Sulfate and Monomethyl Amine

Atmospheric relative humidity dramatically ranges from region to region, which can have

a major influence on the dynamics and interfacial chemistry of aerosols. The lowest relative

humidities range from ~25% RH in the Saharan Desert to ~70% RH in tropical areas and

100% RH in clouds.19,20,123 Long-lived PM2.5 in the atmosphere might travel from areas

of high humidity to low or vice versa. Areas of different relative humidity and pollutant

concentrations age and alter fine particulate matter composition. Particle composition and

relative humidity dictates if an aerosol exists as a solid or liquid. The transition from a solid

to a liquid aerosol is deliquesence and the liquid to solid transition is efflorescence.131 The

particle phase state affects the efficiency of most atmospheric heterogeneous reactions.100

The ACSI was designed to introduce water vapor into any model atmosphere to mimic

natural variations.

The proof-of-concept heterogeneous reaction between monomethyl amine and ammonium

sulfate is known to approach 100% completion with ≥10% RH present. Chan and Chan

reported that at low relative humidity (<5% RH), monomethyl amine displaced less than

7.1 ± 9.4% of the ammonia in ammonium sulfate particles.120 However, at high relative

humidity, over 50% RH, >95% of the ammonia was displaced by the monomethyl amine. The

following section utilizes the humidity control and cavity ring-down spectroscopy capability

of the ACSI to explore the effect of relative humidity on the amount of ammonia displaced

from Reaction R 4.1.

4.3.1. Experimental Details

4.3.1.1. Materials

Certified ACS grade ammonium sulfate salt was purchased from Fisher Chemical. A

lecture bottle of monomethyl amine was purchased from Matheson Tri-Gas. Research grade

UHP N2 was purchased from Praxair, Inc. The deionized water was acquired from the Hahn
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Hall South facilities (Millipore Purification Systems, 18.2 MΩ). HPLC grade, submicron

filtered water used for humidity control was purchased from Fisher Chemical.

4.3.1.2. Analyte introduction

The experiment began with the background procedure described in Section 2.5. Water

vapor was added until the relative humidity reached the desired level using the procedure

in Section 2.5.1.1. The rotating main chamber was evacuated to approximately 600 Torr.

Twenty psi of UHP N2 flowed through a Collison 6-jet nebulizer containing approximately

40 mL of 0.6833 g/L aqueous ammonium sulfate solution. The newly generated salt aerosols

flowed through a TSI 3062 diffusion dryer to remove excess water before introduction into the

main chamber. Aerosol introduction continued until the chamber returned to atmospheric

pressure.

The aerosol suspension reached a stable distribution after 1–2 hours in the chamber.

The chamber was evacuated until the pressure was 10 Torr below atmospheric pressure in

preparation for monomethyl amine introduction. Twenty seconds of 100 SCCM monomethyl

amine gas was introduced into the chamber using a metal sealed mass flow controller. UHP

N2 was added until the chamber returned to atmospheric pressure.

4.3.1.3. Sampling Procedure

The nanoparticle suspensions were sampled through all four sampling ports simultane-

ously in triplicate every 20–60 minutes using an electrostatic classifier (TSI 3080), long DMA

(TSI 3081) and water condensation particle counter (TSI 3782) in scanning mobility parti-

cle sizer (SMPS) mode. The sample flowed into the SMPS at approximately 0.60 SLPM

aerosol flow rate. Multiple charge and diffusion correction TSI algorithms were applied to

each SMPS data set. The algorithms are described in detail by TSI Incorporated.136 A port

on the opposite side of the chamber to the aerosol sampling instrument was opened to filtered

laboratory air to maintain atmospheric pressure within the chamber during active sampling.

A CRDS spectrum was collected during each particle sampling event.
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4.3.2. Results and Discussion

Three model atmosphere relative humidities were created prior to ammonium sulfate

introduction: no additional water vapor (<5-15% RH), ~30% RH and ≥60% RH. The intro-

duction of aerosol particles, which are never completely desiccated, typically increases the

relative humidity approximately 5–20% RH. The aerosols generated were aqueous ammonium

sulfate salt droplets, which were then dried and introduced into the main chamber. Two of

the experiments had a relative humidity lower than efflorescence humidity of ammonium

sulfate (35% RH) after aerosol introduction. Monomethyl amine was added approximately

1–2 hours after aerosol introduction. Figure 4.8 shows the gas-phase product spectra for each

trial was determined with the same spectral subtraction analysis process described in Section

4.2.2.

Figure 4.8: Ammonia gas produced from the reaction between monomethyl amine and am-
monium sulfate at 60% RH (purple), 30% RH (green) and 15% RH (yellow). All spectra are
normalized to the ammonium sulfate particle mass concentration for each trial.

Prior work reported a decrease in ammonia displacement upon reaction between alkyl

amines and ammonium sulfate in flow tube reactors and single particle levitation when
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the relative humidity was <5–15% RH.100,120 The three trials conducted with the ACSI

were performed at <15% RH, 30% RH, and 60% RH. Each spectrum in Figure 4.8 was

normalized to the ammonium sulfate mass concentration in each trial. Ammonium sulfate is

the limiting reagent for Reaction R 4.1 and the amount of ammonia available for displacement

is proportional to the aerosol concentration. The 60% RH trial exhibited the highest amount

of ammonia displaced due to the ammonium sulfate/monomethyl amine reaction. The 30%

RH trial showed much less ammonia displacement when compared to the 60% RH trial.

No gas-phase ammonia is detected after monomethyl amine introduction into the model

atmosphere when the relative humidity was below 15% RH.

I hypothesize that the aerosol phase state affects the reaction efficiency at each relative

humidity. Previous studies which used single particle levitation100,120 and a flow reactor99

reported Reaction R 4.1 occurred only with excess water present. Chan and Chan also re-

ported that monomethyl amine displaced less than 7% of the ammonium ions in crystalline

ammonium sulfate while monomethyl amine displaced over 95% of the ammonium ions in

aqueous ammonium sulfate.120 The particles used in the ASCI experiments are assumed to

effloresce into solid particles in the two low humidity trials and exist as an aqueous droplet

in the 60% RH trial. As expected, the monomethyl amine displaced less ammonia from crys-

talline ammonium sulfate (0–15% RH and 30% RH) when compared to the reaction with

aqueous aerosols (60% RH). The experiments described in this section demonstrate the ca-

pabilities of the ACSI to explore the effect of various model atmosphere compositions on a

heterogeneous reaction.

4.4. Effect of Particle Composition on Heterogeneous Acid-Base Reactions

Anthropogenic and natural sources introduce 81 Tg of sulfur and >21 Tg of nitrogen

every year.13,29,30,33 Oxidants, such as ozone and hydroxyl radicals, readily oxidize molecules

containing sulfur and nitrogen atoms. Oxidation and other atmospheric reactions produce

sulfuric acid (H2SO4) and nitric acid (HNO3). Sulfuric and nitric acid are the two most
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abundant, strong acids in the atmosphere.

Atmospheric acids react with almost every type of particle and molecule. For example,

nitric acid commonly reacts with mineral oxide dust particles, which increases the hygro-

scopicity of the dust.72 Acids incorporated into cloud water droplets contribute to acid

rain.145 Gas-phase acid-base reactions also form secondary inorganic salt aerosols, most

commonly ammonium sulfate ((NH4)2SO4).1 Sulfuric acid is not always chemically neutral-

ized by atmospheric bases. Youn et al. reported the NH4
+:SO4

2– ratio was less than 2:1

in PM1.0 from the Southwest United States, which indicated the presence of ammonium

bisulfate (NH4HSO4).86 Ammonium bisulfate and other acidic particles (pH < 1)139,140 cat-

alyze heterogeneous reactions that usually require strong acid or base catalysts, such as aldol

condensations.74

Sections 4.2 and 4.3 focused on ammonia displacement due to the heterogeneous reaction

between monomethyl amine and ammonium sulfate. Ammonium bisulfate also reacts with

alkyl amines, however ammonia is not displaced by the reaction.99 The bisulfate ion donates

a hydrogen atom to the alkyl amine instead of an ammonium ion (Reaction R 4.2).

CH3NH2(g) + NH4HSO4(aerosol) −−−→ CH3NH3NH4SO4(aerosol) (R 4.2)

According to previous literature,99 little to no ammonia is expected to partition off of the

ammonium bisulfate particles upon reaction with monomethyl amine. The following sec-

tion explores Reaction R 4.2 with monomethyl amine and ammonium bisulfate under humid

conditions.

4.4.1. Experimental Details

4.4.1.1. Materials

Certified ACS grade ammonium sulfate salt was purchased from Fisher Chemical. Cer-

tified ACS grade sulfuric acid was purchased from Spectrum Chemical. A lecture bottle of

monomethyl amine was purchased from Matheson Tri-Gas. Research grade UHP N2 was
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purchased from Praxair, Inc. The deionized water was acquired from the Hahn Hall South

facilities (Millipore Purification Systems, 18.2 MΩ). HPLC grade, submicron filtered water

used for humidity control was purchased from Fisher Chemical.

4.4.1.2. Analyte introduction

The experiment began with background measurements described in Section 2.5. Water

vapor was added until the relative humidity reached the desired level using the procedure in

Section 2.5.1.1. Sulfuric acid was added to the ammonium sulfate seed solution to generate

the acidic particles. The seed solution acidity was increased until the pH reached ~2.5 for the

first trial and ~1.5 pH for the second trial. The acidic seed solutions are assumed to contain

a mixture of ammonium sulfate, ammonium bisulfate, and sulfuric acid. The rotating main

chamber was evacuated to approximately 600 Torr. Twenty psi of UHP N2 flowed through a

Collison 6-jet nebulizer containing approximately 40 mL of 0.6833 g/L aqueous ammonium

sulfate/sulfuric acid solution. The newly generated salt aerosols flowed through a TSI 3062

diffusion dryer to remove excess water before introduction into the main chamber. Aerosol

introduction continued until the chamber returned to atmospheric pressure.

The aerosol suspension reached a stable distribution after 1–2 hours in the chamber.

The chamber was evacuated until the pressure was 10 Torr below atmospheric pressure in

preparation for monomethyl amine introduction. Twenty seconds of 100 SCCM monomethyl

amine gas was introduced into the chamber using a metal sealed mass flow controller. UHP

N2 was added until the chamber returned to atmospheric pressure.

4.4.1.3. Sampling Procedure

The nanoparticle suspensions were sampled through all four sampling ports simultane-

ously in triplicate every 20–60 minutes using an electrostatic classifier (TSI 3080), long DMA

(TSI 3081) and water condensation particle counter (TSI 3782) in scanning mobility parti-

cle sizer (SMPS) mode. The sample flowed into the SMPS at approximately 0.60 SLPM

aerosol flow rate. Multiple charge and diffusion correction TSI algorithms were applied to
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each SMPS data set. The algorithms are described in detail by TSI Incorporated.136 A port

on the opposite side of the chamber to the aerosol sampling instrument was opened to fil-

tered laboratory air (Parker Balston 9922-05-CQ) to maintain atmospheric pressure within

the chamber during active sampling. A CRDS spectrum was collected during each particle

sampling event.

4.4.2. Results and Discussion

Acidic ammonium sulfate aerosols were generated by adding 2–5 drops of concentrated

sulfuric acid to the seed solution. The resulting aerosols consist of a mixture of ammonium,

sulfate, bisulfate, and hydronium ions. Seed solution pH ranged from ~5.5 to ~1.5, which

produces aerosols with much lower pH.139 For example, a seed solution pH of 1.64 results in

an aerosol with a pH of 0.37. Ammonium bisulfate and sulfuric acid are highly hygroscopic

and do not effloresce to form crystalline aerosols, even at extremely low relative humidi-

ties.129,131,139 The following experiments were conducted at 55–60% RH because ammonium

sulfate aqueous droplets effloresce at 35% RH and Reaction R 4.1 is more efficient at hu-

midities above 50% RH. The acidic aerosol droplet experiments provided information on the

effect of particle composition on heterogeneous reactions. The acidic particles have available

acidic protons that are from bisulfate, not only from ammonium ions. Therefore, I hypoth-

esize the acidic aerosols will produce much less, if any, ammonia gas upon reaction with

monomethyl amine. Figure 4.9 shows the gas product spectra for the ammonium sulfate and

two acidic particle suspensions after exposure to monomethyl amine.
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Figure 4.9: Ammonia gas produced from reaction of monomethyl amine with ammonium sul-
fate at varying levels of acidity in 55–60% RH. All spectra are normalized to the ammonium
sulfate particle mass concentration for each trial.

To my knowledge, this is the first time any amount of ammonia has been detected from

the reaction of monomethyl amine and a acidic ammonium sulfate aerosol suspension. Prior

work by Qiu et al. reported no detectable amount of ammonia released from the monomethyl

amine/ammonium bisulfate reaction (Reaction R 4.2) in a low pressure flow reactor and re-

lated the results to the same reaction between monomethyl amine and pure sulfuric acid.99

However, the acidic aerosols suspended in the ACSI released much less ammonia than am-

monium sulfate under 55–60% RH, though still a detectable amount. All gas product spectra

shown in Figure 4.9 were normalized to the particle mass concentration for each trial because

the amount of ammonia available for release into the gas phase is proportional to the mass

concentration of the ammonium bisulfate acidic aerosol suspension. Aerosols in all three tri-

als exist as aqueous salt droplets, therefore the decreased displacement of ammonia in acidic

aerosols is due to the different aerosol compositions, not the particle phase state. Monomethyl

amine mostly reacted with the bisulfate ions rather than exchanging a proton with ammo-

nium ions. A small amount of ammonia is released after monomethyl amine introduction in
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the acidic aerosol trials. Increasing the aerosol acidity by adding more sulfuric acid resulted

in the same amount of ammonia displacement after monomethyl amine introduction, even

though the aerosol bulk material contained excess bisulfate ions. The unexpected detection

of ammonia displacement from acidic aerosols is most likely due to the proton donation from

ammonium ions, which produces ammonia gas similar to Reaction R 4.1. Further research is

needed to quantify the ammonia, monomethyl amine and other gas-phase species using the

CRDS or other analysis techniques.

4.5. Summary

The experiments above utilized the ACSI to perform the first ever in situ monitoring of

heterogeneous reactions in a rotating chamber. A stationary optical path for CRDS incor-

porated into the central axis of the chamber afforded the ability to detect trace amounts

of ammonia gas displaced from ammonium sulfate upon reaction with monomethyl amine.

Previous research reported Reaction R 4.3 only occurs when >5% RH was present using a

flow tube reactor99 and single particle levitation.100 The ACSI explored the reaction in a

model atmosphere with more than 60% RH, initially ensuring the excess monomethyl amine

displaced ammonia.

nCH3NH2(g) + (NH4)2SO4(aerosol) −−−→ nNH3(g) + (CH3NH3)n(NH4)2−nSO4(aerosol) (R 4.3)

As expected, the CRDS detected ammonia released into the 60% RH model atmosphere

due to the ammonium sulfate-monomethyl amine reaction. Figures 4.1, 4.2, 4.3, and 4.4

display the spectra recorded during the evolution of ammonia. The reaction released the

most ammonia when the model atmosphere had a relative humidity greater than 60%. Less

ammonia was detected when the relative humidity decreased to 30% RH and no ammonia

was detected when the particles suspended were in 15% RH. Contrary to previous exper-

iments,99,100 the reaction did not produce as much ammonia when the model atmosphere

relative humidity decreased to 30% RH and ~15% RH. I hypothesize that the decrease in
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ammonia production is related to the phase state of the ammonium sulfate particles prior

to reaction with monomethyl amine. Ammonium sulfate effloresces at 35% RH,129 therefore

the particles are expected to be solid salt particles in the 30% RH and 15% RH model at-

mospheres. The monomethyl amine is able to displace the ammonia throughout the bulk

material of aqueous aerosols at 60% RH and only react with the ammonium ions on the

surface of the solid salt particles. The absence of ammonia gas in the 15% RH atmosphere

suggests some water on the particle surface is necessary to facilitate the proton exchange

between the ammonium ions and monomethyl amine gas.

Ammonium bisulfate is similar in composition to ammonium sulfate, only with an ammo-

nium to sulfate ratio <2:1. Ammonium bisulfate represents the secondary ammonium sulfate

particles in the atmosphere where the sulfuric acid is not chemically neutralized by ammo-

nia or other amines.86 I used the ACSI to explore how a model atmosphere with aerosols

comprised of ammonium bisulfate and sulfuric acid interact with monomethyl amine. Qiu

et al. did not detect any ammonia released from the reaction between monomethyl amine

and ammonium bisulfate, instead the monomethyl amine only experienced acid-base reactive

uptake onto the acidic particles.99

I performed a series of experiments with aerosols containing a mixture of ammonium

bisulfate, sulfuric acid, and water analogous to those conducted by Qiu et al. 99 Ammonium

bisulfate and sulfuric acid do no effloresce, even at extremely low relative humidity,129,131,139

therefore the acidic aerosols are expected to be aqueous droplets, not solid salt particles.

The CRDS monitored the introduction of monomethyl amine into a model atmosphere with

acidic aerosols and >50% RH. A relative humidity of >50% was chosen in order to directly

compare ammonia released from aqueous ammonium sulfate aerosols and acidic ammonium

bisulfate/sulfuric acid aerosols without the effect of phase state on the reaction.

In contrast to the results previously reported,99 the CRDS detected ammonia displace-

ment from the acidic ammonium bisulfate aerosols upon reaction with monomethyl amine.

The ammonium bisulfate aerosols produced much less ammonia than ammonium sulfate
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aerosols in a similar model atmosphere. I attribute the decrease in ammonia production

to the monomethyl amine preferentially exchanging a proton with the bisulfate ion rather

than the ammonium ion. Some monomethyl amine still reacts with the ammonium ions in

the aerosols to produce ammonia gas (Figure 4.9). Both acidic suspensions produced equal

amounts of ammonia. Therefore, the amount of ammonia produced from the acidic aerosol

reaction with monomethyl amine is independent of seed solution pH. To my knowledge, the

in situ ACSI CRDS is the first instrument to detect ammonia displaced off of ammonium

bisulfate/sulfuric acid aerosols upon reaction with monomethyl amine.
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Summary and Conclusions

5.1. Summary of Results

The overall purpose of my research project was to develop a new instrument and exper-

imental approach to explore interfacial reactions between atmospherically-relevant aerosols

and pollutant gases in a controlled manner. The Atmospheric Cloud Simulation Instrument

was designed to extend particle suspension durations in the laboratory and non-destructively

monitor the gas-phase species in complex model atmospheres. The experiments described in

the previous chapters accomplished the research objectives defined in Chapter 1, restated

below.
1. Design an instrumental approach for exploring particle growth over extended

durations.

2. Develop experimental methods that enable simultaneous monitoring of gas-

phase composition and particle size distributions over time.

3. Use the instrument to study of the emission of interfacial reaction products that

result from a perturbation to the atmospheric conditions.

The ACSI design afforded the ability to extend the particle suspension duration while

monitoring the gas-phase composition. Fine particulate matter between 0.1–2.5 µm diameter

have the longest atmospheric lifetime of up to 30 days and can travel up to thousands of

kilometers.14,19,36,37 In stationary laboratory atmospheric chambers, one-micrometer parti-

cles deposit out of the suspension in less than 5 hours.114 The rotating chamber integrated

into the ACSI increased the duration of stable 1 µm particle suspensions to over 24 hours.

The chamber design provided the ability to simulate the fine particulate matter transporta-

tion through various atmospheric conditions, such as polluted areas and regions of various
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levels of humidity. A cavity ring-down spectrometer was incorporated into the center axis to

monitor the gas-phase composition during the simulated particle transport through a model

atmosphere. See Figure 5.1 for an assembly drawing of the instrument. The first experiments

using the ACSI determined the effect of humidity and particle composition on particle coag-

ulation and heterogeneous reactions. Sections 5.1.1 and 5.1.2 summarize the results of the

experiments conducted in previous chapters.

Figure 5.1: Assembly drawing of the Atmospheric Cloud Simulation Instrument. The height
of the stand was determined to match the height of the cavity ring-down spectrometer optics
table (not shown here). Leveling feet were used to reduce vibrations, align the CRDS, and
raise the stand so it did not rest on the castor wheels. The motor, belt, gas lines and the
gas-handling manifold omitted for clarity.

5.1.1. Particle Suspension

Computational models refined by our collaborators at Clarkson University predicted the

high suspension efficiency of fine particulate matter in the rotating chamber incorporated

into the the design of the ACSI.112–114,119 Chapter 3 described the experiments for analyzing

the particle suspension efficiencies for monodisperse 1 µm PSL particles, monodisperse 0.1
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µm ammonium sulfate salt particles, and polydisperse ammonium sulfate in various model

atmospheres.

The Brown and Dhaniyala model predicted large, 1 µm particles, indicative of PM2.5,

deposit via gravity in less than 5 hours in a stationary chamber but remain suspended in

a chamber rotating at 1–5 RPM indefinitely.112–114 The 0.994±.012 µm PSL particles used

to test the model steadily deposited out of the suspension over 16 hours. Non-ideal flows

and the sampling procedure disturb the settling particles, lengthening the expected particle

suspension duration by 11 hours. The over 70% of the same particles remained suspended

after 16 hours in a chamber rotating at 1–2 RPM. Figure 5.2 shows the number suspension

efficiency of the PSLs in the stationary (0 RPM) and rotating chamber (1 and 2 RPM).

The particles also established a uniform radial distribution, determined by sampling the

suspension at four distances from the center axis.

Figure 5.2: Experimental and computed long-term particle suspension efficiency (N/No)
while the chamber rotates at 1 RPM (yellow) and 2 RPM (green) compared to a sta-
tionary chamber (red). The dashed lines correspond to the computed particle suspension
efficiency calculated using mathematical models discussed in Section 2.2.1.114 The particles
are 0.994±0.012 µm polystyrene latex spheres. Each data point represents a single sampling
event through all four ports simultaneously and the lines are added to help guide the eye.

The aerosol coagulation equations derived in Section 1.2.1.1 and the Brown and
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Dhaniyala computational model114 predicted low concentrations monodisperse 0.1 µm am-

monium sulfate aerosols do not coagulate and remain suspended in a slowly rotating chamber.

Coagulation causes an immediate decrease in the number suspension efficiency (N/No) and

no change in the volume suspension efficiency (V/Vo). As expected, the monodisperse am-

monium sulfate particles with initial concentrations less than 1 × 104 particles/cm3 did not

exhibit the signs of coagulation. The number concentration of the monodisperse aerosols at

such low initial concentrations would decrease by half after >30 hours, almost 4 times longer

than the experiment.

Particle concentrations greater than 1 × 105–1 × 106 particles/cm3 exhibit coagulation

detectable on an 8–10 hour experimental time scale. I introduced suspensions of ~1 × 106

particles/cm3 solid, polydisperse ammonium sulfate into the ASCI and successfully produced

conditions favorable for coagulation. The polydisperse aerosol suspensions exhibited a rapid

decrease in N/No and almost 100% volume suspension efficiency (V/Vo), indicative of coag-

ulation. I employed a method similar to one reported by Kim et al. that used Equation 1.14

to calculate the experimental coagulation coefficient (γβK) for a polydisperse suspension.22

The “sticking coefficient”, defined in Section 1.2.1.1, was used for the first time to quan-

tify the difference between the experimental and the calculated coagulation coefficient for

polydisperse aerosol suspensions in Section 3.4.2. For example, the polydisperse ammonium

sulfate aerosols in 1.6% RH resulted in a γ = 0.357, which suggests coagulation is inhibited

by repulsive forces from like surface charges.

Prior work has shown that aqueous salt droplets exhibit layers of like-charge ions, such as

enhanced cation concentrations near the droplet surface.142 The ammonium sulfate aerosols

below the efflorescence relative humidity (35% RH) are solid salt particles. Therefore, I in-

vestigated the effect of surface charge on coagulation with polydisperse ammonium sulfate

suspensions in model atmospheres above 35% RH to ensure the aerosols existed as aqueous

droplets. The aqueous droplets in 45-50% RH exhibited sticking coefficients (γ) <0.3, indicat-

ing the coagulation slowed even more compared to the solid ammonium sulfate suspensions.
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Like surface charges are known to negatively impact coagulation in particle suspensions

through repulsive Coulomb forces.16,138,143 I attribute the decrease in γ to ammonium and

sulfate ions forming “heterogeneous internal structures,”142 including a higher concentration

of like-charged ions on the aerosol surface.

The addition of sulfuric acid to the ammonium sulfate seed solution produced acidic

ammonium bisulfate aerosols with higher ion concentrations used to explore the effect of

particle composition on the experimental coagulation coefficient. Acidic ammonium bisul-

fate does not effloresce,129,131,139 therefore the aerosols are aqueous droplets with higher

concentrations of ions able to form enhanced surface concentrations.142 I hypothesized that

the coagulation of acidic ammonium bisulfate aerosols is inhibited more than the ammonium

sulfate aqueous aerosol coagulation. Figure 5.3 relates the decrease in coagulation sticking

coefficient (γ) in the acidic ammonium bisulfate aerosols compared to the ammonium sulfate

particles to relative humidities ranging from ~2% RH to >55% RH.

Figure 5.3: Graphical relationship between the coagulation coefficient scalar, γ, and relative
humidity for the ammonium sulfate seed solution (dark red, 5.5 pH), and two ammonium
sulfate/sulfuric acid seed solutions (red, 2.5 pH and yellow, 1.5 pH).

Every trial of acidic ammonium bisulfate aerosols resulted in a ~10–25% decrease in
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the experimental coagulation sticking coefficient (γ). Pandis and Seinfeld reported a deriva-

tion for quantifying the effect of Coulomb surface charges on coagulation efficiency.143 The

derivation used the potential energy between two similarly sized, charged particles with some

distance (r) between particle centers to calculate a Coulomb correction factor (Wc) for the

coagulation coefficient (Equation 5.1). See Appendix A.1.3 for the derivation of 1/Wc. Un-

der the assumption that the sticking coefficients I calculated are only dependent on surface

charge, I hypothesize that the sticking coefficients for ammonium sulfate-type suspensions

in the ACSI are actually the Coulomb correction factor, 1/Wc. To the best of my knowledge,

this is the first time experimental coagulation coefficients and the proposed Coulomb cor-

rection factors have been quantified for coagulating polydisperse particle suspensions in a

rotating chamber.

J1,2 =
1

Wc
K1,2N1N2 (5.1)

5.1.2. Heterogeneous Reactions

Atmospheric aerosol aging consists of many processes, most notably heterogeneous chem-

istry at the gas-particle interface. Some heterogeneous reactions produce or displace gases

initially in the bulk material of a particle back into the atmosphere.74,98,99 The trace amounts

of gases released from particulate matter is difficult to detect with common analytical tech-

niques. The ASCI employed a sensitive, multi-pass spectroscopy, CRDS, along the center

axis to monitor the evolution of ppb-level gases from a model atmosphere perturbed with a

pollutant.

Prior work reported ammonium sulfate, a common secondary inorganic aerosol, releases

ammonia upon reaction with gaseous alkyl amines with >5% RH present.99,100,120,146 Ex-

periments described in Section 4.2 determined the ACSI successfully detected ammonia gas

release during a heterogeneous reaction involving ammonium sulfate and monomethyl amine

in >60% RH. As I decreased the relative humidity in the model atmosphere, much less am-
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monia was displaced by the reaction. For the first time, no detectable ammonia was released

off of the ammonium sulfate particles at 15% RH. I hypothesize the decrease in ammonia is

related to the phase state of the aerosols at the three different relative humidities. Ammo-

nium sulfate effloresces at 35 % RH,129 therefore the aerosols are expected to be aqueous

droplets during the 60% RH experiment and solid salt particles during the 15% RH and 30%

RH experiments. From my findings, I hypothesize that monomethyl amine can react with

the bulk material of the aqueous ammonium sulfate droplets at 60% RH, which produced

more ammonia than the solid particles.

I investigated the effect of slight changes in ammonium sulfate particle composition on

the displacement of ammonia upon reaction with alkyl amines. The ammonium sulfate par-

ticle seed solution was acidified with sulfuric acid to form ammonium bisulfate/sulfuric acid

aerosols. Ammonium bisulfate represents the ammonium sulfate aerosols not chemically neu-

tralized by ammonia in the atmosphere.86 Qiu et al. reported ammonium bisulfate in a flow

reactor tube produced no detectable ammonia upon reaction with alkyl amines and com-

pared the reaction to the reactive uptake of amines onto concentrated sulfuric acid.99 For

the first time to my knowledge, the ACSI CRDS detected a trace amount of ammonia when

ammonium bisulfate/sulfuric aerosols in >55% RH reacted with monomethyl amine. Figure

5.4 shows the spectrum of ammonia detected from the heterogeneous reaction involving am-

monium bisulfate aerosols. I hypothesize that most of the monomethyl amine will undergo a

reactive uptake onto the ammonium bisulfate aerosols, however some small amount ammo-

nium ions undergo proton exchange with the monomethyl amine to produce ammonia gas,

independent of aerosol pH.
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Figure 5.4: Ammonia gas produced from reaction of monomethyl amine with ammonium sul-
fate at varying levels of acidity in 55–60% RH. All spectra are normalized to the ammonium
sulfate particle mass concentration for each trial.

5.2. Future Studies

Future research involving the ASCI will further develop the understanding of particle

phase state, composition and charge on coagulation and heterogeneous reactions. For ex-

ample, incorporating a neutralizer after aerosol generation prior to introduction into the

main chamber will provide more insight into the effect of surface charge on coagulation with-

out changing the particle phase or composition. The use of other salts, such as Na2SO4 or

NH4HSO4, could be employed to verify the effects of composition and charge on coagula-

tion. Such experiments will provide insight into the effect of particle phase and charge on

atmospheric lifetimes of aerosols due to coagulation and eventually deposition. Alternate in-

organic salt suspensions, such as Na2SO4 or NH4HSO4, could also provide more information

on the heterogeneous reaction of monomethyl amine with aerosols. For example, I hypothe-

size aqueous droplets containing NH4HSO4 should exhibit similar coagulation kinetics and

ammonia release upon exposure to alkyl amines compared to the acidic ammonium sulfate

experiments described in Section 3.5 and Section 4.4. Finally, particle collection and scanning
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electron microscope analysis ex situ will provide further insight into particle coagulation and

composition in various model atmospheres as a function of particle shape and phase state.

5.3. Concluding Remarks

The unique, custom design of the Atmospheric Cloud Simulation Instrument allows for

exploration of atmospheric aerosol chemistry. I combined a rotating main chamber and a

sensitive, multi-pass spectroscopic technique to study aerosol aging over longer durations.

The rotating main chamber successfully prolonged suspension durations for various particle

sizes and compositions when compared to a stationary chamber. I demonstrated the ACSI’s

spectroscopic sensitivity with the identification of gas-phase products using mid-infrared

spectroscopy while monitoring heterogeneous chemistry in situ. I explored how different

model atmospheric conditions, such as humidity, particle composition and the presence of

volatile organic compounds, affect particle dynamics and the release of trace amounts of

ammonia from ammonium sulfate aerosols.
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Appendix A

Supplemental Theory

A.1. Additional aerosol dynamics equations

Gas viscosity, η, is defined in Equation A.1 and depends on temperature (T), mass of

the gas molecule (m), and the gas molecule collision diameter (dm).

η =
2(mkbT)1/2

3π3/2d2
m

(A.1)

The Cunningham slip correction factor, Cc, accounts for small particle ‘slip’ on a colli-

sional surface.16 The effect of slip on collisions decreases as particle size increases.

Cc = 1 +
2.52λg

dp
for 0.1 < dp < 1 µm (A.2)

Cc = 1 +
λg

dp

[
2.34 + 1.05 exp

(
− 0.39

dp

λg

)]
for dp < 0.1 µm (A.3)

Gas mean free path, λg, is defined in Equation A.4 where n is the gas concentration, and

dm is the collision diameter. At 760 Torr, 293 K, the λg of air is approximately 0.066 µm.16

λg =
1

√
2nπd2

m

(A.4)

Fuchs (1964) provided values for a correction factor, β, to adjust the coagulation coeffi-

cient (Ko) as particle size decreases.21
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Figure A.1: Size correction factor (β) versus particle diameter for the coagulation coefficient
(K) developed by Fuchs (1964).21

Conversion between the effective diameter (de) of an irregularly shaped particle and the

aerodynamic diameter (da), where ρp is the particle density, ρ0 is 1.0 g/cm3, and χ is the

shape correction factor. The shape correction factor is always greater than 1.16

da = de

(
ρp

ρ0χ

)1/2
(A.5)

The following equation is the terminal electrostatic velocity (VTE) for a particle of size d

with some number of charges (n) in an electric field (E).16

VTE =
neECc

3πηd
(A.6)

A.1.1. Particle suspension computational model

See Chapter 2 for full explanations for the revisited equations.

N
N0

����
rot

= exp(−2τω2t) (2.1 revisited)
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N
N0

����
grav

=
(R − r0)2

R2
(2.2 revisited)

r0 =
τg

ω
(2.3 revisited)

N
N0

����
total

=
(R − r0)2

R2
exp(−2τω2t) (2.4 revisited)

Brown and Dhaniyala used Gruel et al. and Asgharian and Moss models to derive a

new model for predicting the particle suspension efficiency for a rotating chamber with the

following equations. The new model redefined the particle field while the chamber rotates.

Ai is defined as the area of intersection between two offset circles (the chamber boundary

and the particle field), which depicts the particle concentration as a function of rotation

(Equation A.7).

Ai = 2R2 arccos
(

d
2R

)
− d

2
×
√
4R2 − d2 (A.7)

Distance (d) from the chamber origin to particle field center rotating about r0 (Equation

A.8).

d = r0
√
(1 − cos(θ)2 + sin2(θ) (A.8)

The rotation angle, θ, is a function of the angular velocity (ω) and time.

θ =
ωt
2π

(A.9)

Brown and Dhaniyala reported that the above equation allows for particles to reenter

the particle field after leaving the chamber wall boundary. Since particles cannot reenter the

particle field, Brown and Dhaniyala numerically calculated the particles deposited on the

chamber walls during the first rotation. After the first rotation, the new calculation converges
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with the Gruel et al. model. Brown and Dhaniyala derived an analytical solution to quantify

the particles deposited on the wall during the first rotation and reenter the particle field in

the area of intersection approach. The area of reentry (ARE) is defined in Figure A.2. The

other areas shown in Figure A.2 can be calculated using Equations A.10, A.11, and A.12.

ARE is calculated using Equation A.13.

Figure A.2: The particle system at θ = 3π/2 broken into sections to quantify the particles
reentering the drum throughout the first rotation. Figure from Reference 114

Ar(θr0)
=
θ

4
(R − r0)2 (A.10)

AR(θ0) =
R2

2

{
θ

2
− arcsin

[
r0
R

sin
(
π − θ

2

)]}
(A.11)

AOir0 =
Rr0
2

sin
{
θ

2
− arcsin

[
r0
R

sin
(
π − θ

2

)]}
(A.12)

ARE = AR(θ0) − Ar(θr0)
− AOir0 (A.13)
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Equation A.14 defines the transient particle loss during the first rotation due to gravity.

N
N0

����
gravity

=
Ai − 2ARE

πR2
(A.14)

Equation A.15 accounts for the transient particle loss due to gravity and the particle loss

due to the rotation.
N
N0

����
both

=
Ai − 2ARE

πR2
exp(−2τω2t) (A.15)

Table A.1: Summary of the equations for particle suspension efficiency (N/No) for all possible
chamber sizes, particle sizes, rotation speeds and durations.

r0 θ N/N0

r0
R < 1

ωt
2π < 1 N

N0
= Ai−2ARE

πR2 exp(−2τω2t)
ωt
2π > 1 N

N0
=

(R−r0)2

R2 exp(−2τω2t)

r0
R < 1

ωt
π < 1 N

N0
= Ai

πR2 exp(−2τω2t)
ωt
π > 1 N

N0
= 0

A.1.2. Cavity ring-down supplemental information

The following equations are from Reference 115.

Calculation for the effective path length (d) at a given wavelength.

d(ν) =
τo(ν)c

L
(A.16)

Minimum detectable change in τ(ν) from the standard deviation of the average ring-down

time.

∆τmin(ν) = τo(ν) + 3στo (A.17)

Minimum detectable absorption, αmin.

αmin =
∆τmin

cτ2o

L
d

(A.18)
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Noise equivalent absorption coefficient, reported in cm-1 Hz1/2, is the minimum de-

tectable absorption coefficient during a 1 s measurement within one standard deviation.

The data collection rate ( frep) must be large enough to determine the relative standard de-

viation, ∆τmin/τo. The data acquisition rate for the ACSI CRDS is 1 × 107 Hz. NEA is used

as a normalized value to compare various spectroscopic techniques. For example, our CRDS

at 967 cm-1 has an NEA of approximately 4 × 10−10 cm-1 Hz1/2.

NEA =

(
2

frep

)1/2
∆τminL

cτ2o d
(A.19)

σs =
2π5

3

d6
p

λ4

( (n2 − 1)

(n2 + 2)

)2
(A.20)

Figure A.3: Background ring-down time (τo) and mirror reflectivity when the chamber is
filled with 700 Torr UHP N2.
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Figure A.4: Ring-down time (τ(ν)) for the background of 700 Torr nitrogen (dark red), 60%
RH (red), ammonium sulfate and 60% RH (yellow), and all of the gas-phase components
present after introduction of 20 s of 100 SCCM of monomethyl amine.
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Figure A.5: Raw data for Figure A.3 and Figure A.4.
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Figure A.6: Raw data for Figure A.3 and Figure A.4.
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Figure A.7: Raw data for Figure 4.1, 4.2, 4.3, and 4.4.
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Figure A.8: Raw data for Figure 4.1, 4.2, 4.3, and 4.4.

Figure A.9: Laser power diagnostics over the wavelength range recorded by Daylight Solu-
tions.
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Figure A.10: Laser line shape diagnostics for a pulse at 950 cm-1 recorded by Daylight
Solutions. The line shape is asymmetrical, or chirped, resulting in an effective line width of
the pulse of <1 cm-1. The shape and width of the laser pulse is not appropriate for rotational
spectroscopy or for peaks with a FWHM less than the line width of the laser pulse.

A.1.3. Additional particle charge equations

Boltzmann’s equilibrium charge distribution on particle surfaces.16

fn =

(
KE e2

πdpkbT

)1/2
exp

(
−KEn2e2

dpkbT

)
(A.21)

Fraction of particles of a given size having n positive or negative elementary charge units

( fn) where KE is the constant of proportionality based on the units (9.0× 109 N·m2/C2), e is

the charge of an electron (1.60× 10−19 C), dp is the particle diameter, kb is the Boltzmann’s

constant, T in K, and n is the number of charges on a particle of size dp.

155



Appendix A. Supplemental Theory

Figure A.11: Boltzmann’s equilibrium charge distribution for ultrafine and fine particulate
matter for n =1–5.

Coulomb force coagulation correction factor derivation. See Reference 143 for more in-

formation on the derivation.

Wc = (Rp1 + Rp2)

∫ ∞

Rp1+Rp2

1

x2

(
Φc(x)
kbT

)
dx (A.22)

Potential energy of the interaction between two particles with charge z1 and z2 (including

sign) at a distance r between particle centers and e is electronic charge. The dielectric

constant for 1 atm air is 1.0005 (ε) and the permittivity of vacuum (ε0) is 8.754 × 10−12

F/m.

Φc =
z1z2e2

4πε0εr
(A.23)

Substitution of Φc into Equation A.22 yields the following equations.

Wc =
eκ − 1

κ
(A.24)

κ =
z1z2e2

4πε0ε(Rp1 + Rp2)kbT
(A.25)

156


	Titlepage
	Abstract
	General Audience Abstract
	Dedication
	Acknowledgements
	List of Figures
	List of Tables
	List of Abbreviations
	Introduction and Motivation
	Thesis Statement
	Background
	Atmospheric Particulate Matter
	Aerosol Dynamics
	Particle Sources and Composition

	Atmospheric Gases
	Heterogeneous Reactions in the Atmosphere

	Instrument Design and Overview
	Summary and Overview of Thesis

	Experimental Approach for Aerosol Studies
	Introduction
	Design Criteria
	Particle Suspension
	Cavity Ring-down Spectroscopy

	Chamber Construction
	Optical Set-up
	Experimental Background Measurement Procedure
	Humidity Control
	Water Vapor Introduction Procedure
	Water Vapor Spectral Analysis

	Parker Balston Filter Control Studies

	Summary

	Particulate Matter Suspension Characterization
	Introduction
	Monodisperse Fine Particulates
	Experimental Details
	Materials
	Particle Introduction
	Sampling Procedure

	Suspension Efficiency
	Radial Distribution

	Monodisperse Ammonium Sulfate Nanoparticles
	Experimental Details
	Materials
	Particle Introduction
	Sampling Procedure

	Suspension Efficiency

	Polydisperse Ammonium Sulfate Nanoparticles
	Experiment Details
	Materials
	Particle Introduction
	Sampling Procedure

	Suspension Efficiency and Coagulation Analysis

	Effect of Humidity and Particle Composition on Aerosol Coagulation
	Experimental Details
	Materials
	Particle Introduction
	Sampling Procedure

	Suspension Efficiency and Coagulation Analysis

	Summary

	Ammonium Sulfate Heterogeneous Reactions
	Introduction
	Ammonia Release from Heterogeneous Reaction Between Ammonium Sulfate and Monomethyl Amine
	Experimental Details
	Materials
	Analyte Introduction
	Sampling Procedure

	Results and Discussion

	Effect of Humidity on Ammonia Release from the Reaction between Ammonium Sulfate and Monomethyl Amine
	Experimental Details
	Materials
	Analyte introduction
	Sampling Procedure

	Results and Discussion

	Effect of Particle Composition on Heterogeneous Acid-Base Reactions
	Experimental Details
	Materials
	Analyte introduction
	Sampling Procedure

	Results and Discussion

	Summary

	Summary and Conclusions
	Summary of Results
	Particle Suspension
	Heterogeneous Reactions

	Future Studies
	Concluding Remarks

	Bibliography
	Appendices
	Supplemental Theory
	Additional aerosol dynamics equations
	Particle suspension computational model
	Cavity ring-down supplemental information
	Additional particle charge equations



