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A droplet mass spectrometer has been built to study the oxidation of salt-water droplets
coated by organic surfactants. These studies are to model the complex interfacial chemistry of
nascent organic marine aerosols. The model predicts the aerosols to have a structure of an
“inverted micelle” where a core salt-water droplet is coated by surfactants. Reactions with
atmospheric oxidants are predicted to transform the hydrophobic surface to hydrophilic, making
the aerosols better cloud condensation nuclei.
A small review on single particle mass spectrometry details the consideration for the
design and development criteria for the construction of the instrument.

The design and

development of this laser based instrument is discussed in detail, describing each component of
the spectrometer. The essence of the experiment is to oxidize the surfactant coating, and then to
vaporize with a laser pulse the water droplet to release the ions from solution (similar to
MALDI), for subsequent analysis with a quadrupole mass analyzer.
Quantitative experiments were carried out to understand water evaporation in an
aerodynamic lens inlet used in single particle mass spectrometers.

Also, the process of

generating surfactant coated water droplets in the laboratory is described. Finally, experiments
to study the microphysical characterization of common hygroscopic particles coated by
surfactants are discussed.
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Chapter I
Introduction
________________
1.1

Background
Aerosols are defined as relatively stable suspensions of solid and/or liquid particles in air.

Aerosol particles may be emitted directly into the atmosphere, then known as primary particles,
or formed by chemical reactions or physical transformations, and referred to as secondary
particles. Ambient particles are usually classified into coarse mode particles, with diameters
greater than 2.5 μm, and fine mode particles, with diameters smaller than 2.5 μm.1,2 In general,
fine and coarse particles originate separately, are transformed differently, removed from the
atmosphere by different mechanisms and have different chemical composition. Coarse particles
are mainly generated from mechanical processes, such as windblown dust, ocean waves,
crushing or grinding operations and dust kicked up on unpaved roads by cars. Fine mode
particles are mainly formed by gas-to-particle conversion in a process known as nucleation.1-3
Fine mode particles continue to grow by the coagulation of smaller particles and further gas
condensation.
Particle size range in the atmosphere is between 10 nm -10 µm. Particles bigger than 10
µm are more easily scavenged from the atmosphere by sedimentation or precipitation processes.
Therefore particles smaller than 10 µm have longer lifetimes in the atmosphere. Atmospheric
particle lifetimes range from hours to weeks.3 For this reason aerosol particles can influence the
atmosphere’s chemistry and subsequently change climate directly or indirectly. Aerosol particles
can absorb and scatter terrestrial and solar radiation affecting directly the transport of light

through earth’s atmosphere.4-6 They also are involved in the formation of clouds by acting as
cloud condensation nuclei (CCN) and ice nuclei which have a decisive influence on earth’s
temperature.7
Atmospheric particles originate from a variety of anthropogenic and natural sources.
Therefore particle composition and concentration depend strongly on their origin. Concentration
in urban areas is approximately 104 particles cm-3 while in rural environments is on the order of
102 particles cm-3. For the last two decades organic matter in aerosol particles has been one of
the central topics in atmospheric research.8-10 Since the earth’s surface is approximately 70%
ocean, organic marine aerosols have gained more attention in atmospheric research.
The first Aerosol Characterization Experiment (ACE1) field campaign demonstrated that
organic matter content in marine aerosols is approximately 10% of dry particle mass in pristine
marine environments9,11 and it could be as high as 50%. The aerosol composition in ACE1 was
measured using particle analysis by mass spectrometry12 and showed that the organic mass
content depends on sampling altitude and location. At the marine boundary layer pure inorganic
salts are not prevalent and a large fraction of the particle composition was found to be organic
matter.9,11 This organic material on particles suggests that the particles’ chemistry and cloud
formation properties are different than pure sea salt. Motivated by these findings Ellison et al.13
proposed a model for organic marine aerosol chemistry. This model was previously proposed by
Gill et al.14 who predicted it will have no effects in the atmosphere. The revision by Ellison et
al. describes the model’s implications in the atmosphere’s composition, cloud formation and
climate change. This model is the main focus of this thesis.
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1.2

Marine Aerosol Model
Wave action from the ocean releases sea spray aerosols into the atmosphere with

concentrations1 of approximately 300 particles cm-3. These aerosol droplets contain water,
inorganic sea salts and organic material from the ocean. The organic molecules in the aerosol
droplets come from marine life and are long chain hydrocarbons with polar head groups such as
-CO2- or -NH3+. Figure 1.1 shows a model for the structure of the organic marine aerosols. The
circles represent polar head groups and the squiggly lines the hydrocarbon chains.

These

amphiphilic hydrocarbons are of biological origin and reside at the surface of the ocean with the
hydrophobic tail exposed to the atmosphere and the polar head at the water surface. The organic
surfactants are likely to partition to the marine aerosol’s surface. Water evaporation and droplet
coagulation processes result in a coated droplet with an organic surfactant monolayer.
Nucleation of partially coated droplets also leads to the formation of surfactant coated marine
droplets. This results in an “inverted micelle” structure for marine aerosols where an inert
hydrophobic surface is exposed to the atmosphere with a salt/water core. In Figure 1.1 a 1 µm
marine droplet has about 1010 water molecules in the brine core and approximately 107 surfactant
molecules at the surface. The organic layer film thickness is around 25 Å or 2.5 nm.

3

Figure 1.1

Chemical structure of a nascent organic marine aerosol. A salt/water core is
encapsulated by a monolayer ( 2.5 nm thick) of organic surfactant. Circles
represent the polar head (-CO2-) while the squiggly lines represent the alkyl chain
(CH3(CH2)10-).

The “inverted micelle” model for organic marine aerosols accounts for the organic mass
loading found in field studies. It also provides an aerosol chemical structure and predicts them to
be poor cloud condensation nuclei.13 The hydrophobic organic layer is predicted to inhibit water
condensation and therefore particle growth into cloud droplets. Furthermore water exchange
from the bulk and atmospheric water vapor is predicted to be suppressed.
Donaldson and Vaida reviewed the current state of organic surfactants’ effects on aerosol
particles’ properties in the atmosphere.15 Transport of gases at the surface, CCN activity, uptake
of hydrophobic compounds or pollutants, reaction rates and mechanisms were all found to be
influenced by the presence of an organic film at the particles’ surface.16-21 This has implications
for aqueous phase heterogeneous chemistry. An emphasis on differentiating between soluble
and insoluble surfactants was also made. Surfactants reside mostly at the droplets’ surface but
soluble surfactants could partition to the bulk.
4

This solubility creates less compact (more

porous) films. It also makes the interaction between soluble surfactant, the atmosphere and the
bulk more dynamic. On the other hand insoluble surfactants exist only at the droplets’ surface
which makes more compact hydrocarbon films.15
1.3

Atmospheric Processing
Oxidation of the organic surfactants by atmospheric oxidants (i.e. OH, Cl, O2, NO3) will

transform the hydrophobic marine aerosol surface to a more hydrophilic one. This atmospheric
processing leads to the formation of more polar groups such as aldehydes, ketones, alcohols and
carboxylic acids at the particles’ surface.

This is depicted in Figure 1.2.

The oxidation

processes13 change the particles’ surface properties, reactivity, and enhances the organic marine
aerosols’ ability to condense water vapor making them better CCN.

Figure 1.2

Atmospheric processing of an organic marine aerosol.

The primary atmospheric oxidant during the daytime is the hydroxyl (OH) radical. Even
though OH radical is very reactive, its concentration1,2,22,23 in the atmosphere is relatively high,
(OH) = 1 x 106 cm-3. The OH radical homogeneous reactions with hydrocarbons have been
studied and are very fast.24,25 Hydrogen abstraction and addition to double bonds are possible
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OH radical reactions with organic molecules in the atmosphere. Because of the large bond
energy of water,26 OH radicals will abstract hydrogen atoms when they strike a film of saturated
organics. The bond energies of most alkanes27,28 are less than 100 kcal mol-1 making the
hydrogen abstraction exothermic by almost 1 eV ( 20 kcal mol-1). The hydrogen abstraction24,25
of ethane (CH3CH3) and propane (CH3CH2CH3) have rate constants of 3 x 10-13 cm3 s-1 and 1 x
10-12 cm3 s-1, respectively. It is predicted that the hydroxyl radical oxidation of the organic layer
of marine aerosols will have a rate constant k ≥ 1 x 10-12 cm3 s-1. Based on the OH radical
concentration of 1 x 106 cm-3, it was conjectured that organic marine aerosol processing will take
up to 10 hours for a surfactant coated droplet with a diameter of 0.2 µm.
The air-particle interfacial chemistry is a heterogeneous process. These processes have
been studied to a lesser degree when compared to gas phase homogeneous reactions. Bertram et
al.29 measured OH loss via chemical ionization mass spectrometry in a flow tube reactor coated
with organics.

Heterogeneous loss of OH was found to be very efficient.

The reaction

probability of the OH radical with the organic film was estimated to be roughly 50%. D’Andrea
et al.30 studied OH radical reaction with saturated and unsaturated hydrocarbon self assembled
monolayers (SAM) or thin films in high vacuum. Reactions were monitored using infrared
spectroscopy. For the saturated hydrocarbon film it was found that complete methyl (-CH3)
oxidation by hydrogen abstraction occurred in 10 minutes. Further exposure to OH does not
change the hydrocarbon film, suggesting that OH does not penetrate deeply into the organic film.
The alkene-terminated SAM only required 6% of an OH monolayer to deplete all double bonds
in the film. This was attributed to radical induced polymerization between hydrocarbon chains.
The hydrogen abstraction from saturated hydrocarbons at the organic marine aerosols
surface is the first step in the atmospheric processing. This reaction will form an alkyl radical
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(R•) at the particle’s surface. In the atmosphere the alkyl radical (R•) reacts with molecular
oxygen (O2) to form an alkyl peroxyl radical (ROO•). Subsequent reactions in the atmosphere
can transform the ROO• radicals at the particle’s surface into stable polar functional groups.
This atmospheric processing transforms the hydrophobic surface into a hydrophilic surface that
can bind water more readily, enhancing the CNN activity.

Moreover, due to chemical

transformations particles’ optical properties could change affecting radiative transfer on earth.
The fundamental molecular reactions driving the chemical transformations in Figure 1.2
are poorly understood. The main objective of this thesis is the study of the initial steps of
atmospheric processing of organic marine aerosol as in the “inverted micelle” model. This
interfacial chemistry is proposed to be done in the laboratory setting at atmospheric pressure (1
atm) and temperature (298 K). Reactions will be carried out in a flow tube and analyzed with a
unique droplet mass spectrometer. The droplet spectrometer is specifically designed to test the
marine aerosol model and to retain the intrinsic liquid water content of marine aerosols.
1.4

Structure of Thesis
Chapter II describes single particle mass spectrometers used for the analysis of

atmospheric particles. These spectrometers provide chemical and physical information at a
single particle level. The main components of the spectrometers are described in some detail
along with considerations for the design of a droplet mass spectrometer. The study of water
droplets is one of the main considerations since the organic marine aerosol is comprised mostly
of water.
Chapter III focuses on the description of the droplet spectrometer design and all its
components. Particles that resemble the “inverted micelle” are generated using sodium nitrate,
NaNO3, as the inorganic salt in the water droplet’s core and sodium dodecyl sulfate (SDS) as the
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organic surfactant. Aerosol generation is described to produce a 1 µm salt/water droplet coated
with organic surfactant. The droplet spectrometer is a laser based instrument in which no
ionization step (photoionization or electron impact) is required for analysis therefore minimal
surfactant fragmentation is expected.

A YAG/OPO infrared laser beam tuned at the peak

absorption of bulk water (2.94 µm or 3400 cm-1) is utilized to vaporize the water droplets. The
surfactants are ions in solution and at the droplet’s interface.

Consequently the laser

vaporization releases the ions into the gas phase for mass analysis with a quadrupole mass
spectrometer.
Chapter III also discusses the steps in the development of the spectrometer. These steps
involve optimization of each of the droplet spectrometer components.

Ion generation and

detection by electron impact ionization is explained in order to optimize ion detection with the
quadrupole mass spectrometer. Particle detection along with laser triggering is discussed in the
process for particle analysis.
Chapters IV and V describes the work done in collaboration with Dr. Alla Zelenyuk at
Pacific Northwest National Laboratory. Chapter IV focuses on quantitative experiments to
describe water evaporation from particles in the aerodynamic lens inlet. The particle transport
from atmospheric pressure into the high vacuum environment is accompanied by a large drop in
relative humidity. This change in RH may result in significant particle water loss and phase
change.

Vacuum aerodynamic distribution measurements of DMA (differential mobility

analyzer) size selected particles were done at controlled RH conditions for different particle
types. It was found that almost all particles studied, except NaC, lose significant amounts of
water in the inlet. Thus it was concluded that to avoid data misinterpretation particles must be
dried before sampling with an aerodynamic lens inlet. The results from this study were taken into
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consideration for the droplet spectrometer inlet design. Since evaporation was observed to be
severe in the aerodynamic lens inlet, a capillary inlet was chosen for the droplet spectrometer.
Chapter V discusses the effects of sodium dodecyl sulfate (SDS) organic surfactant on
NaC and NaNO3 particles. These experiments were done in order to characterize physical
properties of model particles for organic marine aerosols.

Particles’ density, vacuum

aerodynamic size distributions, shape and growth factors were measured in a wide SDS
concentration range, from pure inorganic salt to pure SDS particles. Independent measurements
were used to characterize the particles’ density and growth factor behavior quantitatively. It was
found that the SDS density is not constant as a function of SDS concentration for the mixed
salt/SDS particles. The SDS changing density was used to calculate the mixed particles’ growth
factors to reach an excellent agreement with the measured growth factors.
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________________
Chapter II
Single Particle Mass Spectrometry
________________
2.1

Introduction
Marine aerosols are examples of organic containing particles in the marine boundary

layer. The study of initial interfacial oxidation of organic marine aerosols by radicals is the main
objective in this thesis (see chapter I). The analysis of salt/water droplets coated with organic
surfactants is proposed using a unique droplet mass spectrometer.

When studying aerosol

particles using single particle mass spectrometers, particles are usually dried and then analyzed.
Since our droplet spectrometer is designed to study water droplets without drying, this novel
instrument has specific requirements and design considerations.
The goal in this chapter is to describe the main components of single particle mass
spectrometry (SPMS). These spectrometers are used to study particles’ chemical composition
and transformation in the field. Also they are used in the laboratory setting to study fundamental
chemical and physical properties. Moreover, atmospheric processes and composition could be
studied at an individual particle level making this technique a very powerful tool.

Brief

descriptions of the principal SPMS components are given in sections. More extensive reviews
on each SPMS component and historical review has been given previously by Johnston and
Wexler, Noble and Prather, Nash et al. and Murphy.1-4 At the end of the chapter the focus shifts
more towards two specific SPMS techniques5-10 that were considered for the design of our
droplet mass spectrometer. The spectrometer is a laser based instrument that implements droplet
vaporization by an infrared laser.

2.2

Introduction to Single Particle Mass Spectrometry
Single Particle Mass Spectrometry has been the technique of choice to study and measure

atmospheric aerosol particles for the last two decades.1-4 It has replaced traditional collection
methods of aerosol particles on filters or substrates. The collection methods often involve
analysis by common analytical techniques such as: gas chromatography mass spectrometry,
liquid chromatography mass spectrometry, scanning electron microscopy, laser microprobe mass
spectrometry, atomic absorption spectroscopy, among others.2 SPMS is a big improvement to
traditional methods. The most important advantage is that it provides single particle chemical
and physical information in real time.11-16 This in-situ characterization has proved to be very
useful by avoiding ensemble averages from other methods and probing the constantly changing
atmospheric aerosol particles. It also does not require sampling on filters thus eliminating
interference from the substrate, solvent extraction and from mass loss/gain from volatile or
condensable components.
The main characteristic of SPMS is the continuous sampling of particles from the
atmosphere into the high vacuum (usually 10-6 Torr) environment of the mass spectrometer.
Figure 2.1 depicts the main components for most SPMS. The aerosol inlet is the interface
between atmospheric pressure and the SPMS high vacuum system. After particles are sampled nominally of µm and sub µm size - through the inlet, they are subsequently detected in the
particle detection and sizing region.

The particle detection provides the triggering for

vaporization/ionization and data collection in the mass analysis region.

Particles are then

vaporized into monomers and the monomers ionized in the vaporization/ionization region. The
produced ions are analyzed with mass spectrometers. Common mass spectrometers used for this
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technique are quadrupole (QMS) and Time-of-Flight mass spectrometers (TOFMS). This allows
for the determination of individual chemical components of single particles.

Atmosphere

Aerosol
Inlet

Particle
Detection and
Sizing

Vaporization
Ionization

Mass
Analysis

Vacuum

Figure 2.1

2.2.1

Schematic of main components of a Single Particle Mass Spectrometer

SPMS Inlets
Aerosol mass spectrometers sample particles though inlets from atmospheric pressure

into vacuum. The goal of SPMS inlets is to transmit particles efficiently into high vacuum (10-6
Torr) without changing their size and composition. Another desirable characteristic is that the
particle beam has a low divergence in vacuum. Inlets can be classified in three categories, (1)
orifices, (2) nozzles/capillaries (short and long) and (3) aerodynamic lenses.17-20 These inlets are
often followed by one or more differential pumping stages to separate the expanding gas from
the particle beam.
Figure 2.2 shows orifice and capillary designs.19 These types of inlets were originally
incorporated in SPMS instruments. Orifices are the simplest sampling inlets. Particles sampled
through a choked orifice into the vacuum chamber are focused into the ionization region of the
spectrometer. Its focal length is dependent on particle size, upstream pressure, orifice diameter,
15

and density.4,20 This makes the orifice very ineffective in transmitting a broad particle size
range. Only a certain particle size is transmitted efficiently into the mass spectrometer for any
given set of instrument conditions (pressure, orifice diameter, etc.). However, orifices have two
advantages; (1) short particle residence time in the inlet which avoids evaporation of water or
volatile compounds and (2) the ability to focus different particle sizes by changing upstream
pressure, especially for particles smaller than 100 nm which are hard to detect by light scattering.
In contrast to orifices, capillaries sample and collimate a wider particle size range (submicrometer to a few micrometers). Particle separation occurs at the entrance of the capillary
inlet.

Therefore capillaries do not have particle size dependent focal points, increasing

substantially transmission efficiency of several size particles. Since particles travel parallel to
the capillary axis they spread radially, depending on size, due to free jet expansion into
vacuum.19,20 Capillaries produce a particle beam with smaller divergence angle at long distance
when compared to orifices making a reasonably collimated particle beam ( 1 mm). Capillaries
and orifices share the disadvantage of clogging. In capillaries this is accentuated by particle
growth by condensation and particle deposition on the inlet’s wall. The chances of clogging
increase when sampling in high water vapor environments. This results in changes in particle
size due to water condensation and increases instrument down time due to capillary inlet
clogging.
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Figure 2.2

Type of inlets for Single Particle Mass Spectrometry: (a) conical nozzle, (b)
orifice, (c) nozzle with short capillary and (d) nozzle with long capillary.
Particles are sampled from atmospheric pressure on the inlets’ open ended orifice
going into vacuum (10-3 Torr – 10-6 Torr) through the 500 µm apertures. Adapted
from reference 19.

Most modern SPMS adopt aerodynamic lens designs17,18,21 as inlets due to their high
transmission efficiency in the sub-micrometer particle size range and the tightly focused (less
than 1 mm in diameter) particle beam produced. See Figure 2.3 for an aerodynamic focusing
lens schematic. Working stagnation pressure for the aerodynamic lens inlet varies from 0.5-5
Torr with the most commonly used pressure of approximately 2 Torr. A choked orifice ( 100
µm in diameter) is placed at the aerodynamic inlet entrance. The working pressure of the
aerodynamic lens inlet is measured after the choked orifice. This orifice sets the working
pressure of the inlet by constricting the sampling flow to approximately 100 cm3 min-1. Inside an
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aerodynamic lens inlet a series of orifices with decreasing diameter act as constrictions. The
pressure drop and slight focus due to the orifices contract the particles into the centerline of the
inlet. Once in the centerline, particles accelerate into vacuum through a nozzle, orifice or small
capillary.

The degree of acceleration depends on particle size, imparting particles with

differential velocities. The velocity partitioning allows the gathering of particle size information
as the vacuum aerodynamic diameter. Once in the vacuum, particle velocities range from 80-150
m/s.

Figure 2.3

2.2.2

Aerodynamic lens inlet schematic. A 100 µm orifice is placed at the aerosol inlet
entrance to constrict the sampling flow to about 100 cm3 min-1. The pressure after
the orifice is the aerodynamic lens inlet working pressure, usually 2 Torr.
Adapted from reference 17.

Particle Detection and Sizing
Sensitive particle detection becomes important when conducting single particle

measurement and analysis. Due to atmospheric particle concentrations and inlet transmission
efficiency, detection and sizing of particles improves substantially the SPMS duty cycle.
Essentially it allows the synchronization of particle ionization and mass analysis.

Light

scattering detection of particles is the most commonly used technique. The regime for particle
light scattering depends on the dimensionless22 size parameter, α
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α

π dp

(2.1)

λ

where dp is the particle diameter and λ is the scattering light wavelength. For α <<< 1 the
particle is subjected to an almost uniform electromagnetic field. The particle oscillates like a
dipole with polarization proportional to the electric field which is the Rayleigh approximation.22
The light scattering intensity (I) of this particle is proportional to the polarizability, p, by;

I p 
2

d 6p

(2.2)

λ4

Light scattering from particles with diameters of the same order as the incident light (α 
1) is described by Lorenz-Mie theory23. This applies for homogeneous sphere particles with
diameters from 0.1 µm to 1 µm. Rayleigh scattering does not apply because the local electric
field is no longer uniform at any instant. In the Lorenz-Mie regime there is strong interaction
between the particle and the incident light. There is no simple relation for light scattering
intensity and particle diameter. However, light scattering intensity is proportional to (diameter)6
(I  d6) for a given laser intensity and α  1. This makes slight improvements in the particle
diameter detection limit. Intensity falls off rapidly when particle size decreases. The use of
smaller wavelengths will improve detection of particles with diameters less than or equal to 100
nm since they are closer to the λ-4 Rayleigh scattering limit.4 A more detailed description may be
found in chapters 15-16 of Baron and Willeke (2001).
In practice, signal-to-noise constraints will limit light scattering detection and collection.
The design limitations are laser intensity, laser focus, background light detected by the photodetector coming from laser windows, and chamber reflections. Painting the chamber black and
using neutral density filters helps with the background scattered light improving signal-to-noise.
The type of ionization for the SPMS will determine the particle detection and sizing parameters
19

to be utilized. For example, laser systems used for ionization are triggered prior to particle
arrival at the interaction region. This facilitates hitting the particle in space and time with the
laser beam. Therefore complete knowledge of particle velocity is critical for laser ionization
techniques.
Scattered light from particles is detected by photo-detectors such as avalanche
photodiodes and more commonly used photo-multiplier tube (PMT) detectors. These detectors
have been used to collect scattered light using fiber optics with the detector at 90º angle to the
laser beam. Particles of a nominal µm size scatter light mostly in the backward and forward
direction. Collection and detection of scattered light at 30° has been implemented in some
SPMS designs.12,24-26 In this setup fiber optics and optic lens systems have been used to improve
the light collection and detection. Furthermore the use of elliptical mirrors at the particle-laser
interaction has been shown to improve particle size limit detection and efficiency by collecting
scattered light at all solid angles and focusing it at the detector.16
Continuous wave (CW) visible lasers are used to scatter light off particles for detection.
Helium Neon (HeNe) lasers at 632 nm, doubled Neodymium-doped Yttrium Aluminum Garnet
(Nd:YAG) output, or diode lasers at 532 nm are all used. One adaptation is to intersect particles
with one CW laser beam and let the scattered light trigger the ionization laser.13,14 This scheme
only works with lasers that could be triggered very fast (in less than 1 microsecond). Excimer
lasers are good examples since they can be triggered in approximately 500 ns. If particles are
travelling as fast as 250 m/s, they only move approximately (500 x 10-9 s)(250 m/s) or 125 µm
during the excimer triggering sequence, which is well within the ionization laser beam area.
More commonly the particles pass through two CW laser beams12,16 located at a known
distance apart. Scattered light generated by a particle is collected in each laser stage by a PMT
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providing the particle’s transit time. This transit time depends on particle size and is used to
trigger vaporization/ionization laser(s) and data acquisition. If the sampling inlet differentially
accelerates particles, size information could be obtained upon instrument calibration with known
particle sizes. The two laser configuration is necessary when using any harmonic of a Nd:YAG
laser for vaporization/ionization.

This is because the YAG laser needs to be triggered

approximately 200 µs prior to particle arrival at the vaporization/ionization region of the
spectrometer.
The commercial Aerodyne Aerosol Mass Spectrometer incorporates a chopper instead of
lasers.15 The modulated particle beam travels up to a hot plate/ionization region, with different
sizes arriving at different times. The chopper frequency and ion detection are synchronized for
data collection. The ion detection at the mass spectrometer provides the signal for particle
arrival and finally particle transit time in vacuum.

Since the Aerodyne Aerosol Mass

Spectrometer does not incorporate lasers, the detection of particles smaller than 100 nm is
possible.
2.2.3

Particle Vaporization and Ionization
Particle chemical characterization depends on efficiently vaporizing and ionizing

particles for mass analysis. This in turn depends on the particle detection and sizing technique to
be used as described in the previous section. Also the selection of the ionization method is
influenced by the type of aerosol particles to be studied, particle composition and laser
wavelength.

Ultra-Violet (UV) laser vaporization/ionization is the most efficient for the

detection of salts and metals. For the detection of organic molecules, UV ionization, electron
impact (EI) ionization and chemical ionization (CI) methods have been used.3
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Vaporization/ionization of particles into monomers is accomplished by either striking
particles on a hot metal surface or by vaporization/ionization with a laser.

The hot plate

configuration combined with EI ionization for subsequent detection with a QMS is implemented
in the Aerodyne Aerosol Mass Spectrometer.15 EI has the attribute of using 70 eV electrons
which allows comparison to standard libraries for compound identification.

However,

atmospheric particles vary significantly in composition and therefore EI presents a challenging
task in identifying species, especially organic molecules. Despite this challenge use of the
Aerodyne spectrometer has provided useful information on atmospheric particles like total
organic mass and degree of oxidation.
There are two common configurations for laser based instruments. The simplest is to use
a UV laser (i.e. 193 nm (6.4 eV) from an excimer laser or 266 nm (4.7 eV) from 4th harmonic of
Nd:YAG) to simultaneously vaporize and ionize particles with the same laser pulse. This
process is often called ablation.12,13,16 UV ionization laser energy is on the order of 10 mJ/pulse.
A 10 nanosecond pulse focused to 1 mm spot size will have an area of 7.3 x 10-3 cm2. This
results in a laser fluence of (10 x 10-3 J/(7.3 x 10-3 cm2)(1 x 10-8 s)) or 3.8 x 108 W/cm2 where
1J/s = 1 W. The vaporization/ionization at 193 nm or 266 nm is a multi-photon process because
ionization energy of the majority of organic molecules is approximately 9-10 eV. Generally
laser ablation produces a large flux of ions and when combined with TOFMS it becomes a very
sensitive technique. The generation of ion signal is dependent on the laser power or fluence.
Laser fluence is in the range of 108-1010 W/cm2. Lower laser fluence allows for a bigger laser
spot size facilitating particle and laser beam alignment. Also it avoids the bias from particle
shape and minimizes molecular fragmentation.

22

Laser induced ion formation as a function of laser fluence has been studied27 for three
different UV laser lines; 248 nm, 193 nm and 157 nm. As the laser fluence was scanned, the
formation of ions from particles was monitored with a TOFMS. Laser fluence above ion
formation threshold produces more ion signal from particles. It showed that laser fluence
required to produce ions decreases as the laser energy increases from 248 nm to 157 nm. The
increase in wavelength energy for ion formation threshold, also narrows the gap to detect
different particle types.
A more sophisticated configuration is to use two lasers to separate the vaporization and
ionization steps. A powerful (about 500 mJ/pulse) CO2 (λ = 10.6 µm) or a Nd:YAG pumped
Optical Parametric Oscillator (OPO) (λ around 3 µm, 10 mJ/pulse) laser is used to evaporate the
particle into a plume and then ionize the resulting gas components with the UV laser16,24,28,29 (i.e.
193 nm). Figure 2.4 shows how useful is this method when using Single Particle Laser Ablation
Time-of-Flight Mass Spectrometry.16

This study was done with pure succinic acid

(HOOCCH2CH2COOH, m/z = 118) particles generated in the laboratory. Spectra in (a) are from
ablation of different particle sizes with a 193 nm excimer laser. Signal-to-noise is very good
showing the sensitivity of the technique but spectra from one particle size to another is not
reproducible. On the other hand, when the CO2 IR laser is used prior to ionization with the UV
laser (e.g. spectra in (b)), a much better reproducibility is achieved between different particle
sizes. Note that succinic acid parent peak at m/z 118 is not detected in the mass spectra.
Identifications of the species are very difficult if they arre done by the fragmentation pattern.
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Figure 2.4

2.2.4

Mass spectra of individual succinic acid particles. Spectra in (a) were generated
by laser ablation with excimer laser UV radiation at 193 nm and in (b) by IR laser
(10.6 µm) vaporization followed by ionization with UV radiation at 193 nm.
Adapted from reference 16.

Mass Analysis
Mass analysis in SPMS is most commonly accomplished by the use of TOFMS,

quadrupole and ion trap mass spectrometers. The Aerodyne spectrometer uses an EI source
coupled with a QMS. EI mass spectra are directly proportional to the particle’s gas phase
components that are volatile at the hot plate temperatures. TOF and ion traps are multiplexed
instruments. Therefore acquisition of a complete mass spectrum from an individual particle is
possible. Moreover, the negative and positive ion spectra could be collected simultaneously for a
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single particle when using dual TOF as is the case for the commercially available TSI Inc.
Aerosol TOFMS. Ion traps have this same advantage as the ATOFMS plus collision induced
dissociation capabilities since ions could be trapped for long periods of time with subsequent
detection of all ions. Size information with chemical composition could be coupled allowing for
a more complete characterization of aerosol particles.
2.3

Photoionization
Development of SMPS instruments in recent years has focused more on the use of

aerodynamic lens inlets and lasers for detection and vaporization/ionization in combination with
TOFMS. Examples are Single Particle Laser Ablation Time-of-Flight Mass Spectrometer,16
Aerosol Time-of-Flight Mass Spectrometer,12 Particle Analysis by Laser Mass Spectrometry13
and others.3,4,12
The use of UV lasers makes SPMS very useful for laboratory and field studies due to the
chemical characterization potential. But chemical speciation, especially for particle’s organic
material content, has been impossible. This is primarily due to extensive fragmentation due to
the high laser power required for ionization. The UV laser pulses used in SPMS are 4.7 eV (266
nm), 5 eV (248 nm), 6.4 eV (193 nm) and 7.9 eV (157 nm). Thus, when using UV laser pulses
particles absorb multiple photons at very high power or laser fluence making the spectra
complicated to interpret due to fragmentation. Figure 2.4 shows the extensive fragmentation of
pure succinic acid particles generated in the laboratory. Even though the two step laser IR
vaporization/UV ionization minimizes fragmentation and gives better reproducibility,
fragmentation is inevitable. Spectra are very convoluted so identification of individual organic
species becomes problematic in the laboratory and even more in field measurements.
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2.4

Droplet Spectrometer Objective
The main purpose of our design is to be able to study the gas-particle interfacial oxidation

focusing on the organic coating on salt/water droplets. This approach is to attempt to understand
the first steps in the oxidation of organic marine aerosols. Therefore in order to study this
chemistry we have built a droplet mass spectrometer in which no ionization step is required, only
the vaporization step.
The object is not to design a spectrometer to study all type of particles. The target
particles we want to study are µm sized water droplets coated by organic surfactants. A laser
based instrument was designed for this purpose. An infrared (IR) laser is used to vaporize the
aqueous particle or droplet. This main idea is shown in Figure 2.5. Surfactants (RCO2-) coating
the particle are ions at the droplet’s surface and in solution. Vaporization of the droplet releases
the ionic surfactants into the gas phase. Subsequent analysis of ions will be done with a mass
spectrometer. Essentially water in the droplet is used as a Matrix Assisted Laser Desorption
Ionization (MALDI) matrix to absorb all the laser energy.

A major goal for this droplet

spectrometer is to detect individual molecular organic species from the droplet surface. This will
test the model30 for nascent organic marine aerosols (see Chapter I).
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Figure 2.5

2.5

Droplet vaporization by an IR laser pulse. R-CO2- represents surfactant coating
where R is a long alkyl chain.

Previous Work
The vaporization technique to desorb ions from solution has been used previously.

Brutschy’s group has been using the technique to study bio-molecules and non covalent
complexes.

The

technique

is

called

Laser

Induced

Liquid

Beam

(or

Bead)

Ionization/Desorption6,7,10 (LILBID) mass spectrometry and is depicted in Figure 2.6.

In

summary, a continuous liquid jet containing the species of interest in solution is sent into a high
vacuum chamber (10-6 Torr) through a 10 µm aperture. The solvents used in the liquid jet are
water and small alcohols such as methanol, ethanol or propanol. The continuous liquid jet
strikes a liquid nitrogen cold trap which helps maintain the pressure at 10-6 Torr. An IR laser
tuned at the absorption frequency of the solvent intersects the liquid beam and the analytes are
desorbed into the gas phase. The desorption is done by using a custom tunable Nd:YAG pumped
OPO with energies of 10 mJ/pulse or a CO2 laser at 10.6 µm. The laser beam is focused mildly
to a 1 mm spot size yielding laser fluences of 106-108 W/cm2. Ions are then accelerated into a
reflecting TOF for mass analysis.
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Figure 2.6

LILBID mass spectrometer schematic. Adapted from reference 9.

The technique has also been implemented with micro-droplet instead of liquid jets.
Nominally the micro-droplets size with diameter of 10 µm.8 By using micro-droplets with an on
demand generator the duty cycle improves to 1. The LILBID technique has shown6-8,10 that big
molecules (i.e. proteins) can be desorbed with minimal or no fragmentation from water, buffer or
alcohol solutions. This is done in the presence of small quantities of species, on the order of 10-5
M. The 10 µm droplet has a volume of 5.2 x 10-13 L, therefore it contains (10-5 M)(5.2 x 10-13
L)(6.02 x 1023 molecules/mol) or 3.2 x 106 molecules to be analyzed.
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Clustering of ions with the solvent presents a problem when desorbing ionic species from
solution in vacuum. Binding energy30 of carboxylates (RCO2-) to H2O clusters is approximately
20 kcal mol-1. The ion-water clusters will make identification of individual molecular species
more difficult. This can be demonstrated by previous LILBID studies of metals in solution.9
The spectra show extensive water clustering as seen in Figure 2.7.

Li+ ions are detected

following desorption from a water liquid jet. An envelop of peaks separated by m/z = 18 shows
Li+(H2O)n water clusters with not much signal from the bare Li+ ion. There are two possible
explanations for the water clustering in this study. The first one is that metal ions are solvated in
the liquid and desorbed with a solvent shell into the gas phase. The other one is that water binds
to the bare metal ions once they are desorbed into the gas phase. Water clustering to ions may
present a problem when using the LILBID technique for atmospheric aerosol particles, especially
organic marine aerosols. The chemistry at the particle interface and interpretation gets more
complicated with water clustering. Differentiation between water cluster peaks from surfactants
or surfactant-radical reaction products could be masked. This is something to consider when
designing an SPMS as the droplet spectrometer proposed here, where the aerosol model has
more water molecules than organic surfactants.
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Figure 2.7

Spectrum of Li+ ions desorbed using LILBID technique from an aqueous liquid
jet. Adapted from reference 9.

Baer and co-workers developed an aerosol time-of-flight mass spectrometer to study
atmospherically relevant particles in a laboratory setting.24,26,31 Like most SPMS described in
previous sections (see Figure 2.8), their spectrometer uses an aerodynamic lens inlet to sample
particles into high vacuum. Once in vacuum particles intersect two continuous green (532 nm)
diode laser beams separated by 10 cm. The scattered light is collected by PMTs. The PMTs
signal is used to measure particle size and trigger the vaporization/ionization lasers. The two
laser vaporization/ionization configuration was adopted. The IR vaporization laser used is a CO2
laser at 10.6 µm that was kept at high laser power (500 mJ/pulse). This ensured rapid and
complete vaporization of particles. The ionization UV laser (193 nm) is fired following the IR
laser to ionize the resulting plume from vaporization. The IR CO2 and UV excimer lasers were
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focused to approximately 1 mm and 2 mm, respectively. Ions are accelerated either into a 15 cm
or 1 m long drift region of TOFMS.

Figure 2.8

SPMS from reference 32. The spectrometer consists of an aerodynamic lens inlet,
two differential pumping chambers, two diode lasers and two PMTs for light
scattering detection and CO2 and UV lasers for vaporization and ionization,
respectively.

For desorption experiments the UV laser was not used. The purpose of the experiment
was to detect the ions present in solution only by using IR desorption from liquid particles.
Ethylene glycol droplets containing RbC were used for the vaporization experiments.5 The
droplet size was kept constant at a diameter of about 4.1 µm and only the RbC concentration
was varied. In order to measure and establish total ion signal, total ion current was collected on
the TOF repeller plate shown in Figure 2.8. An operational amplifier (op-amp) is used measure
the incident current at the repeller plate. The op-amp works in a current to voltage configuration
and has a gain of 390,000 V/A. The field between the repeller and acceleration plates is 200
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V/cm. This field and the repeller size (7.5 cm) ensured that no ions were lost due to the droplets’
initial kinetic energy. Positive ion mass spectra and total negative ion output voltage were
collected simultaneously. Integrated output voltage was then converted to the number of ions
detected and compared to the expected number of ions based on the RbC concentration.
Figure 2.9 shows the positive ion signal as a function of RbC concentration.5 Integrated
signal increases as the RbC concentration increases. At a concentration of approximately 10-4
M the Rb+ signal levels off while the appearance of clusters like Rb2C+ becomes relevant.
Moreover the total ion signal measured as negative ions at the repeller, decreases from 100%
detected at 3 x 10-5 M to 0.03% at the higher concentration of 3 x 10-1 M. The evident signal lost
in TOF spectra and absolute ion count is attributed to ion-ion recombination. This quantitative
experiment showed how important ion-ion recombination is for laser desorption experiments.
This is more evident at higher salt concentrations and becomes a limitation on ion signal in the
spectrometer. This constrains the droplet spectrometer in terms of how much ion signal could be
detected from a single organic marine aerosol.
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Figure 2.9

Integrated Rb+ ion signal as a function of RbC concentration as measured with
the TOFMS after IR laser vaporization. Na+ signal comes from impurities in
solution. Adapted from reference 5.
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________________
Chapter III
Droplet Mass Spectrometer Design
________________
3.1

Introduction
We have built a droplet mass spectrometer to study the air-particle interfacial chemistry

of marine organic aerosols. The spectrometer is designed to study aqueous particles as a model
for marine aerosols.

The model can be studied by following the qualitative experimental

overview in Figure 3.1. The marine organic aerosols are predicted to be salt/water droplets
encapsulated by organic surfactants.1

A 1 µm droplet contains approximately 1010 water

molecules and 107 surfactant molecules. Water droplets are generated from a dilute solution
containing an inorganic salt and organic surfactant salt. The inorganic salt of choice is NaNO3
and surfactant of choice is sodium dodecyl sulfate (SDS) because of their well known physical
properties.2-5 After generation, aerosols then enter a flow tube at atmospheric pressure and
temperature, and containing N2, O2 at atmospheric concentrations, to react with radicals such as
hydroxyl radical (OH) or chlorine radical (C). These radicals abstract a hydrogen atom from
the organic surfactant to form an alkyl radical (R•). Since the flow tube is at atmospheric
pressure, the alkyl radicals are likely to combine with molecular oxygen to form an alkyl peroxyl
radical (ROO•).
The main objective is to study the initial radical chemistry on organic aerosols at the airparticle interface. This is to test the “inverted micelle” marine aerosol model1 proposed by
Ellison et al. in 1999 (see Figure 3.2). The model suggests that organic surfactants at the
droplet’s interface will inhibit particle growth by uptake of H2O and therefore suppress cloud

formation. However, surfactant reactions with atmospheric oxidants will produce polar groups
(aldehydes, ketones, carboxylic acids, etc.) at the droplet’s surface. This atmospheric processing
makes the surface more hydrophilic and is conjectured to make organic marine aerosols better
cloud condensation nuclei.
To study this atmospheric processing, aerosols are sampled into the droplet mass
spectrometer through a capillary inlet following reaction with hydroxyl (OH) or chlorine (C)
radical in atmospheric conditions.

The droplet spectrometer is a laser based spectrometer

coupled to a quadrupole mass spectrometer (QMS). In the droplet spectrometer aerosol particles
intersect an IR laser beam tuned at the peak absorption for bulk water, 2.94 µm or 3400 cm-1.
Organic lipids or surfactants from marine life exist predominantly as ions at the ocean surface.
Consequently the “inverted micelle” model predicts that the surfactants are naturally ions at the
droplet’s surface. Vaporization of the aqueous core with an IR laser will release the surfactant
ions into the gas phase. Ionization steps such as photoionization or electron impact are not
required in the droplet spectrometer instrument. Subsequent extraction and detection with a
commercial QMS is used for mass analysis.
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Figure 3.1

Experiment schematic diagram.
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Figure 3.2

Oxidation of organic surfactant layer on marine organic aerosols.

3.2

Aerosol Generation
The target droplets are predicted to be an “inverted micelle” as shown in Figure 3.2.

Aerosols are produced from a suitable source in the laboratory to serve as a proxy for organic
marine aerosol. To test the “inverted micelle” model droplets of known composition and size are
generated. Organic surfactants cover the salt/water droplets where the hydrophobic part is
exposed to the atmosphere and the polar head is at the droplets’ surface-bulk interface. NaNO3
and sodium dodecyl sulfate (SDS) are chosen for the inorganic salt inside the droplet and organic
surfactant components, respectively.

Their physical properties are well known and

characterized.2-5 Descriptions of these physical properties along with aerosol generation follows
in the next sections. The droplets are generated from a dilute NaNO3/SDS solution. The
droplets are then dried and sent to a humidity chamber to grow by water uptake. Since the
physical properties of water uptake in NaNO3/SDS aqueous particles are known, final droplet
size can be predicted precisely and controlled in the laboratory.
3.2.1

Inorganic Salts
Understanding inorganic salt aerosol physical properties is crucial not only to better

describe them in atmospheric models, but also to generate and characterize aerosols in a
laboratory setting.

Inorganic salt aerosols undergo phase changes depending on the

environment’s water vapor content or humidity.6 Some common inorganic salt particles grow
spontaneously taking up water when exposed to high humidity environments in a process known
as deliquescence. The particle becomes a saline solution. Once the particle is deliquesced it
continues to grow if the relative humidity (RH) increases. If the humidity decreases, the same
liquid droplet will lose water rapidly after passing its deliquescence RH. This will make the
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liquid droplet a super saturated solution until it reaches its efflorescence point. At this point the
particle loses all the water spontaneously and crystallizes to become a solid particle.
The phase diagram with deliquescence and efflorescence points for different sulfates,
sodium nitrate (NaNO3), sodium chloride (NaC) and sea salts has been measured previously.2-4,7
The experiments were done using an electrostatic balance. A salt particle was levitated in the
center of the electrostatic balance and the water vapor was increased in the chamber. The
particle mass change was measured and recorded as a function of RH. The mass change was
measured as the ratio (m/mo) of mass of the droplet (m) to the mass of pure salt particle (mo).
This mass ratio is a measurement of the salt weight fraction (WF). Weight fraction is defined as
the ratio of mass of the salt to mass of the droplet (msalt/mdroplet) or (m/mo)-1 from Figure 3.3.
Figure 3.3 shows the phase change diagram for ammonium sulfate ((NH4)2SO4) particle. As the
RH increases the particle mass does not change until it reaches the deliquescence point at 80%
RH and the particle becomes a droplet. As the water content keeps increasing the particle gains
more mass. Then this droplet is exposed to lower RH by evacuating the chamber while still
measuring the particle mass change. (NH4)2SO4 droplet reaches the efflorescence point between
37-40% RH.
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Figure 3.3

Phase diagram transformation, growth () and evaporation () for a (NH4)2SO4
particle as a function of RH. Red arrow indicates efflorescence point of 37-40%
RH and blue arrow indicates deliquescence point of 80% RH. Adapted from
reference 3.

The water activity (i.e. RH) as a function of salt weight fraction was derived from the
measurements.3 Empirical formulas for the RH as a function of weight fraction (WF) were
obtained by fitting all data points for a particular inorganic salt. Empirical formulas are known
for the droplet density as a function of solute weight fraction for a variety of inorganic salts.3
The empirical formulas for RH and droplet density (drop) are as follows;

RH  (1.0   C i wf i ) 100

(3.1)

ρ drop  0.9971   A i wf i

(3.2)
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where Ci and Ai are the empirically derived polynomial coefficients, RH is the relative humidity,

drop is the drop density and WF is the solute weight fraction. With these empirical formulas the
droplet’s solute weight fraction and droplet density can be calculated as a function of RH.*
Ultimately growth factors (GF) can be calculated for a given RH and inorganic salt composition.
GF is defined as the ratio (ddrop/dsalt) of the diameter of the droplet (ddrop) to the diameter of the
dry salt particle (dsalt) after the droplet has been dried completely of all water. Knowing the
droplet density and salt weight fraction as a function of RH the growth factors can be calculated.
The dimensional analysis to obtain the growth factor is as follows:

Vsalt

3
π 3
π d drop ρ drop WF
 d salt 
6
6
ρsalt

(3.3)

where Vdry is the volume of the dry salt particle, ddry is the dry salt particle diameter, ddrop is the
droplet diameter, drop is the calculated droplet density, WF is the salt weight fraction and salt is
the pure salt density.
Rearranging equation 3.3 to obtain growth factors gives:

GF 

d drop
d salt

 ρsalt
 
 ρ wf
 drop






1
3

(3.4)

Using these equations inorganic salt particle growth factors can be calculated as a
function of RH. By knowing the RH in a controlled environment the pure inorganic particles’
composition as weight fraction could be obtained.

Also the RH in a controlled humid

environment can be measured by measuring the growth factor of a pure inorganic salt particle.

*

NaNO3 C1-C4 coefficients for eq. 3.1 are -5.52 x 10-3, 1.286 x 10-4, -3.496 x 10-6 and 1.843 x 10-8, respectively.
Coefficients A1-A3 for eq. 3.2 are 6.512 x 10-3, 3.025 x 10-5 and 1.437 x 10-7, respectively. A droplet of NaNO3 with
WF of 0.33 exposed to an RH of 86% will have a density of 1.25 g cm-3.
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3.2.2

Aerosol Chemical Components in the Laboratory
Physical properties of NaNO3 aqueous particles are well known.3

NaNO3 particles

deliquesce at 75% RH and effloresce at a range of 0.05-30% RH. It is known that a NaNO3
particle does not crystallize easily and depends on other impurities in the particle for it to
undergo the complete phase transition to solid. This water retention by NaNO3 means that
particles remain spherical even at low humidity. For that reason NaNO3 is chosen as the
inorganic salt to generate the droplets that represent marine aerosols. By knowing all physical
properties of this inorganic salt, composition and size for the laboratory generated aerosols can
be controlled.
Figure 3.4 shows a plot of equation 3.4 as a function of RH for NaNO3 particles. The
growth factor increases as the RH increases, as expected. The GF can be obtained from this kind
of plot and is used in the laboratory to generate droplets of a known size containing NaNO3 at a
given RH. Notice that only RH points larger than the efflorescence point are plotted due to the
fact that particles are solid below that point. Dry particles will grow only at RH higher than the
deliquescence point of 75 % RH for NaNO3.
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Figure 3.4

NaNO3 growth factor as a function of relative humidity (RH).

Sodium dodecyl sulfate (NaO3SO(CH2)11CH3) is the surfactant of choice to generate
coated aqueous NaNO3 droplets. SDS has been used before to model organic coatings in marine
aerosols.

The kinetics and chemical properties of SDS particles have been studied.5,8-10

However the physical properties of SDS/H2O particles are not well known such as phase
diagrams with efflorescence and deliquescence points.

It has been observed that particles

containing SDS and other surfactants grow when exposed to high relative humidity. The growth
rate is affected by the surfactant coating. Zelenyuk et al. measured growth factors at 86% RH
and density in detail on SDS salt particles (i.e., NaNO3, NaC) as a function of the surfactant
concentration.5 This study provided a physical characterization of surfactant coated salt/water
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particles. It demonstrated that these particles retain water and that the physical properties of the
particles are a complex function of surfactant concentration.
Using the NaNO3 and SDS physical properties such as growth factors we have devised
two ways to produce 1 µm surfactant coated aqueous droplets. These are shown in Figure 3.5.
The use of a bubbler and a vibrating orifice aerosol generator is described.
3.2.3

Bubbler
The basic idea to generate aerosols of known composition and size is shown in Figure

3.5. In Figure 3.5 (A), droplets are generated by bubbling air through a dilute salt solution of
pure NaNO3, or NaNO3/SDS mixture. The poly-dispersed aerosol flow produced by this method
is then dried of all water by passing the flow through a diffusion dryer. Aerosols are size
selected (by diameter) with a Differential Mobility Analyzer (DMA). Particles become charged
in the process of aerosol formation. The DMA is capable of selecting different particles sizes by
applying a high electrostatic potential to the particle flow.11,12 Charged particles of different
sizes have different mobilities in an applied electric field. The response in particle size is
monotonic with the electric field. Consequently by setting the field voltage to an appropriate
value, only one particle size is selected. The DMA works at relatively high voltage (up to 10
kV), and it tends to discharge when working with high relative humidity particle flow. The dry
mono-disperse aerosol flow is then sent to a humid chamber where the RH is controlled by
mixing the dry aerosol flow with humid flow. In the humid chamber the particles take up water
and grow based on their GF. For example, a 0.30 L min-1 dry (0% RH) particle flow combined
with a 1.7 L min-1 humid (100% RH) flow will roughly produce a 2 L min-1, 86% RH total flow.
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Figure 3.5

Aerosol generation schematic. (A) shows the bubbler method and (B) the VOAG approach.

For NaNO3 particles the growth factor is 1.73 at 86% RH as obtained3 from the graph in
Figure 3.4. To generate a 1 µm droplet containing NaNO3, a dry particle with diameter of 617
nm is selected with the DMA and then sent to the 86% RH chamber. The result is a monodisperse aerosol flow of NaNO3 aqueous droplets.
The GF for SDS coated salt droplets has been measured as a function of the surfactant
solute weight fraction (WF = SDSmass/(SDSmass + NaNO3,

mass)).

Low SDS concentration is

desired to avoid foam formation by bubbling the dilute solution.5 A particle with SDS weight
fraction of 0.014 in the dry SDS/NaNO3 particle has a GF of 1.68 at 86% RH. Therefore a 630
nm dry particle is selected with the DMA and grown in the 86% RH humid chamber to produce a
1 µm surfactant coated water droplet.
3.2.4

Vibrating Orifice Aerosol Generator
An alternative way of producing a mono-disperse aerosol flow is to use a vibrating orifice

aerosol generator13 (VOAG) which is shown in Figure 3.5 (B). A liquid jet is generated by
injecting a dilute solution through a small orifice (usually 10 or 20 µm in diameter) at high
pressures. The orifice vibrates and uniformly breaks the liquid jet producing a mono-disperse
aerosol flow. The orifice vibration is controlled by adjusting its working frequency which is
between 40-80 kHz. The constant vibrating frequency and steady liquid flow-rate determines the
droplets size precisely and consistently. Droplets generated with this method are on the order of
25 µm or bigger depending on the orifice sized used.
As described in the previous section, to generate a 1 µm size NaNO3 aqueous droplet, a
610 nm dried NaNO3 particle is required. To create a particle of similar size from the VOAG, a
25 µm droplet with a concentration 3.6 x 10-4 M in NaNO3 is needed. Once this droplet is
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completely dried of water, the result is a 610 nm particle. Then the dry particle flow is rehumidified in a controlled 86% RH chamber to grow to a 1 µm droplet.
The same analysis is made with NaNO3/SDS mixture to generate a 1 µm droplet by
VOAG. Figure 3.6 summarizes the drying of the VOAG produced 25 µm droplet. The dry
particle will grow based on its growth factor (1.68) by H2O uptake at 86% RH. The only
difference is that the concentration of SDS in the solution depends on the initial NaNO3
concentration. A solution with concentration of 3.6 x 10-4 M in NaNO3 and 1.5 x 10-6 M in SDS
has an SDS weight fraction of 0.014. Once the solvent evaporates from the 25 µm droplet, a 635
nm NaNO3/SDS dried particle is produced. The final volume, and therefore diameter, in the
dried particle is calculated from each component’s density and mass. The 635 nm dried particle
will grow to nominally 1 µm at 86% RH. The resulting 1 µm droplet will have a surfactant film
thickness of approximately 2 nm. It will contain 2 x 1010 H2O molecules in the core, 7.5 x 106
surfactants at the surface and 3.1 x 105 surfactants in the bulk. Even though the starting solution
has low SDS concentration (1.5 x 10-6 M), it contains enough surfactants to cover the surface of
the 1 µm droplet. The remaining surfactant molecules partition to the droplet’s bulk. If we
assume a SDS critical micelle concentration of 0.0081 M, all the 3.1 x 105 surfactants in the bulk
exist as monomers and not as micelles. Avoiding micelle formation in the bulk is done by
selecting an appropriately low SDS concentration in the starting solution.
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Figure 3.6

3.3

VOAG aerosol generation numbers. A 25 µm droplet is dried and then grown by
H2O uptake at 86% RH to produce a 1 µm droplet coated by SDS surfactant (see
text for description).

Droplet Spectrometer: Design
Water droplets of known size and composition are sent to the droplet spectrometer for

detection and analysis. Figure 3.7 shows the schematic overview of the droplet spectrometer.
The spectrometer consists mainly of three chambers or regions; the inlet, drift tube and
quadrupole mass spectrometer. Particles are sampled from the atmospheric pressure flow tube
through the inlet into vacuum. Once in vacuum, particles travel to the drift tube where they are
detected and vaporized. Vaporization of the bulk water releases previously solvated ions into the
gas phase. The ions are then extracted via electric field into the QMS chamber for mass analysis.
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Figure 3.7

Droplet mass spectrometer overview (see text for description).

Figure 3.7

3.3.1

Droplet mass spectrometer overview (see text for description).

Capillary Inlet
Droplets are sampled through a 0.16 cm (O.D.) x 10 cm long capillary with a sampling

orifice I.D. of approximately 0.5 mm. Figure 3.8 shows the schematic of this inlet. Calculated
conductance14 for air is;

d4P
(0.05 cm) 4 (760 Torr )
C pipe (Air)  179.6
(L/s)  179.6
(L/s)  0.085 L/s

10 cm

(3.5)

where Cpipe is the conductance in L/s, d is the pipe’s I.D. in cm,  is pipe’s length in cm and P is
the upstream pressure of the pipe in Torr. The calculated capillary conductance is 85 cm3 s-1
while the measured sampling rate is in the range of 150-200 cm3/min.

If the droplet

concentration in the flow tube is 102 particles cm-3 then aerosol flux through the capillary is (85
cm3 s-1)(102 droplets cm-3) or 9 x 103 droplets s-1. A roots blower with pumping speed of 475 L/s
maintains the pressure after the capillary at approximately 30 mTorr. A 0.5 mm molecular
skimmer is used to sample the center of the aerosol beam. The skimmer has a smooth hyperbolic
design for better gas separation from the particle beam. The region after the skimmer and before
the drift cell is pumped by a 77 L/s turbo pump. The pressure in this chamber is 0.1-1 mTorr.
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Figure 3.8

Droplet spectrometer’s inlet.

The capillary mounts in a threaded Swagelok nut that screw into a xy translation stage.
The Swagelok nut can be screwed in/out for capillary adjustments in the z direction (or
instrument axis). These xyz adjustments allow for rough alignment of the particle beam in the
instrument. The capillary is set at a particular z position, usually between 1-4 mm from the
skimmer as seen from the side window. Then the xy adjustments are made to maximize the
pressure in the drift chamber. This will produce the highest throughput of particles past the
skimmer. Final small adjustments are made with the particle detection, explained later in the
chapter.
The water droplets will “freeze” or cool down dramatically by going from atmospheric
pressure into vacuum. This evaporative cooling is a coupled mass and energy transfer problem.
The droplets experience the low pressure and start evaporating H2O, taking energy from the bulk
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in the process. Hydrogen bonding for a water molecule is equivalent to 10 kcal/mol. Water loss
will cool the rest of the water bulk, finally stopping the evaporation and “freezing” the droplet.
However, a water droplet will evaporate depending on the background gas and the pressure. For
example, a 1 µm droplet with accommodation coefficient, α, of 0.1 will completely evaporate in
approximately 100 ms in 1 Torr of N2 background gas.15
3.3.2

Drift Tube
Once sampled and skimmed, aerosols pass into the 25 cm long drift tube shown in Figure

3.9. The drift tube consists of fifteen 60 mm (I.D.) stainless steel concentric rings (or cells)
isolated from each other by plastic PEEK spacers and connected in series by a resistor daisy
chain. Three of the cells are relatively wide to accommodate laser windows. The rings have
ridges with outer diameter flush to the spacers’ inner diameter. This design makes the assembly
straightforward. The cells with the laser windows are pinned to each other for better laser
alignment consistency.

The cells are interchangeable allowing changing of the distances

between laser windows and therefore laser beams.
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Figure 3.9

3.3.2.1

Drift tube diagram. Particles enter the drift region, are detected by light scattering
from continuous green laser beams, and trigger the 10 Hz YAG/OPO IR laser
beam for droplet vaporization to release ions into the gas phase.

Water Cluster Dissociation
In the drift tube, the droplets are detected by light scattering and subsequently vaporized

with a YAG/OPO infrared laser beam. Vaporization releases ions into the gas phase for analysis.
A 1 µm surfactant coated water droplet contains about 1010 H2O molecules and around 107
surfactant ion molecules. It is likely that the vaporized surfactant ions will cluster to water as
demonstrated in Chapter II section 2.5 for Li+ ions.16 The ion-water clustering is expected to
complicate the mass spectra analysis. For that reason a drift tube that works at higher pressures
(0.3 – 1 Torr) and a constant electric field is implemented in the droplet spectrometer. The ion56

water clusters are accelerated in the constant field dissociating the clusters with low energy
collisions with the background N2 gas.
Aerosols pass through a Venturi inlet with a 2 mm diameter orifice into the drift tube.
The design17 for the Venturi is modeled after Van Doren et al. Just downstream of the 2 mm
orifice, two concentric annuli are used to inject gas into the tube. The buffer gas passes through
the annuli at high pressures creating a lower pressure right at the orifice. This dynamic process
is called a Venturi effect and often these inlets are called aspirator inlets.18 In Figure 3.9, the
cooled water droplets feel the drag that the Venturi inlet produces and pass from a lower pressure
(1 mTorr) into the drift tube higher pressure (0.3 - 1 Torr). This type of inlet has been well
characterized and is used to study kinetics of ion-neutral reactions and ion mobility because of
the consistent flow rate and laminar flow produced in the drift tube.17-20 When no gas is injected
through the Venturi inlet, the static gas leaking from the capillary inlet through the skimmer sets
the pressure in the drift tube. The distance between the capillary and the skimmer is adjusted
resulting in a drift tube pressure range of 50-180 mTorr.
To dissociate ion-water clusters, a combination of collisions and electric field are
required. The electric field per pressure (E/N) is the characteristic parameter19 used in ion
mobility studies where 1 x 10-17 E/N = 1 Townsend or 1 Td. The drift tube cells are connected in
series by resistors. A voltage is applied across the drift tube to extract ions into the QMS region.
The voltage works together with the relatively higher pressure (0.3-1 Torr) in the drift tube to
dissociate any ion-H2O clusters formed. A voltage of 320 V across the 25 cm long drift tube
imparts a field (E) of 12.8 V cm-1. In a background pressure of 0.4 Torr (N = 1.3 x 1016 cm-3) the
electric field produces an E/N of 1 x 10-15 V cm2 or 100 Td. This produces low energy collisions
to dissociate the ion-water clusters and to extract the gas phase ions into the QMS.
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3.3.3

Droplet Detection
The particle beam in the drift cell perpendicularly intersects two continuous (CW) green

laser beams ( 50 mW) of wavelength 532 nm. The CW laser beams are approximately 4 cm
apart and are focused by 20 cm focal length (F.L.) lenses to the centerline of the drift tube. The
calculated focal spot is approximately 500 µm or 0.5 mm in diameter. Forward light scattering
from particles is collected at 30º angle by a 30 mm F.L. lens. The light collected by the lens is
detected by two analog photomultiplier tubes (PMTs). Light scattering signals from the PMTs
are used to find the particle transit time between the two detection lasers. This transit time is
used to trigger the YAG/OPO laser system to vaporize the detected droplets.
Fine adjustment to particle and laser beam overlap alignment is performed using the light
scattering signal. The PMTs signals are sent to an oscilloscope and the laser beams are moved so
that the signal intensity and number of particles detected are maximized. Then the second PMT
signal is monitored so that particle velocity can be measured with the oscilloscope.

3.3.4
3.3.4.1

Droplet Vaporization
Laser system
The vaporization laser system is an Optical Parametric Oscillator/Optical Parametric

Amplifier (OPO/A) pumped by a Continuum Surelite II Nd:YAG. This YAG laser is actively Qswitched, runs at 10 Hz and has a 10 ns pulse duration. The delay time between flash lamp and
Q-switch is 194 µs with 4.8-5.0 W of power at the fundamental wavelength ( = 1064 nm). The
OPO/A system21 is designed to convert the single fixed frequency from the YAG laser into
tunable radiation in the mid-infrared.

The YAG beam is aligned into the OPO/A system
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entrance. The beam is split with a beam splitter into two beam lines. One beam is frequency
doubled (to 532 nm) in a KTP (potassium titanyl phosphate) crystal to pump the OPO cavity and
the other beam is sent to a delay line before recombination with the OPO output. In the OPO, a
532 nm KTP crystal is used as the medium for the parametric conversion. This produces a midinfrared wavelength at 1.67 µm which then passes to the amplifier. Before the amplifier the midinfrared is combined with the delayed fundamental beam ( = 1064 nm). The combined beams
are then directed to the optical parametric amplifier (OPA). The amplifier consists of four 1064
nm KTP crystals where the mid-infrared radiation is produced via difference-frequency mixing.
Two wavelengths result from this process: 2.94 µm and 781 nm.

These wavelengths are

opposite in polarization; the 2.94 µm is horizontally polarized and the 781 nm is vertically
polarized. A polarizer is placed at the exit to choose between the wavelengths. Power at 2.94
µm is up to 30 mJ/pulse and up to 60 mJ/pulse at 781 nm. For this experiment only the 2.94 µm
is used because it is the peak absorption for bulk water.22 The laser system is tunable from 2.75
µm to 3.0 µm and from 710 nm to 885 nm. All crystal positions are motor controlled with a
Microsoft Windows based program in a dedicated computer to easily change wavelength.
3.3.4.2

Energy Requirements
How much energy is required to vaporize a 1 µm diameter surfactant coated aqueous

particle? Vaporization energy for water23 is 40.7 kJ/mol (9.72 kcal/mol) or 2.27 kJ/g at 293 K.
A 1 µm water droplet has a volume of 5.2 x 10-13 cm3 and consequently a mass of 5.2 x 10-13 g
assuming a density for water of 1.0 g/cm3. The energy required to vaporize the 1 µm droplet is
(5.2 x 10-13 g )(2.27 kJ/g) or 1.2 x 10-9 J (1.2 nJ).
The mid infrared laser beam from the YAG/OPO system can generate up to 30 mJ/pulse
at 2.94 µm or 3400 cm-1. This is the peak frequency absorption for water as shown in the
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spectrum for bulk water in Figure 3.10.

Water in the gas phase24 has three absorptions;

asymmetric stretch at 3756 cm-1 (3) , symmetric stretch at 3657 cm-1 (1) and the bending mode
at 1595 cm-1 (2, not shown in spectrum).

Figure 3.10

Absorption spectrum for bulk water in the infrared. Red arrow points at the peak
absorption of water at 3400 cm-1 or 2.94 µm. Adapted from reference 22.

The hydrogen bonding network of bulk water washes out the features of the gas phase
spectrum and red-shifts the peak absorption of water.

Absorption for the droplet can be

calculated using Beer’s law as a first approximation;

I  Io e- (α  )

(3.6)

where α is the absorption coefficient for water and  is the droplet’s diameter. The absorption
coefficient is calculated from the imaginary part25,26 of the index of refraction, ik, for water at a
particular wavelength (λ). The expression is;

α

4πk
λ

(3.7)
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For the wavelength of 2.94 µm, k is 0.205 and as a result α is 0.88 µm-1. If the laser
beam with 10 mJ of energy is focused to a 1 mm (1000 µm) diameter spot and the particle is 1
µm in diameter, the amount of energy absorbed by the droplet is:
2

 1 μm 
 (1 - e - (0.88)(1) )  6 nJ
(I o - I)  I o (1 - e - (α  ) )  10 mJ 
 1000 μm 

(3.8)

The energy absorbed by the 1 µm droplet is 6 nJ which is approximately 6 times more
than the required vaporization energy of 1.2 nJ. If the laser beam power is increased to 30
mJ/pulse, the amount of energy absorbed increases to 18 nJ. The droplet temperature rises based
on the energy absorbed (Q), water mass (mwater) and water heat capacity at constant pressure
(Cp).

T 

Q
6 x 10 -9 J
(K) 
 2670 K
C p m water
(4.184 J/(K g)) (5.2 x 10 -13 g)

(3.9)

The Cp (4.184 J K-1 g-1) for water27 is assumed to be constant at all temperatures. The 1 µm
water droplet will increase its temperature by 2670 K for a 10 mJ/pulse. A 30 mJ/pulse takes the
temperature to 8000 K.
This is a large amount of energy to be absorbed by the droplet. The wavelength for the
vaporization to be at the peak absorption of water was chosen for two reasons. The first is that
water will absorb readily at this wavelength to vaporize the droplets and release ions from
solution. The fast energy delivery from the laser pulse facilitates the explosive boiling of the
water. The second reason is that the organic surfactant covering the surface of the droplet will be
transparent to this energy. Most organic molecule C-H stretches are below the 3000 cm-1 region
of the infrared spectrum.

Since we are using a laser at 3400 cm-1 with a bandwidth of

approximately 3 cm-1, fragmentation of the organic surfactant ions is expected to be minimized
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or completely suppressed by this vaporization method. Minimizing the fragmentation of the
organic surfactants is critical to the detection of individual molecular species resulting from the
initial radical induced oxidation of organic marine aerosols.
3.3.4.3

Laser Triggering
The IR vaporization laser beam intersects the particle beam at 3.8 cm and 7.6 cm from

the second and first green laser beams, respectively. These distances depend on the IR cell
position in the drift tube, which can be changed. For the purpose of this description the distance
is set at 7.6 cm from the second detection laser to the vaporization laser. Droplet transit time
between the lasers is less than 1 ms. Droplets must be located in space and time in order to be
vaporized.
A timing circuit has been developed to trigger the YAG/OPO system. Since the particles
travelling at appropriate velocities occur randomly with respect to time, triggering the
YAG/OPO is complex. The YAG laser has to run at an average of 10 Hz to maintain appropriate
thermal load. Moreover the YAG laser needs to be triggered 200 µs in advance of the firing
time. The timing circuit meets the challenge of triggering a fixed frequency laser to hit randomly
occurring particle events.
We have adopted software based logic for the timing circuit in contrast to others that use
hardware.28,29 A schematic of the PMTs signal along with the generated pulses for the YAG
laser flashlamp and Q-switch are shown in Figure 3.11. A micro-processor (40 MHz) gathers the
light scattering signals from the PMTs and is programmed to generate triggering pulses for the
YAG laser. Since the YAG must fire every 100 ms, an internal 10 Hz clock keeps track of this
cycle. An arbitrary 20 ms (from 90-110 ms in the clock) active viewing window is set to look
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for a valid aerosol detection event. The arbitrary viewing window keeps the laser firing at an
average repetition rate of 10 Hz with a variation of ±1 Hz.
The valid aerosol detection event is defined as light scattering detection in PMT1 and
PMT2 within the active window, intensity level, and circuit time constraints. All of these
variables are controlled and set with the software through the circuit front panel. The active
window is fixed and cannot be changed. The PMT signal intensity level is usually 30 mV in the
circuit. Analog signal from the PMTs is amplified by a factor of 20 to improve signal-to-noise.
As for constraints, the microprocessor cannot process a particle transit time between PMTs of
less than 120 µs and still successfully trigger the YAG laser in time to intersect the particle.
Therefore particle events faster than 120 µs are ignored. If an acceptable particle detection event
is gathered by the circuit, all other scattering pulses from subsequent particles are ignored until
the whole triggering sequence takes place. This ensures that the YAG laser is not triggered
faster than its working frequency of 10 Hz.
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Figure 3.11

Triggering schematic. PMTs signal from aerosol light scattering to trigger the YAG flashlamp and Qswitch. tT is the particle transit time between green laser beams, tF is the time for the flashlamp relative
to PMT2 signal and tQ is the time to fire the Q-switch to fire the laser.

The time between the two PMT signals is the transit time, tT, which is used to trigger the
YAG. The particle should arrive at the laser interaction region at time 2 tT. The logic in the
circuit generates two pulses to trigger the YAG laser, one to fire the flashlamp and the other to
trigger the Q-switch to fire the laser. The Q-switch pulse is generated at tQ = 2tT, since the IR
laser beam/aerosol interaction region is twice as far from the second PMT as the distance
between the two PMTs. The flashlamp pulse is generated at tF = (tQ - 194 µs). The 194 µs is the
factory set optimum delay time between flashlamp and Q-switch for the YAG laser. At the end
of this YAG firing cycle the circuit resets and starts again. If no aerosol is detected within the
active window a pulse is sent to only fire the flashlamp to maintain the heat load on the laser
cavity.
Furthermore, the circuit programming allows changing the acceptable particle transit time
window (i.e., to select for different particle velocities), scattering signal level, and more
importantly tQ.

All this helps optimize for appropriate particle velocities, particle counts,

detection efficiencies and time overlap of the YAG/OPO beam with the droplet.
3.3.5

Signal Estimates
Sections 3.2.3 and 3.2.4 described the process of generating 1 µm SDS coated

NaNO3/water droplets. Composition of this 1 µm droplet is depicted in Figure 3.6 along with
estimates. If we follow the concentration estimates, a coated droplet contains 1.6 x 1010 water
molecules in the core, 7.2 x 106 SDS molecules at the surface and 3 x 105 SDS molecules in the
bulk. The surfactant number at the surface is calculated using the estimated10 SDS footprint of
50 Å2/molecule. The bulk SDS molecules are calculated by subtracting the amount at the surface
from the total. Droplet vaporization will release 7.5 x 106 SDS ions per 1 μm droplet into the gas
phase (CH3(CH2)11OSO3-) for detection. Counter ions are not considered in this analysis but for
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every surfactant ion there is a Na+ ion. Ion-ion recombination30 represents a problem for the
detection signal as seen in chapter II. Laser repetition rate is 10 Hz and therefore is the highest
rate at which particles could be vaporized and detected. If 10 particles are vaporized per second
then the result is (10 particles/second)(7.5 x 106 SDS ions/particle) or 7.5 x 107 SDS ions s-1.
This corresponds to approximately (7.5 x 107 ions)(1.6 x 10-19 C/unit charge) or 1.2 x 10-11 C/s
(12 pA).
3.3.6

Ion Detection
The ions released from the droplets are accelerated from the drift tube into the next

differentially pumped section between the drift tube region and quadrupole mass spectrometer
chamber. Ions exiting the drift tube are guided with an ion lens pointed in Figure 3.8 into a
sampling skimmer or nose cone. The ion lens consists of four elements, two in the x direction
and two in the y direction. The ion lens can be biased with positive or negative voltage. All four
elements can be biased together at the same voltage or independently biased. This flexibility in
the ion lens allows for optimization of ions going into the quadrupole chamber.
The nose cone attached to the quadrupole chamber (see Figure 3.12) is also
independently biased and in combination with the ion lens better ion throughput into the
quadrupole is achieved. Once ions get through the nose cone they are delivered to the QMS
chamber. In this chamber a cryogenic pump with pumping speed of 1000 L/s keeps the pressure
at around 10-6 Torr. The cryo-pump was chosen to pump away efficiently as much water as
possible. The droplets contain approximately 3 orders of magnitude (1010 H2O molecules) more
water molecules than surfactant ions.
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Figure 3.12

QMS chamber.

The

QMS

is

a

commercial

instrument

from

Extrel

Company,

Model

MAX5001.2APP3/4N6. It has a mass range of 1-500 amu, 2-4 mA/Torr sensitivity and about
106 abundance sensitivity. It consists of an einzel lens, quadrupole bending lens or 90º deflector,
the quadrupole mass filter, and an electron multiplier (not shown in Figure 3.12) for ion
detection. The einzel lens guides and focuses the ions to the center of the quadrupole mass filter.
The 90º deflector is optimized to bend the ions into the QMS direction by the use of fixed
voltages. As with the quadruple mass filter, the 90º deflector rods are biased such that two
opposing rods are positively biased while the other two are negatively biased. The difference
from the mass filter is that they are not necessarily biased at the same voltage and no radio
frequency is applied. Also the voltage depends on the type of ions (positive or negative) to be
analyzed. If the rods are optimized to transmit positive ions, reversing the polarity will transmit
negative ions. The quadrupole mass filter scans to separate mass-to-charge (m/z) ratios for ion
separation. Ions then strike an electron multiplier that is biased at ± 1900 V (depending on ion
polarity) for detection. Extrel Merlin automation software is used to gather the mass spectra
data.
3.3.7

Expected Results
The radical oxidation of the SDS surfactant coated NaNO3/water droplets in an

atmospheric

pressure

flow

tube

is

predicted

to

form

the

alkyl

peroxyl

radical

(•OOCH2(CH2)11OSO3-) at the droplet surface as depicted in Figure 3.13. The main objective is
to detect this peroxyl radical after oxidation, particle detection and vaporization. The expected
mass spectrum before reaction is of the SDS surfactant (CH3(CH2)11OSO3-) without
fragmentation at m/z = 288 (see Figure 3.13). No or minimal fragmentation is predicted because
the vaporization laser wavelength (2.94 µm or 3400 cm-1) is not absorbed by the organic
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surfactants. Also a clean spectrum is expected with no ion-water clusters present. Sulfate ions
are very stable and have similar electron affinities31 as carboxylates on the order of
approximately 3.5 eV. The ion-water clusters that may form from droplet vaporization will be
dissociated with low energy collisions with the background gas in the drift tube (see section
3.3.2.1). Following oxidation of the surfactants a mass spectrum with the alkyl peroxyl radical at
higher mass (m/z = 319) is predicted. This comes from the hydrogen abstraction followed by O2
addition to the alkyl radical (m/z = 288 -1 + 32 = 319). The peroxyl radical is detected in the
presence of the unreacted surfactant in the mass spectrum. The droplet spectrometer will be used
to study the initial steps of the organic marine aerosols oxidation processes at room temperature
and atmospheric pressure. Individual molecular species are expected to be identified from the
droplets surface after radical oxidation.
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Figure 3.13

Expected results from the oxidation of SDS coated NaNO3/water droplets.

3.4

Droplet Spectrometer: Development
Optimization of the droplet spectrometer components is needed in order to develop the

spectrometer into a functional instrument. To begin, ion detection had to be optimized to deliver
ions from the drift tube into the QMS chamber for analysis. For this purpose an electron impact
(EI) ionization source is used to generate ions in the drift tube for detection with the QMS. Once
ions detection is optimized, droplet detection follows. Droplet detection involves light scattering
collection, transit time measurements and circuit optimization for YAG/OPO laser triggering.
The triggering allows intersecting the particles in space and time with the IR laser beam. Ion
detection from droplet vaporization is performed by hitting droplets with the IR laser beam
between two stainless steel plates. Incident current is then measured at the plates using an
operational amplifier (op-amp). Finally, droplet vaporization and ion detection need to be
combined for the spectrometer to be fully developed and functional.
3.4.1

EI Source
The droplet mass spectrometer is designed to detect ions from the laser-droplet

interaction region from the drift tube into the QMS. Ions are extracted from the drift tube,
sampled through the nose cone into the quadrupole chamber and bent 90º into the QMS for
detection. Optimization of the drift tube cells voltages, the ion lens and nose cone voltages, and
the QMS settings is required to maximize ion detection.
An electron impact source was built to produce ions in the drift tube for extraction and
detection in the quadrupole chamber. The EI source is mounted on a 30 mm diameter, 3 mm
thick copper plate that fits in the PMT window drift tube cell and seals to vacuum. The EI
source consists of three stainless steel leads. A grid is attached to one lead and a Rhenium
(99.9%) wire is attached to the other two stainless steel leads. The leads are long enough for the
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filament and grid to be at the center of the drift tube. The assembly also has a 0.25 stainless
steel tube to leak gas into the chamber for ionization.
The EI source is placed in the second drift tube cell (see Figure 3.14). The filament is
floated at around 200 V and the grid at approximately 270 V. The electron energy could be
adjusted but it was set at the standard 70 eV. The voltage of the drift cell is the same as the grid.
The current passing through the filament is about 5-6 A at optimum settings. The filament
slowly ages and the current must be readjusted. The filament must be replaced every three days
of use as the filament breaks or does not generate enough electrons for ionization. The emission
current generated is about 0.1 – 0.6 mA measured at the drift tube cell with a picoammeter
(Keithley 485 Autoranging Picoammeter). The grid is connected in series to the rest of the drift
tube cells stack by 40 k resistors (see Figure 3.14). The last cell is connected to ground by a
250 k resistor in order to have the cell still floating at a voltage. With this setup the last cell
has a voltage of approximately 90 V.
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Figure 3.14

Schematic set up for EI source ionization and ion extraction into the QMS region.

The main idea for ion detection optimization is to generate ions and measure ion current
along the way in the drift tube and quadrupole chamber (see Figure 3.14). Once ions are
delivered into the quadrupole chamber the QMS settings are optimized for ion detection. Gas is
leaked through the EI source for ionization and detection to maintain a pressure in the drift tube
of approximately 100 mTorr. Ion current is detected at the ion lens and nose cone after the drift
tube with the picoammeter. The measured current at the ion lens (all four elements combined) is
around 10 nA and about 2 nA at the nose cone. After measuring ions after the drift tube,
voltages were applied to the ion lens and nose cone with its dedicated power supply. All four
elements in the ion lens have a voltage of 43 V and 10 V is applied to the nose cone. These
values were set by measuring ion current in the quadrupole einzel lens and 90º deflector poles.
The ion current at the einzel lens (measured at pin G and E of the QMS) is approximately 30-45
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pA. At the 90º deflector poles the ion current measured (at pin A and B) is 10-22 pA. This ion
current corresponds to (22 pA/1.6 x 10-19C/ion) or approximately 1.4 x 1011 ions s-1.
Figure 3.15 shows representative mass spectra for ionization of N2 and Ar gas using this
set up. The spectra show very clean peaks at m/z = 28 and m/z = 40 corresponding to N2+ and
Ar+, respectively. Good signal-to-noise is achieved. Spectra were acquired using Extrel Merlin
automation software. To obtain these spectra the einzel lens and 90º deflector pole voltages were
optimized. Mass spectra were monitored in real time with the spectrometer working in radio
frequency (RF) mode only. This mode allows for all ions to pass through the quadrupole mass
filter and be detected in the electron multiplier with no mass separation. Once maximum signal
is obtained the DC voltage is applied again. Then small voltages adjustments were done to
obtain a better mass spectrum. All voltages are controlled with the software tune files through a
personal computer.

Figure 3.15

EI mass spectra for N2+ and Ar+ extracted from the drift tube into the QMS.
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3.4.2

Droplet Detection
Droplet detection was optimized using known size standards polystyrene (PSL) spheres

and particles generated by bubbling a NaNO3 solution. The PMTs light scattering signals are
sent to the circuit box and from the circuit box signal is split to monitor with an oscilloscope.
Signal-to-noise for light scattering is 10 or better. Figure 3.16 (A) shows particle light scattering
signals from PMTs for a 1.6 µm polystyrene (PSL) sphere at a drift tube pressure of 40 mTorr.
The transit time between green laser beams for the 1.6 µm PSL particle is 133 µs. If the pressure
in the drift tube is increased to about 1 Torr the transit time is 265 µs as shown in Figure 3.16
(B). The YAG laser requires at least 194 µs to be triggered. If the pressure in the drift tube is
kept low (40 mTorr) the IR laser beam must be at twice the distance ( 8 cm) than the green
lasers distance ( 4 cm). With higher pressures (1 Torr) the IR laser beam can be at the same
distance from the second detection stage as the distance between the detection lasers. The IR
laser beam is set at 2x the distance of the green laser beams in the current setup. This ensures
PMTs signal could be processed by the circuit logic to generate the pulses to trigger the YAG
laser.
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Figure 3.16

Particle light scattering signal from PMTs to measure transit time, tT. (A) shows
tT = 133 µs with drift tube pressure at 40 mTorr and (B) tT = 265 µs for a drift tube
pressure of about 1 Torr.

The PSL particles used to calibrate the spectrometer had the following diameters; 495
nm, 900 nm, 1000 nm and 1600 nm. Also a poly-disperse aerosol flow generated from a 0.1 M
NaNO3 solution was used for comparison. Figure 3.17 shows the transit time distributions for all
the particle sizes and the NaNO3 poly-disperse flow. The calibration was done at a drift tube
pressure of approximately 550 Torr. All particle sizes have overlapping distributions with
approximately the same average transit time of 188 µs. The NaNO3 distribution is broader but
still shows the same average transit time as the PSL particles. Basically particles are not
differentially accelerated into vacuum based on their size. Therefore no size information could
be obtained. A possible explanation for this is that the capillary inlet has a length to inner
diameter (L/dI.D.) that is too large. This causes the particles to spend more time in the capillary
making the particle equilibrate to the expanding gas final velocity. Measured particle velocities

76

are in the 275 m/s - 300 m/s range, which is comparable to the expanding background gas
velocity.

Figure 3.17

3.4.3

Droplet spectrometer calibration with PSL particles with 495 nm, 900 nm, 1000
nm and 1600 nm diameters. Sodium nitrate (SN) poly-disperse particles from a
0.1 M solution were also measured for comparison.

Droplet Vaporization
The droplet vaporization optimization is done using two stainless steel plates located in

the IR laser-droplet interaction region as shown in Figure 3.18. The interaction region is located
between the plates at about 8 cm from the second green laser beam. The green laser beams are
about 4 cm apart, and the plate dimension is 1 x 2. They are electrically isolated by ceramic
pieces that hold them together in the corners. The top plate can be positively or negatively
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biased for detecting positive ions or negative ions, respectively. When the droplet is vaporized,
the ions released from solution are repelled from the top plate to the grounded bottom plate
where incident current is detected with an op-amp. The setup is similar to that of Dessiaterik et
al.30 in which the circuit works in a current to voltage configuration. The gain in this setup is
higher at 2 x 106 V/A. For positive ion detection the voltage can be increased up to 370 V while
for negative ion detection the voltage can be increased up to -175 V.

Figure 3.18

Plates setup schematic for droplet vaporization optimization. The top plate repels
ions to the bottom plate. The op-amp circuit is used to measure incident current
on the grounded bottom plate.

NaNO3 droplets were generated by bubbling a 0.1 M solution. The poly-disperse aerosol
flow is sent to the instrument inlet for sampling. This ensures that many droplets are sampled to
reach the detection region for optimization. The number of particles detected in each individual
PMT was observed to be 150-300 particles s-1. With this flux of particles the circuit detected
particles very efficiently. For example, all particles detected in PMT1 were also detected in
PMT2 with no less than five out of five (5:5) per second on average. Sometimes the efficiency
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decreased between 70-80%. The RH before the inlet was higher than 90% measured with a
humidity meter (Vaisala HM70 humidity and temperature meter). Since the RH is still high at
the inlet’s entrance all NaNO3 aerosols remain aqueous particles.

Figure 3.19 shows the

detection of a droplet by light scattering followed by the circuit logic generated pulses to trigger
the YAG/OPO laser. In order to see all signals the oscilloscope is triggered on the Q-switch
pulse since this pulse is generated only when a real particle event occurs (see section 3.3.4.3).
The droplet transit time, tT, is 137 µs therefore the Q-switch is fired at 274 µs after droplet
detection. The flash lamp pulse is at tF = 217 µs or 80 µs after particle detection at PMT2.

Figure 3.19

Circuit logic sequence of acquired signals to trigger the YAG/OPO laser and
detect incident current on the stainless steel plates after droplet vaporization (see
text for description).
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The incident current detection after droplet vaporization was observed approximately 2-5
µs after the Q-switch pulse as shown in the green circle in Figure 3.19. The plates’ setup for
positive ion detection generates signal of around 100-200 mV about 2 µs after the Q-switch
pulse. This signal is erratic and not reproducible, as a result more difficult to be optimized.
Finding the particles in space/time with the IR laser beam seems to be the main reason for the
erratic signal. The Q-switch generated pulses have a jitter of a few microseconds and this is not
always reproducible for a given particle velocity. Droplets are travelling at about 280 m/s on
average, which means that in 1 µs it would have moved approximately 280 µm. This could be
outside the laser vaporization volume. To amend this different focal length (F.L.) lenses were
used. With a 10 cm F.L. lens the laser spot size is less than 1 mm while with a 25 cm F.L. lens
the laser spot size is 1-2 mm. The laser spot sizes are only estimated by burning paper (Kodak
linotype 1895) since the YAG/OPO infrared beam is elongated in the vertical direction. Bigger
laser spot size seemed to help but signal was still erratic and irreproducible.
In summary, ion detection optimization has been accomplished by using an EI source.
Also particle detection and transit time have been measured in order to optimize circuit logic for
laser triggering. Consequently, ion detection from droplet vaporization was attained using a set
of plates and the incident current was measured but there was no success in reproducibility. If
the ion detection, particle detection and laser triggering would function in a more reproducible
way, interfacial oxidation of organic marine aerosols could be studied. No fragmentation is
expected since the organic surfactants are not likely to absorb the IR laser energy. Extraction of
ions from the drift tube dissociates the ion-water clusters that may form. A clean mass spectrum
is expected as depicted in Figure 3.13. Finally, if the spectrometer is completely functional
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individual molecular species could be detected from organics at the droplet’s surface in an
attempt to elucidate the initial chemistry of organic marine aerosols.
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________________
Chapter IV
Evaporation of Water from Particles in the Aerodynamic Lens Inlet: An Experimental
Study
________________
4.1

Introduction
Single particle mass spectrometers are used for real time characterization of aerosol

particles in field and laboratory studies. Aerosol particles are sampled from high pressure
environment to vacuum (10-6 Torr) for chemical and physical characterization at a single particle
level. The interface between the atmospheric pressure and high vacuum mass spectrometer
environment has evolved throughout the years. As seen in chapter II orifices and capillary inlets
were originally incorporated as sampling inlets.1,2 In recent designs these inlets have been
replaced by aerodynamic lens inlets.3,4 The aerodynamic lens inlet is better at collimating
particles into a beam and exhibits higher transmission efficiency in the sub-micron particle size
range.5-8 Customized versions of the Liu-type aerodynamic9,10 lens inlet have been adapted for
several single particle mass spectrometers including the one used for this study, single particle
laser ablation time-of-flight mass spectrometer (SPLAT).
It is desirable for sampling inlets to have high transmission efficiency of aerosol particles
without changing the particle composition in the process. The aerosols experience a large
pressure drop when delivered into the high vacuum mass spectrometer environment. As a result
the relative humidity (RH) decreases and water evaporates from the aerosols. This evaporation
process changes the particles’ chemical and physical properties.

Water evaporation and

condensation in the inlet present a problem for single particle analysis.11 The water content of
the aerosol depends on the RH it has been exposed to. For example, an ammonium sulfate

((NH4)2SO4) particle that has been sampled at a RH below its deliquescence point ( 80% RH)
could be a solid or liquid particle. This is evident from the (NH4)2SO4 phase diagram shown in
Figure 3.3. If the particle is exposed to an environment with higher than 80% RH and then
sampled at 50% RH the particle will be a saturated liquid droplet containing 31% H2O by mass.
On the other hand if the particle is exposed to a lower RH and sampled at 50% RH then it will be
a dry crystalline (NH4)2SO4 particle.12 This water environment dependent behavior affects
directly physical properties of aerosols and single particle analysis.
Discussion of water evaporation and condensation has been addressed previously in
supersonic inlets.11,13-15 But little attention has been paid to particles transported in aerodynamic
lens inlets, even though they are widely used. DeCarlo et al.13 first mentioned that water
evaporation in the low-pressure region in the aerodynamic lens inlet can cause significant
particle water loss.

Moreover a complex behavior of the measured vacuum aerodynamic

diameter has been observed for size selected particles.8 It was concluded that the complex
changes in vacuum aerodynamic diameters were related to the RH the particles were exposed to
prior to sampling and water evaporation in the aerodynamic lens inlet.

Also simulations

conducted by McGraw,16 found that the water evaporation induces rapid particle cooling
followed by particle re-warming by collisions with the gas at the 2 Torr pressure of the
aerodynamic lens. Because of re-warming, substantial water losses could occur during the
particle’s transit in the lens. Furthermore, it has been noticed8,13 that water evaporation was
significant in this type of inlet. To minimize ambiguity in data interpretation researchers have
chosen to dry particles prior to sampling.
A recent review14 of the designs of single particle laser mass spectrometers presents an
approximate calculation of water evaporation dynamics in three aerosol inlet types. It was
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concluded that evaporation in the Liu-type aerodynamic lens inlet is the most severe.
Evaporation could change the particles’ vacuum aerodynamic diameter distribution
measurements and their interpretation. There are no published experimental studies that provide
quantitative characterization of the water evaporation in an aerodynamic lens inlet. Available
calculations may not be sufficient to efficiently describe and quantify water evaporation in the
inlet.
This study presents the results of a number of measurements to quantify water
evaporation from particles composed of various hygroscopic compounds during their transport in
SPLAT’s aerodynamic lens inlet. Measurements of vacuum aerodynamic size (dva) distribution
were done on size selected droplets (i.e., (NH4)2SO4/H2O particles). The measurements were
done at high RH (74-85%) for wet runs and at low RH (<7%) for dry runs. Comparison of the
distributions at high RH (droplets) and low RH (dry particles) of size selected droplets provided
experimental evidence for water evaporation in the aerodynamic lens inlet. The observations
suggest that in most cases, the droplets’ dva distributions are nearly equal to those of the same
particles after drying. But the data also suggest that for one particle type (NaC) the measured
aerodynamic size distributions can be too complex to be easily interpreted.
4.1.1

Aerodynamic Lens Inlet
SPLAT uses a customized Liu-type aerodynamic lens inlet. A detailed description is

given by Jayne et al.6 The important parameters for SPLAT’s aerodynamic lens inlet include a
volume of 28 cm3, a pressure in the lens of 1.98 Torr, and the flow rate is approximately 100 cm3
min-1. The residence time for the particles in the lens is 37 msec.
In general, when a liquid particle is transported into the near-zero RH environment of the
aerodynamic inlet lens it is expected to lose its water in an attempt to establish a new
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equilibrium. As the water evaporates the particle temperature decreases and water evaporation
slows. This evaporative cooling can serve as a self limiting process. However, the pressure in
the aerodynamic lens is 2 Torr and the time the particles spend in the lens is about 37 msec. The
particles undergo a large number of collisions with the gas in the inlet. Therefore particles will
likely re-warm, after their initial evaporative cooling and evaporation can resume.16 The amount
of water lost in such a process depends on the particle composition, the RH, the inlet’s pressure
and the time that the particle spends in the lens.
4.1.2

SPLAT
SPLAT is similar to the single particle mass spectrometer described17 in chapter II

(section 2.5) and has been described in detail elsewhere.8 It uses an aerodynamic lens inlet to
transport particles from the ambient atmosphere into the high vacuum environment. In vacuum,
particles are detected by light scattering using two optical detection stages. In the first detection
stage particles intersect a CW 532 nm (2nd harmonic Nd:YAG) with power up to 300 mW. The
scattered light is collected by an ellipsoidal reflector and detected perpendicular to the particle
beam by a photomultiplier tube (PMT) positioned at the focal spot of the reflector. When a
particle is detected in the first optical stage it is recorded and a clock started. The same particle
is detected in the second optical detection stage located 4.125 ( 10.5 cm) downstream. The
particle transit time between the laser beams is recorded and used to trigger the vaporization and
ionization lasers.

A CO2 laser (10.6 µm) and an excimer laser (193 nm) are used for

vaporization and ionization, respectively. The CO2 laser pulse is synchronized to hit the particle
for vaporization at the TOF ionization region. The resulting plume is ionized by an excimer
laser UV light pulse and the particle mass spectrum is recorded. Another possibility is to use the
UV laser pulse for a one step vaporization/ionization process.
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For this study only the particle transit times were recorded for the measurements. The
vacuum aerodynamic diameter of each particle is obtained by measuring particle’s transit time
between the two detection stages spaced by 4.125 ( 10.5 cm) and comparing it to a calibration
curve established with polystyrene latex (PSL) spheres used as NIST certified size standards.
The sizing accuracy for this set of measurements was ±1%. Figure 4.1 shows a representative
calibration curve. The data are fitted with a power function. The vacuum aerodynamic diameter
(dva) is obtained as a function of particle transit time and therefore comparison is straightforward
when doing vacuum aerodynamic diameter measurements.

Figure 4.1

Calibration curve to measure particle vacuum aerodynamic diameter (dva) as a
function of particle transit time (tT). PSL particles were used as size standards.
The data are fitted with a power function.
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4.2

Experimental
Ammonium sulfate ((NH4)2SO4) and sodium chloride (NaC) particles were selected in

this study because all of the relevant microphysical and thermodynamic properties are well
known.12 This makes it possible to calculate some of the relevant parameters. In addition we
provide results for other inorganic and organic water soluble compounds.
Particles are generated by aerosolizing water solutions using a TSI atomizer (TSI Inc.,
Model 3076). The wet aerosol flow rate is set to 0.35 L min-1 and used as the sample flow for
the Scanning Mobility Particle Sizer (SMPS, TSI Inc., Model 3936) that has a sheath flow rate
set to 3.5 L min-1. The SMPS uses the differential mobility analyzer (DMA) technique where
particles are size selected based on their charge and mobility at an applied electric field in a
sheath flow. The mobility diameter (dm) of particles depends on its size and charge.18 Therefore
a mobility diameter in the DMA results in the selection of different particle diameters.
The SMPS (or DMA) is designed to use the sample flow as the source of air for the
sheath flow. This feature is intended to equalize the sheath flow temperature and RH with that of
the sample flow. It was observed that it take many hours for the sheath flow to reach the RH of
the sample flow, especially for high RH.
manufacturer representative.

This is in agreement with discussions with the

Therefore all the measurements were conducted following a

conditioning period of at least 24 hours. During this period the SMPS is exposed to humid air
from the atomizer. The final RH of each of the flows was measured with a RH meter (Vaisala
Inc., Model HMT 331). The RH meter also requires a number of hours to reach equilibrium to
provide a consistent reading. Measurements showed that during high RH measurements, the RH
at the entrance to SPLAT varied between 74 and 85% from run to run, but remained within ±1%
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within each run. During each experiment the RH of the aerosol flow was continuously measured
0.5 inches ( 1.3 cm) from the inlet to SPLAT.
Three types of measurement were carried out as depicted in the Figure 4.2 schematic. All
of the measurements were done on DMA size selected particles. Also notice that in all schemes
the wet poly-disperse aerosol flow is sent to a DMA conditioned at high RH. Scheme (1) is the
wet cycle in which DMA size selected droplets (dm,wet) are sampled directly at high RH with
SPLAT for dva measurements. In scheme (2) the size selected droplets were dried by passing the
aerosol flow through a diffusion dryer (TSI Inc., Model 3062). Then the resulting dry monodisperse aerosol flow is sampled with SPLAT. For all dry runs the RH at the entrance to SPLAT
was measured to be below 7%. The only difference between these two schemes is that particles
are sample wet or dry by SPLAT. Therefore, the dva measurements for wet and dry runs provide
direct observations of the particle’s water evaporation in the aerodynamic lens inlet.
Lastly, in a number of dry runs as in scheme (3), a second DMA operated at low RH was
used to measure the mobility diameter distribution of the dried aerosol particles. The measured
dry mobility diameters (dm,dry) were checked against the measured vacuum aerodynamic
diameters for ammonium sulfate and sodium chloride. Similar experiments have been conducted
for (NH4)2SO4 and NaC particles when measuring the particle’s dynamic shape factors.19
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Figure 4.2

Experimental schematic for three types of measurements. In all measurements droplets are size
selected with a DMA conditioned at high RH. In (1) the wet mono-disperse aerosol flow is sent to
SPLAT for dva measurements. In setup (2) the particles are dried through a diffusion dryer and
then delivered to the spectrometer. In (3) particles are dried and then sent to the DMA conditioned
at low RH to measured dry mobility diameter (dm) distributions.

4.3

Results and Discussion

4.3.1

(NH4)2SO4 Particles
(NH4)2SO4 droplets were size selected with the high RH DMA for a mobility diameter of

206 nm and sent to SPLAT for the vacuum aerodynamic diameter (dva) distribution
measurements. Figure 4.3 shows two measured dva distributions; one for a wet run (as in Figure
4.2 scheme 1) and the other one for a dry run (as in Figure 4.2 scheme 2). The mobility diameter
depends on particle size and charge. Therefore, the DMA set for one mobility diameter results in
different particle diameters that are selected. For example, a DMA dm = 206 nm also results in
doubly charged 330 nm, triple charged 446 nm and quadruple charged 558 nm particles. Note in
Figure 4.3 that the different multiply charged particles can be distinguished in the dva
distributions for a mobility diameter of 206 nm selected by the DMA. The original particle
diameters (dm,wet) are indicated in the dva distributions in Figure 4.3. Also note that the singly
charged 206 nm particles were not detected in SPLAT.
The RH in the DMA is 84 ± 1%. The RH in the DMA was calculated using the wet
mobility diameter (dm,wet) selected in the high RH DMA and the measured dva for the dry runs (as
in Figure 4.2 scheme 2). The size selected droplets are dried before being sampled by SPLAT
corresponding to a dry particle mobility diameter (dm,dry). The ratio of the dm,wet to dm,dry for the
dry runs is the growth factor for the particle.

Knowing the growth factor allows for the

determination12,20 of RH precisely. This process is described in Chapter III for the growth factor
analysis of another particle type (NaNO3 particles) in Figure 3.4.
The vacuum aerodynamic diameter is related to shape factors and the dry mobility
diameter by19:
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In this equation o and p are standard (1.0 g cm-3) and particle density, respectively, dm,dry is the
dry particle mobility diameter and ~ is the average shape factor for the dry particle. The dry
mobility diameter, dm,dry, can be calculated using equation 4.1. All the parameters in equation
4.1 have been published for a number of inorganic salt particles.19 This approach yields a
calculated RH of 84 ± 1% RH for the run in Figure 4.3 which is in very good agreement with the
measured RH of 83.5% with the humidity meter.

Figure 4.3

Two vacuum aerodynamic size distributions of ammonium sulfate size selected
droplets with dm = 206 nm at 84% RH. The dashed and solid lines indicate dry
and wet runs, respectively.
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The dashed line in Figure 4.3 is the measured vacuum aerodynamic size distribution of
dry (NH4)2SO4 particles. The solid line is the measured dva distribution for (NH4)2SO4 droplets
and sampled directly into SPLAT. The two distributions are nearly the same for dry particles
and droplets before sampling with SPLAT.
The measurements were repeated a number of times at different RH and the results are
presented in Table 4.1. A range of mobility diameters (dm,wet = 330–580 nm) were selected for
the measurements at 74, 79 and 84% RH. The first column lists the calculated RH for each of
the runs.

The next two columns provide the ratios of the observed vacuum aerodynamic

diameters dva, and the mobility diameters dm,wet for the dry and wet runs. The last column is a
ratio of the dry and wet vacuum aerodynamic diameters. Note that going from 84% to 74% RH
results in an increase in dva of approximately 12% for a given mobility diameter. Also the
difference between dry and wet runs is between 2-3% for a given RH and mobility diameter.
Table 4.1

Summary of dva Measurements of (NH4)2SO4 Droplets Selected by the DMA at
three RH values.
RH%

Dry
dva/dm

Wet
dva/dm

Dry/Wet

84 ± 1

1.08 ± 0.01

1.06 ± 0.01

1.02 ± 0.01

79 ± 1

1.15 ± 0.01

1.13 ± 0.01

1.02 ± 0.01

74 ± 1

1.21 ± 0.01

1.18 ± 0.01

1.03 ± 0.01

Vacuum aerodynamic diameter depends on particle size, density and shape as seen by
equation 4.1. Figure 4.4 shows the calculated vacuum aerodynamic diameter (line) as a function
of water loss of an ammonium sulfate droplet. The droplet was size selected at 330 nm by the
DMA at 79 ± 1% RH. Loss of water decreases particle size. This in turn simultaneously
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increases the (NH4)2SO4 weight fraction and hence droplet density. Decrease in size and increase
in density yield a gradually decreasing vacuum aerodynamic diameter as indicated in Figure 4.4.
The calculations stop when 80% of the droplet water is evaporated since at this point the droplet
is expected to effloresce and form a dry crystalline particle. For reference, the measured vacuum
aerodynamic diameter of 372 ± 4 nm for wet runs and 382 ± 4 nm for dry runs are indicated by
▲ and ∆, respectively.

Figure 4.4

Calculated dva as a function of water content for an (NH4)2SO4 droplet with dm,wet
= 330 nm at 79 ± 1% RH. The efflorescence point and the measured vacuum
aerodynamic diameters for wet and dry runs are indicated by ▲ and ∆,
respectively.
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The measured dva in the wet run (▲) could be interpreted in two different ways. It could
represent a saturated (NH4)2SO4 droplet that has lost approximately 80% of its water content and
is near its crystallization point as observed in Figure 4.4. On the other hand, it could be a dry
crystalline (NH4)2SO4 particle with a dynamic shape factor of about 1.07 which is higher than the
previously measured19 value of 1.04 ± 1. Rapid droplet drying could yield higher dynamic shape
factors, consistent with previous observations19 and this process could be happening inside the
aerodynamic lens inlet.

4.3.2

NaC Particles
Sodium chloride measurements showed a more complex behavior than ammonium

sulfate. Figure 4.5 shows the measured vacuum aerodynamic size distributions for dry (dashed
line) and wet (solid line) runs. The runs are for a DMA size selected NaC droplet of 558 nm.
Use of equation 4.1 and the known parameters12,19-21 for NaC yields a calculated RH of 84 ± 2%
RH which is consistent with the measured RH of 83%. The dry run measurement shows one
peak for the dva distribution. The wet run shows a more complicated dva distribution in which
three main peaks are observed and numbered in Figure 4.5.
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Figure 4.5

Two vacuum aerodynamic size distributions of NaC particles size selected at dm
= 558 nm with the DMA at 84% RH. The dashed and solid lines indicate dry and
wet runs, respectively. The circled numbers label three observed NaC “modes”.

More experiments were done over a range of particle sizes at the same relative humidity
conditions. The ratios of dva to dm were plotted for the dry run and the three main peaks observed
in the wet run as a function of droplet mobility diameter and the results are shown in Figure 4.6.
The ratio for the dried particles remains constant as a function of particle mobility diameter
(dm,wet) as seen in the open squares. This is expected since only one aerodynamic diameter is
observed in the dva distribution. The filled symbols represent the behavior of the three main
peaks from Figure 4.5 for the wet runs as a function of droplet size (dm,wet). The three “modes”
suggest that the NaC droplets larger or equal to 450 nm lose water in the aerodynamic lens inlet
in three different ways. This physical transformation and mechanism can be very complex and is
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not the purpose of this study to model it.

These measurements show that the vacuum

aerodynamic size distributions of NaC droplets do not offer sufficient information that they can
be used to measure original particle size, density or water content. Consequently, the different
peaks or modes in the wet run could mislead the interpretation of the dva distributions. Also,
ambiguity about the NaC three “modes” being multiply charged particles measured by SPLAT
was eliminated by selecting mobility diameters larger than 500 nm. Multiply charged particles
with dm = 500 nm are larger than 700 nm in diameter.

SPLAT aerodynamic lens inlet

transmission efficiency is the highest for 300 nm particles. Then it drops significantly for
particles larger than 700 nm. Therefore, the larger multiply charged particles with dm = 500 nm
are not sampled and detected by SPLAT.
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Figure 4.6

4.3.3

Plots of the ratios of the measured vacuum aerodynamic and mobility diameters
as a function of the particle mobility diameters selected by the DMA at 84% RH.
Open symbols represent dried particles, filled symbols indicate measurements of
wet droplets at high RH. The three NaC particle “modes” are indicated in the
numbered circles.

Other Particles
The same measurements were done on other inorganic and organic salt droplets. These

are: sodium nitrate (NaNO3), potassium chloride (KC), rubidium chloride (RbC), tetramethyl
ammonium

chloride

((CH3)4NC)

and

dodecyltrimethylammonium

chloride

(CH3(CH2)11N(CH3)3C). Table 4.2 presents a summary of dva to dm ratios for dry and wet runs
and the dry to wet results ratios. Also it shows the particle size range and dry particle density.
Ammonium sulfate is presented for comparison.
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Table 4.2

Summary of Measurements on Six Different Particle Types

g cm-3

Particle
sizes
(nm)

dry
dva/dm

wet
dva/dm

dry/wet

NaNO3

2.10

260-580

1.52 ± 0.01

1.49 ± 0.02

1.02 ± 0.02

(CH3)4NC

1.17

330-780

0.76 ± 0.01

0.79 ± 0.03

0.98 ± 0.03

CH3(CH2)11N(CH3)3C

0.89

210-710

0.87 ± 0.02

0.82 ± 0.04

1.03 ± 0.04

(NH4)2SO4

1.75

330-580

1.08 ± 0.006

1.06 ± 0.006

1.02 ± 0.01

KC

1.99

550-650

0.73

0.70

1.04

RbC

2.76

322-550

1.10

1.13

1.02

Compound

Density

NaNO3 aqueous particles have been shown that do not effloresce to form dry crystalline
particles even at very low RH.22,23 The wet dva shows a larger spread in the distributions that can
be attributed to a size dependent behavior. Regardless of the spread the difference between dry
and wet measurements is small at approximately 2% which is consistent with previous
measurements.23 Also, KC, RbC and (CH3)4NC show only minor differences in the wet and
dry run distributions. These particles were found to lose significant amounts of water whether
they were dried or not dried before being sampled with the particle spectrometer.
CH3(CH2)11N(CH3)3C is a twelve carbon chain water soluble organic salt with a crystal
density of 0.89 g cm-3. This organic salt was chosen because the presence of hydrophobic
compounds is expected to slow water evaporation as predicted by the “inverted micelle” model
for marine aerosols.24 Even though these particles show a larger spread between dry and wet
measurements than the other salt particles, the difference is very small.

Measurement of

mobility diameters for a droplet at high RH and after drying were done and showed only minor
differences as shown in the numbers by the last column in Table 4.2.
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It is important to know that drying particles prior to sampling does not ensure that
particles have no water content. For example, when drying Ca(NO3)2 aqueous particles an
amorphous phase is formed containing a small amount of water that is difficult to quantify. All
particle types, except NaC, lose significant amount of water in the aerodynamic lens inlet in a
wide range of component’s density (0.89-2.76 g cm-3). The differences between wet and dry
runs for almost all particle types were small and the ratios between dry and wet runs are close to
1. The only particle type that showed major differences was NaC particles as shown in Figures
4.5 and 4.6.
4.4

Conclusion
The measurements carried out by sampling different types of aqueous particles with

SPLAT provided a more quantitative approach for water evaporation in an aerodynamic lens
inlet. The spectrometer sampling of droplets at high RH to measure vacuum aerodynamic
diameters demonstrated that in most cases particles lose a significant amount of water in the
inlet. Measured vacuum aerodynamic diameters were essentially the same for wet and dry runs.
The only exception was NaC particles which showed complex aerodynamic size distributions in
the wet runs that suggest that the particles lose water in at least three different ways.
Consequently, the aerodynamic size distribution could be misinterpreted based on the three
“modes” observed for NaC droplets.
Many single particle mass spectrometers use the aerodynamic lens inlet to sample
ambient particles. Water in the particles potentially could affect particle transmission efficiency
in the inlet, relative intensity of ions in the mass spectra and the laser power threshold to generate
ions from particles.25,26 Drying particles before sampling is recommended since almost all
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particles in this study lose their water content in the inlet. Drying is not an insurance that
particles will not retain water.

On the other hand, it will provide more reproducible and

comparable measurements reducing ambiguities in vacuum aerodynamic measurements and data
analysis.
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________________
Chapter V
Measurements and Interpretation of the Effect of a Soluble Surfactant on the Density,
Shape and Water Uptake of Hygroscopic Particles
________________
5.1

Introduction
Atmospheric particles have been found to contain a significant amount of organic

material.1,2

The chemical and physical properties of all atmospheric particles are strongly

influenced by their size, composition and the environmental conditions, especially relative
humidity (RH). Aerosol particles are responsible for cloud formation and growth by acting as
cloud condensation nuclei (CCN). Ellison et al. proposed3 a model for the chemical structure for
organic marine aerosols as described in Chapter I. In this model organic marine aerosols are
droplets with a salt-water core encapsulated by organic surfactants such as fatty acids (R-CO2-).
The source of the organic surfactants (i.e., lipids, fatty acids) is the marine life biological activity
that is enriched at the ocean’s surface. The polar end of the surfactant is pointing towards the
droplet’s core while the long hydrocarbon chain is at the surface resulting in an “inverted”
micelle structure. The “inverted” micelle model predicts that cloud growth is inhibited by the
organic hydrophobic layer at the aerosol surface making marine aerosols poor cloud
condensation nuclei (CCN).3,4 Atmospheric processing of the inert surface by radical oxidation
will transform the surface from hydrophobic to hydrophilic and therefore making the particles
better CCN. These types of particles have been found in the marine boundary layer.
Since the organic surfactants at the marine aerosol surface could influence cloud
formation, a better characterization of the particles’ water uptake is needed.

A common

experiment is to measure growth factors of salt-water particles coated by surfactants to describe

how much water is gained based on surfactant concentration. Here, GF and particle density
measurements are combined to describe water uptake of this complex particle mixture as a
function of surfactant concentration. This will test directly the hypothesis made by Ellison et
al.3, in which the surfactant-coated particles are predicted to inhibit particle growth by water
uptake, making them poor CCN.
The “inverted micelle” model chemical structure, chemical transformation and potential
atmospheric impacts stimulated a number of studies to quantify the effect of surfactants on
particles properties such as the interaction with H2O vapor.5-8 It has been observed that organic
molecules such as octanoic acid, lauric acid, sodium dodecyl sulfate and sodium oleate decrease
the growth factors of sodium chloride7 (NaC) and calcium chloride5,6 (CaC2) particles. It was
found that the maximum observed growth factors for pure organic particles was only 7.5% at
85% RH. The growth factors reach values from 56-83% for internally mixed CaC2/organic
mixed aerosols with an organic weight fraction of 0.25. Moreover, it was shown6 that the
addition of glutaric and pyruvic acids lowered the deliquescence point of NaC. The lowest
deliquescence point observed was 71% RH for an organic weight fraction of 0.60. The addition
of organic molecules does not prevent water uptake or loss on hygroscopic particles. Instead it
changes the amount of water gain or lost with the general trend of decreasing growth factors as
the organic concentration is increased.
The effect of surfactants on the CNN activity of some inorganic salt particles has been
addressed.9 It was observed that organic molecules have effects on solubility, particle weight or
density and surface tension. All of these effects tend to counteract each other producing smaller
than expected changes in CNN activity. The effect of surfactants on the CNN activity of
ammonium sulfate ((NH4)2SO4) particles has been studied.10 It was observed that the surfactants
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altered particles’ CNN activation but did not inhibit it with the exception of stearic acid.10 It was
suggested that H2O vapor may not have enough time to diffuse through the thick layer of this
surfactant.
A recent review11 provided a summary of the effects of surfactants on atmospheric
particles.

They noted that solubility of the organic surfactant could affect the particles

properties. Soluble and insoluble surfactant effects are expected present as organic coatings in
particles.11 Soluble surfactants could partition to the bulk in liquid particles and therefore form a
porous layer at the droplet’s surface. The porous layer is expected to decrease the potential
inhibitory effects on CNN activity. On the other hand, insoluble surfactants form a tighter
coating on the droplet’s surface since they cannot partition to the bulk. This layer would be more
difficult to penetrate affecting strongly CNN activity and water uptake. Nevertheless, stearic
acid has been the only organic surfactant observed to completely inhibit CNN activity of
common hygroscopic salt particles.
The current studies strongly suggest7,10,12,13 that hygroscopic particles coated by
surfactants gain and lose water. The presence of organic surfactants on particles is expected to
alter the particles’ physical properties as predicted by the “inverted micelle” model for marine
aerosols. Therefore it is important to characterize the effect of organic surfactants on particle
growth as a function of RH and organic fraction concentration. The main goal of this study is to
physically characterize of common hygroscopic salt particles coated with surfactants by
measuring growth factors, particle density and shape as a function of organic surfactant
concentration.
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5.2

Experimental
Droplets were generated by forming aerosols from water solutions of pure inorganic salts,

SDS or their mixtures using a TSI atomizer (TSI Inc., Model 3076). The solutions were
prepared by dissolving the appropriate amounts of sodium chloride (NaC), sodium nitrate
(NaNO3), or sodium dodecyl sulfate (NaSO4(CH2)11CH3) in ultrapure, deionized water. It is
assumed that surfactants partition mostly to the droplet’s surface producing an organic coating
on the droplet. The remaining surfactant molecules reside in the bulk of the droplet.
Three types of measurements were carried out and are numbered in Figure 5.1. All
measurements were done throughout the full concentration range as a function of organic weight
fraction: from pure inorganic salt to pure organic surfactant particles. Figure 5.1 (1) shows the
scheme to measure particle effective density.

The poly-disperse aerosol stream from the

atomizer is dried by passing the flow through two diffusion dryers (TSI Inc. Model 3062)
connected in series. The dried particles are size-selected by their mobility diameter (dm) using a
differential mobility analyzer (DMA, TSI Inc. 3081) operated at low RH (< 5%). Sequentially
particles are delivered to the single particle laser ablation time-of-flight mass spectrometer
(SPLAT) for vacuum aerodynamic diameter (dva) measurement.14

The simultaneous

measurements of vacuum aerodynamic and mobility diameters are used to calculate particle
density14,15 by:

 p  0

d va
dm

(5.1)

or

 eff 

d va  p 1 Cc (d va   0  p )

d m 0  2
Cc (d m )
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(5.2)

where  0 ,  p , d va and d m are standard (1g cm-3) and particle densities, vacuum aerodynamic
diameter and mobility diameter, respectively. Equation 5.1 is used for spherical particles. For
non-spherical particles the ratio of the two measured diameters is defined as the particle effective
density (  eff  d va d m ) as in equation 5.2,  is approximately an average of the dynamic shape
factor (DSF) of the particle in the transition regime of the DMA and in the free molecular
regime15 of SPLAT and Cc (d ) is the Cunningham correction factor. For small shape factors it
was empirically shown15,16 that it is possible to approximate the DSF with Equation 5.3:
1



2

 1.094

 eff
 0.096
p
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(5.3)
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Figure 5.1

Measurement to characterize inorganic salts/SDS particles hygroscopic properties. (1) shows
the scheme to measure particle density. (2) and (3) are the schemes to measure GF by
increasing the RH and decreasing RH, respectively.

Equation 5.1 is used with the two measured diameters (dm and dva) of NaNO3/SDS
internally mixed particles to calculate the density of the SDS fraction as a function of its
concentration while assuming that the NaNO3 density remains constant.

These calculated

densities are then used to interpret the measured growth factors (GF). Dynamic shape factors
become important for NaC/SDS since pure sodium chloride dries to a cubic crystalline form.
Therefore equations 5.2 and 5.3 are used to describe the NaC/SDS particles with the same
approach as NaNO3/SDS particles.
A detailed description of the use of SPLAT to measure particle densities is given in
Zelenyuk et al.14,15 The aerodynamic diameter of each particle is obtained by measuring the
particle’s transit time between the two optical detection stages spaced by 4.125 (10.5 cm) and
comparing it to a calibration curve established with polystyrene latex spheres (see Chapter IV)
used as NIST certified size standards. The sizing accuracy for this set of measurements is ±1%.
To characterize the inorganic salt particles coated with the SDS surfactant, they were
collected on a substrate for analysis using Scanning Electron Microscopy (SEM). SEM images
were taken at different surfactant concentrations and were used as a guide for shape factor
determination and particle structure.
Growth factor measurements were done as depicted in Figure 5.1, schemes (2) and (3).
In (2) the GF measurements were done by increasing the RH. For these sets of runs the polydisperse aerosol was first dried with two diffusion driers in series. The dried particles were size
selected with a DMA operated at low (<5%) RH. Then the dried mono-disperse particles were
grown by water uptake in a humidity conditioning chamber in which the residence time was
approximately 90 seconds. The resulting humidified particles were sampled by a Scanning
Mobility Particle Sizer (SMPS, TSI Inc., Model 3936) at a rate of 0.3 L min-1. The RH in the 2nd
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DMA was brought to equilibrium with the RH in the humidified conditioning chamber for
several hours before measurements, as described in previous studies and Chapter IV.17
In scheme (3) the GF measurements were done by decreasing the RH. In this set of
experiments, the poly-disperse aerosol flow was first sent through the conditioning chamber in
order to establish a constant high RH. The wet particles were size selected with a DMA that was
operated at the same RH. The resulting mono-disperse humidified aerosol flow was dried by
passing through the two diffusion dryers and sampled by the DMA that was operated at low RH
(< 5%).
The scanning on the 2nd DMA to get mobility diameter distributions is done by coupling
the SMPS to a condensation particle counter (CPC) for both GF measurement schemes. To
avoid any ambiguities due to multiply charged particles selected in the DMA, mobility diameters
to match those of multiply charged particles were selected. For example, when the DMA is set
to select 296 nm particles it also selects doubly charged 500 nm particles with it. Therefore
additional experiments were done by selecting particles with a mobility diameter of 500 nm with
the DMA.
The RH of the wet and dry aerosol flows and DMA sheath flows were monitored with
RH meters (Vaisala Inc., Model HUMICAP HMT 75).
Measurements of GF are done by measuring the mobility diameter of DMA size-selected
particles in which one DMA is operated at high RH and the other at low RH. Therefore, GF is
defined as the ratio of the two measured mobility diameters by:

GFm 

d m, wet

(5.4)

d m,dry
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where dm,wet and dm,dry are measured wet and dry mobility diameters.

Moreover, mobility

diameters depend on particle size and shape and hence the measured18-20 growth factor, GFm.
Dynamic shape factors have been used to correct measured GFm for NaC particles to achieve
better agreement between measurements and calculations.
In order to model growth factor measurements a simplified Zdanovskii-Stokes-Robinson
(ZSR) approach is used for the internally mixed salt/SDS particles.21-24 In this model it is
assumed that the organic and inorganic components take up water independently described by
each component growth factor. Also volume additivity and particle sphericity are assumed
which results in the following GF expression:



GF   O GFO3   IN GFIN3



1/3

(5.5)

where  O and  IN are the volume fractions of the organic and inorganic components in the dry
particle, respectively, and GFO and GFIN are the growth factors of the organic and inorganic
fractions, respectively.25,26 The volume fractions are calculated from each component’s mass
ratio and density in the pure form. In this simplified approach the inorganic and organic GF and
densities are constant and independent of particle composition.
The ZSR model may have limitations describing internally mixed salt/SDS particles.
Surfactant properties such as solubility, critical micelle concentration (cmc), micelle aggregation
number, size and shape are influenced by the addition of inorganic salts and their concentration.
The crystalline density of SDS is 0.37 g cm-3, but it is known that in the presence of water it can
form different mesophases that are difficult to completely dry.27-30

This SDS surfactant

characteristic combined with the addition of an inorganic salt (in this study NaNO3 and NaC)
makes these particles more complex to describe.
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5.3

Results and Discussion

5.3.1

NaNO3 Particles Coated with SDS

5.3.1.1

NaNO3/SDS Particles Density Measurements

Sodium nitrate was selected because its particles do not crystallize even at very low RH
or extreme conditions and always retain some water.16,31-33 The data also suggest that a small
amount of water is retained in “dry” SDS particles, thus it is assumed that the “dry” NaNO3/SDS
particles remain spherical. For that reason, particle density could be calculated with equation 5.1
using the measured vacuum aerodynamic and mobility diameter distributions.
Figure 5.2 shows the measured average dry particle density as a function of SDS weight
fraction (WF) for two DMA selected sizes: 296 nm and 500 nm. The particle density decreases
as the SDS weight fraction increases, with the lowest density at a WF of approximately 0.3. As
the SDS WF continues to increase, the particle densities increase to 1.13 g cm-3 for the pure dry
SDS particles. This density suggests that dry SDS particles retained a small amount of water
since the SDS dry crystalline density is 0.37 g cm-3.
Three fits to the data are shown in Figure 5.2. The particle density was calculated and
modeled using the known NaNO3 particle density32,33 of 2.13 g cm-3, the SDS crystalline density
of 0.37 g cm-3 and the weight fraction of each component, as shown by the dashed line. This
approach only fits the data at one point, the pure NaNO3 particles, and fails to describe any other
density measurement. The same approach is done for the dash-dot fit but using the measured dry
SDS particle density of 1.13 g cm-3 instead of its crystalline density. In that case the calculated
density only fits at two points (see Figure 5.2): the pure NaNO3 and the pure SDS.
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.
Figure 5.2

Measured and fit densities of internally mixed NaNO3/SDS particles with
mobility diameters of 296 nm and 500 nm as a function of SDS concentration.
The dashed and dash-dot lines are calculated assuming constant SDS densities of
0.37 g cm-3 and 1.13 g cm-3, respectively. The solid line shows an empirical fit to
the data.

Since using the SDS crystalline and measured densities does a poor job in explaining the
measured particle densities, an empirical approach was used to fit the data. The solid line in
Figure 5.2 shows this empirical fit. For each data point a SDS density is calculated to fit the
measured particle density. In this approach it is assumed that the NaNO3 density remains
constant (2.13 g cm-3) and the volume ratios are proportional to each component’s dry mass
ratio. The calculated SDS density, SDS, is then fitted resulting in:
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 SDS  0.24 - 3.61  10-3 WF  3.94 WF2 - 5.19 WF3  2.14 WF 4

(5.6)

The surfactant properties such as cmc and structure are dependent on concentration and the
addition of inorganic salts.27-30 Equation 5.6 describes the changing density of the SDS fraction
as a function of its concentration in the internally mixed particle assuming that the NaNO3
density remains constant.
5.3.1.2

NaNO3/SDS Growth Factor Measurements

Two different schemes were used to measure the GF of NaNO3/SDS particles. One
scheme is for the GF measurements by increasing the RH. In this scheme dry particles are sizeselected (by diameter) and re-humidified to measure the droplets’ size distribution at high RH.
The second scheme involves decreasing the RH. In this method, droplets are conditioned and
size-selected at high RH. The droplet stream is then dried to measure the size distribution at low
RH.

A detailed description of the experiments can be found in section 5.2.

The GF

measurements were found to be independent of the procedure.
Figure 5.3 shows the observed GF measurements of NaNO3/SDS particles at 86 ± 1%
RH. DMA size-selected particles were in the 200–700 nm diameter range. For this size range
the mobility size distributions were found to be independent of particle size and composition.
The GF factor decreases as the organic weight fraction is increased, as observed previously.5-8
Figure 5.3 shows the fits using the ZSR approach (dashed and dash-dot lines) to calculate
GF with equation 5.5. This approach assumes a SDS crystalline density of 0.37 g cm-3 (dashed

line) and pure SDS particle density of 1.13 g cm-3 (dash-dot line). These densities were used to
calculate the SDS volume weight fractions as a function of SDS concentration. The growth
factors used in these calculations were 1.73 and 1.09 for pure NaNO3 and SDS particles,
respectively. Note that the SDS densities used for the fits are incorrect and only fit at the two
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concentration limits by construction. On the other hand, calculating GF using the empirical SDS
density (equation 5.6) obtained from the density measurements, achieves a much better
agreement as shown by the solid line. Using the changing SDS density reproduced the measured
growth factors quantitatively. Varying SDS concentration changes its volume fraction but also
changes the SDS density which is different than the constant SDS density assumed in the
simplified ZSR approach.

Figure 5.3

Measured growth factors of NaNO3/SDS particles as a function of SDS WF. The
dashed and dash-dot lines show fits assuming constant SDS densities of 0.37 g
cm-3 and 1.13 g cm-3, respectively. The solid line uses the SDS density that was
calculated on the basis of the data shown in Figure 5.2.
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5.3.1.3

Vacuum Aerodynamic Size Distributions of NaNO3/SDS Particles

The observed densities in Figure 5.2 do not show any error bars, instead this figure shows
the average density that is calculated based on the average dva obtained from vacuum
aerodynamic diameter distributions. Figure 5.4 shows the dva distributions for dry NaNO3/SDS
particles with a mobility diameter of 500 nm for a number of SDS weight fractions, from pure
NaNO3 to pure SDS. The data show that the line-width in the distribution changes significantly
as the SDS WF is increased. For low SDS WF the line-widths are narrow. But as the SDS
concentration exceeds a WF of 1.3 x 10-2 the line-widths increase in the dva distributions and the
shape become more complex. The dva distribution line-width for pure NaNO3 particles is 10%,
defined as full-width at half-maximum (FWHM). As the SDS concentration increases the linewidth reaches approximately 65% at a SDS WF of 6.4 x 10-2. If the SDS concentration is
increased further the line-width slowly returns to the original 10% FWHM.
The NaNO3/SDS particles dva distributions showed a long tail in the smaller aerodynamic
diameters or lower density side. The line shape for particles containing small amounts of SDS
was found not to be reproducible. The irreproducibility might be due to the possible mesophases
that the surfactant can form as the concentration is changed. Water retention by these particles
could be influenced by the drying conditions which have been observed to have impact on
density measurements.15,16,32,33
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Figure 5.4

Measured dva distributions of 500 nm mobility diameter NaNO3/SDS particles for
a number of SDS weight fractions indicated in the upper left corners.
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During these studies we hypothesized that the spread in the dva distributions (i.e.,
densities) is due to water retention based on the surfactant mesophases formed. Therefore
changing the drying conditions before sampling by SPLAT should be indicative of the amount of
water retained by the particles.
The particles were passed through a heated tube maintained at approximately 75 Cº. The
residence time in the heated tube is estimated to be about 6.5 s. Heated and unheated particle dva
distributions were measured for a number of SDS weight fractions for dry particles with a
mobility diameter of 500 nm as shown in Figure 5.5. This figure shows two sets of distributions;
the dashed lines represent room temperature (RT) drying with diffusion dryers and the shaded
distributions indicate the addition of the heated tube drying. The particle compositions that have
the broadest distributions at room temperature exhibit the greatest changes upon heating. This
result suggests that there are a number of different types of particles that retain different amounts
of water in the dry aerosol flow making the room temperature distributions broader. Heating
also causes the particles’ density to increase in all cases with the exception of pure SDS particles
which shows a decrease in density upon heating.
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Figure 5.5

The effect of heating NaNO3/SDS particles with a mobility diameter of 500 nm
on the particle dva distributions and hence densities, for a number of SDS WF
values indicated in the upper left corners.
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5.3.2

NaC Particles Coated with SDS

5.3.2.1

NaC/SDS Density and Shape Measurements

Sodium chloride particles crystallize to form cubic dried particles. The dynamic shape
factors (DSF) for these particles have been characterized in previous studies.15 The DSF is
required to characterize NaC particles, especially in this study where an organic surfactant is
mixed with the NaC particles. Here the measured dva distributions, GFI, and SEM images are
used to describe NaC/SDS particles.
Figure 5.6 shows the dva distributions of NaC particles coated with SDS with dm,dry =
500 nm for a number of SDS concentrations.

The distributions look very similar to the

NaNO3/SDS particles shown in Figure 5.4. The line-width increases as the SDS WF is increased
up to intermediate concentrations. As the SDS concentration continues to increase to pure SDS,
the line-widths decrease. For the pure substances (NaC and SDS) the distributions are narrow,
consistent with previous measurements. The complex line-widths indicate that different particle
types are present and it depends on the amount of water retained by the particles. The pure NaC
particles’ line shape, density and shape factor are also consistent with previously reported
values.15
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Figure 5.6

Measured dva distributions of NaC/SDS particles with a mobility diameter of 500
nm for a number of SDS WF values indicated in the upper right hand corners.
Note that both line shape and line positions are sensitive to particle SDS
concentration.
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Figure 5.7 shows the average effective density (equation 5.2) as a function of SDS weight
fraction based on the dva distributions from Figure 5.6. As in the case for NaNO3/SDS, particle
mobility diameters of 296 nm and 500 nm are reported and no error bars are shown. Effective
densities for 296 nm particles are slightly higher than for 500 nm particles but in general the
behavior is the same. The density decreases in the same manner as for the NaNO3/SDS particles.
The difference is that the decrease in the density for NaC/SDS particles is more gradual,
reaching its lowest value at a SDS WF of approximately 0.4. The density at this point is lower
compared to the NaNO3/SDS particles’ lowest density value.
Calculated densities as a function of SDS concentration are also shown in Figure 5.7.
Volume additivity and particle sphericity is assumed. For this calculation a constant density for
NaC (2.165 g cm-3) is used. SDS densities of 0.37 g cm-3 and 1.13 g cm-3 are used, as marked
by dashed and dash-dot lines, respectively. The density calculations do not fit the measured
effective densities. This result was observed for NaNO3/SDS particles as shown in Figure 5.3.
The SDS density is expected to change as a function of concentration. Knowledge of the
particles’ DSF is required since dried NaC/SDS particles are not spherical.
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Figure 5.7

Measured and fit densities of internally mixed NaC/SDS particles with mobility
diameters of 296 nm and 500 nm as a function of SDS WF. The dashed and dashdot lines are calculated assuming particle sphericity and constant SDS densities of
0.37 g cm-3 and 1.13 g cm-3, respectively. The solid line shows an empirical fit to
the observed data.

Pure NaC particles with dm,dry = 500 nm and dva distribution (as in Figure 5.6) result in a
DSF of 1.10 by using equation 5.3, which is consistent with previous measurements.15,16 The
DSF for pure SDS particles is 1.0. However the shape factors for intermediate concentrations is
more complex and dependent on the SDS concentration. Figure 5.8 shows SEM images of
NaC/SDS particles collected on a substrate for a number of SDS concentrations. The upper
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image shows the lowest SDS concentration (WF = 0.0098) in which the mixed particles dried to
a cubic crystalline solid similar to pure NaC particles. For a SDS WF of 0.09 the particles show
less uniformity in their shape with some of them being nearly spherical. For the highest SDS WF
value, the SDS fraction separates from the NaC fraction making the surfactant fraction more
visible in the SEM image. The images also suggest that the particles were deposited wet on the
substrate even though they were dried before sampling. The surfactant fraction is not completely
dry but is a liquid gel-like phase that retains a small amount of water.

Figure 5.8

Microscopic images of internally mixed NaC/SDS particles with SDS WF of
0.0098, 0.090 and 0.37 shown in the upper, middle and lower frames,
respectively.
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The DSF depends on particle composition as seen in Figure 5.8 and it affects the particle
density calculation, the SDS density and GF calculation. An iterative process is used to derive a
DSF function to calculate the particle density, the SDS density and the GF. The calculated
results were compared to the measured GF and effective densities. The function is then changed
and the process is repeated until a reasonable fit to the entire data set is reached.
Figure 5.9 shows the calculated DSF, the SDS density and calculated particle density
(corrected for DSF) as a function of SDS weight fraction. The DSF decreases slowly from 1.1 to
1.0 as the SDS WF goes from 0 to 0.8. The SDS density increases from 0.39 g cm-3 to 1.13 g
cm-3 with increasing SDS concentration. The corrected calculated particle density describes
more quantitatively the measured effective densities by fitting the data using DSF and SDS
density. The SDS density and DSF functional forms presented in Figure 5.9 are:

 SDS  0.381  0.226WF - 1.95WF 2  5.01WF 3 - 2.47WF 4 - 0.0554WF 5

(5.7)

DSF  1.10 - 0.467WF  0.944WF 2 - 1.09WF 3  0.687WF 4 - 0.181WF 5

(5.8)
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Figure 5.9

5.3.2.2

Particle dynamic shape factor (DSF), particle calculated effective density and the
SDS density as a function of the SDS WF.

NaC/SDS Growth Factor Measurements

The growth factors for NaC particles coated with SDS were measured for the complete
composition range by increasing the RH and decreasing the RH. Figure 5.10 shows the observed
growth factors at 82 ± 1% RH. The GF shows an S shaped curve similar to GF for NaNO3/SDS
particles shown in Figure 5.3. The ZSR approach using the crystalline SDS density of 0.37 g
cm-3 or the measured SDS particle density of 1.13 g cm-3 did not describe properly the measured
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GF. The calculated GF values using the ZSR approach are not shown in Figure 5.10 but are

similar to what was observed for NaNO3/SDS particles.
To better represent the measured GF, these values must be corrected for DSF and SDS
density as a function of concentration. The calculated GF (solid line in Figure 5.10) uses
equations 5.7 and 5.8 to calculate volume fractions and correct for shape factors as a function of
SDS concentration. These calculations use the GF of 1.09 and 2.27 for pure SDS and NaC,
respectively. This approach resulted in a calculated GF that reproduced quantitatively the
measured growth factors. The SDS density function obtained from the NaNO3/SDS particle
measurements (equation 5.6) was used to calculate the NaC/SDS growth factors. However,
different functional forms for the SDS density are required to properly describe the two different
types of particles (NaC/SDS and NaNO3/SDS).
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Figure 5.10

5.4

DSF corrected fit and measured GF for the NaC/SDS particles. The fit uses the
DSF and densities shown in Figure 5.9.

Conclusions

The interaction of water vapor with hygroscopic salt particles (NaC and NaNO3) coated
by a soluble surfactant (SDS) were studied. Sodium nitrate was used to represent spherical
particles while sodium chloride represented non-spherical particles.

A combination of

independent measurements (growth factor and particle density) was used to characterize these
mixed particles. The GF factor measurements indicated that the surfactant coated particles
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gained water when exposed to high RH, which is in slight disagreement to the “inverted” micelle
model. The model predicted that the surfactant coated salt-water droplets will completely inhibit
growth by water uptake. The results point out that the amount of water gained is strongly
dependent on organic surfactant concentration and density in a complex manner. For very low
surfactant concentrations the growth factors are relatively high and comparable to those of pure
inorganic salt particles. When the concentration reaches the point at which a monolayer is
formed at the particle surface, the growth factors decrease significantly. The general trend is that
increasing organic surfactant concentration decreases the GF or water uptake. The changes can
be described quantitatively by coupling the particle density measurements into the GF analysis.
The “inverted” micelle CCN predictions could be incorrect due to the particles’ physical
structure. The NaC/SDS “dry” particle SEM images clearly show the surfactant fractions (for
WF greater than 0.090). The images demonstrate that the particles are deposited wet on the

substrate and there are possibly two phases; the inorganic and organic fractions. The surfactant
in a droplet is assumed to partition to the surface but when the particles are “dried”, the two
components separate into two phases making the characterization and the “inverted” micelle
model test more challenging. Based on these studies, the surfactant coated particles gain and
lose water but the amount changes with organic surfactant concentration.
A better understanding of how SDS fraction affects salt particles is needed to properly
describe these mixed particles. It was observed that the density of the surfactant changes as its
concentration increases. This in turn affects directly the mixed particles’ density assuming that
the NaNO3 density remains constant. The dva distributions used to calculate particle density
suggest that the NaNO3/SDS particles retain water. The distributions are broader as the SDS
fraction is increased suggesting the existence of several different SDS mesophases in the mixed
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particles. Heating the particles prior to dva distribution measurements showed significant shifts
in the distributions. This is evidence that particles retain water and that different types of
particles exist, especially at intermediate SDS concentrations. A changing SDS density as a
function of its concentration was derived from the particle density measurements. This result
was used to calculate growth factors by using the SDS fraction density to calculate volume
fraction and assuming that each component takes up water based on its growth factor as a pure
substance. The calculated GF quantitatively described the measured growth factors as opposed
to the simplified ZSR approach.
Sodium chloride coated with SDS surfactant represents particles for which the shape
factor must be included in the effective density and growth factor measurements and analysis.
The effective density for the NaC/SDS particles follows the same trend as for the NaNO3/SDS
particles. The density decreases from the pure NaC particle until it reaches its lowest value.
Further increase in concentration takes the density back up to the pure SDS particle density of
1.13 g cm-3. From the density measurements, functional forms for the dynamic shape factors and
SDS density were derived as a function of SDS concentration. These functions were used to
calculate GF as a function of SDS concentration. The calculated GF fit well the measured GF
and the S shaped curved.
The hygroscopic particles coated by surfactants appear to retain water even after drying.
But the amount of water retained is small compared to the water uptake by these particles at
approximately 80% RH. The simplified ZSR approach falls short to describe the measured
growth factors. Based on the density measurements it was concluded that the configuration of
surfactant molecules strongly depends on their concentrations.
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Therefore the SDS density

functional forms are needed to understand the behavior of mixed inorganic/organic particles.
This factor is important for modeling atmospheric particles with high organic mass content.
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