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Abstract
The hygroscopic properties of secondary organic aerosol formed by the OHinitiated oxidation of isoprene and several terpenes were investigated in the York
University smog chamber facility. Pure organic particles were formed in nucleation
experiments using either individual hydrocarbons or sequential oxidation of multiple
hydrocarbons. In addition, to examine the interaction of organic and inorganic phases,
monodisperse ammonium sulfate seed particles were allowed to undergo condensational
growth due to partitioning of oxidation products from the gas phase. Humidograms (plots
of the hygroscopic growth factor as function of relative humidity [RH]) were measured
using a humidified tandem differential mobility analyzer (HTDMA).
The humidograms of pure organic particles formed in nucleation experiments do
not show any deliquescence. As RH is raised from 10% to 90%, particles formed from βpinene pick up water smoothly and particles formed from isoprene showed apparent
diameter decrease up to 5% as RH is raised to 40% then showed similar behavior to the
β-pinene SOA. The particles formed from ∆3carene also showed apparent diameter
decrease up to 1% as RH is raised to 60% then showed similar behavior to the β-pinene
SOA. Particles formed by oxidation of α-pinene, limonene, and ∆3carene exhibit very
little or no water uptake. The results were fitted with an empirical equation and give
hygroscopicity parameters (± one standard error) of 0.0154 ± 0.0014 for β-pinene, 0.0042
± 0.0005 for ∆3carene, 0.0031 ± 0.0002 for α-pinene, 0.0077 ± 0.0002 for limonene and
0.0401 ± 0.0011 for isoprene. These correspond to diameter growth factors of 1.031,
1.009, 1.006, 1.016 and 1.076 at 85% RH. Water uptake by multi-component secondary
organic aerosols obeys the volume additivity rule.
Humidograms of mixed (inorganic/organic) aerosol particles show both smooth
hygroscopic growth and deliquescence. These experimental results were fitted with a
numerical model that accounts for water uptake by both phases and for the gradual
dissolution of ammonium sulfate. The results show that volume additivity is a reasonable
approximation for this system and that HTDMA results can be inverted to obtain the
organic hygroscopicity parameter and the relative amounts of organic and inorganic
material within the experimental uncertainty.
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1

Introduction

1.1 Atmospheric Aerosols
The earth’s atmosphere is a complex and dynamic mixture of aerosol
particles and gases. The physical state of atmospheric aerosol particles can be solid
[Mikhailov et al., 2009; Bones et al., 2012], liquid [Varutbangkul et al., 2006] or a
combination of both with varying composition. Aerosol particles affect regional
and global climate in a variety of ways through various atmospheric processes that
include interference in the radiation budget of the earth, visibility degradation, air
quality, smog and acid rain [Kanakidou et al., 2005; Baltensperger et al., 2005;
Salma et al., 2008].
Aerosol response to changing relative humidity (RH) is important for
understanding aerosols’ residence time in the atmosphere, optical properties, cloud
condensation nuclei (CCN) activity and chemical reactivity. The knowledge of
aerosol particles’ hygroscopicity is vital for future directions needed to predict and
prevent negative impacts of aerosols on our environment and human health.
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1.2

Aerosol source, composition, size distribution and lifetime

Aerosol particles have natural and anthropogenic sources in the atmosphere.
Natural sources include forest fires, sea spray, volcanic eruptions, windblown dust
and emissions from plants. Anthropogenic sources of aerosol include fossil fuel
burning, cooking, metal smelting, industrial emissions and secondary activities.
Atmospheric aerosol particles can be classified as coming from primary and
secondary sources. Primary sources include all processes that directly introduce
particles in the atmosphere. Secondary sources include all processes of particle
formation as a result of oxidation of atmospheric precursor gases. Atmospheric
gases, e.g., sulfur dioxide (SO2), ammonia, and oxides of nitrogen are from
anthropogenic sources, while volatile organic compounds (VOCs) such as isoprene,
terpenes, and toluene are from biogenic sources. Forests or vegetation are the
sources of isoprene and terpenes [Holzinger et al., 2005].
Atmospheric particles usually consist of sulfate, ammonium, nitrate,
elemental carbon, organic material, trace metals, crustal elements and water. Water
contributes most of the aerosol mass in the atmosphere [Seinfeld, J. H. and Pandis,
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S.N., 2006]. Water uptake properties of the aerosol particles depend on their
physical state and chemical composition and on meteorological conditions.
Hygroscopic properties of the particles are associated with many physical and
chemical parameters of the particles.
Atmospheric aerosol particles are divided into four groups on the basis of
particle size range, with small overlapping regions, namely, nucleation, Aitken,
accumulation and coarse (cloud and fog droplets) particles [Finlayson-Pitts, B.J.
and Pitts, J.N., 2000b] as shown in figure 1.1. Particles possessing a diameter less
than 0.02 µm are referred to as the nucleation mode, while Aitken mode comprises
the particles that fall into the particle size range between 0.02 and 0.1 µm.
Accumulation mode particles are bigger than 0.1 µm and smaller than 1.0 µm,
while particles that exceed 1.0 µm in diameter fall into the coarse mode [Whitby et
al., 1972; Whitby, 1978].

3

Figure 1.1: Schematic of an atmospheric aerosol size distribution showing four
modes. The solid trimodal curves are original hypothesis of Whitby and coworkers and the fourth (dashed lines) represents ultrafine particle mode along
with two peaks occasionally observed in accumulation mode (adopted from
Whitby and Sverdrup, 1980). [Finlayson-Pitts, B.J. and Pitts, J.N., 2000b]

Nucleation, Aitken and accumulation mode particles are also called fine
particles. The nucleation mode particles are often the greatest in number
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concentration as compared to those of other modes. These particles are formed by
the conversion of gases to particulate material. The low volatility gaseous products
partitions from gas phase to particle phase on saturation. Coagulation of nucleation
mode particles condensation growth and direct vehicle exhaust produces Aitken
mode particles. Accumulation mode particles are produced via direct emission from
diesel engines, coagulation of nucleation mode particles and condensation growth
of Aitken mode particles. Coarse particles are usually present in arid geographical
areas or in the vicinity of mechanical activities.
The lifetime of aerosol particles in the atmosphere varies from hours to
weeks depending on particle size, chemistry, height in the atmosphere and the
processes involved at the regional scale. Accumulation mode particles (0.1-1.0 µm)
have the longest lifetime in the atmosphere compared to other three modes.
Nucleation mode particles (<0.02 µm) are removed due higher rate of collision and
coagulation. Coarse mode particles (>1 µm) particles have a short lifetime because
of sedimentation.
Aerosol particles have many important properties such as size, chemical
composition, hygroscopicity, density and shape. Particle size distribution can easily
be measured and used to calculate number, mass, volume or surface areas. Size is
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normally used to classify aerosol because inferences about the other properties can
be drawn from size information. Nucleation and Aitken particles dominate in
numbers while Accumulation mode particles contribute more than others to
aerosols’ surface area however coarse particles contribute a large fraction of
aerosol volume. To understand aerosol particles role to human health and climate
we need to understand their various properties and atmospheric process involved as
discussed above.
1.3

Atmospheric processes

Physical and chemical processes occur in the atmosphere and are
interrelated in complicated ways. Physical processes can be classified as transport
by winds, formation of clouds and precipitation, while chemical processes consist
of chemical reactions that lead to the formation of compounds in the gas phase and
in particulate matter.
Volatile organic compounds (VOC) have anthropogenic and biogenic
sources. VOCs are oxidized in the atmosphere through atmospheric oxidants. The
main atmospheric oxidants are hydroxyl radical (OH), ozone (O3) and nitrate
(NO3). VOCs on oxidation produce low volatility oxidation products. These low
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volatility oxidation products on saturation may partition from gas phase to form
new particles via homogeneous nucleation in clean atmosphere and these products
may also condense onto pre-existing particles. Above mentioned process is the
main source of fine particulate matter. Homogeneous nucleation occurs in the
absence of a foreign substrate. In this process solid, liquid and mixed particles are
formed from supersaturated vapors. Nucleation needs some basic ingredients to
happen: relatively clean particle-free atmosphere and low vapor pressure species or
oxidation products of VOCs e.g., terpenes. Nucleation is most commonly observed
during spring and summer [Woo et al., 2001; Stanier et al., 2004].
Researchers have observed nucleation in semi-rural areas [Verheggen and
Mozurkewich, 2002; Mozurkewich et al., 2004], forested areas [Kavouras et al.,
1998; Leaitch et al., 1999; Dal et al., 2000; Aalto et al., 2001; Holzinger et al.,
2005], coastal areas [C. O'Dowd et al., 1999], continental areas [Birmili and
Wiedensohler, 2000], marine boundary layers [Berg et al., 1998], urban areas
[Hameri et al., 1996; Shi et al., 1999; Hämeri and Väkevä, 2000], mountain areas,
areas near clouds [Clarke et al., 1999] and the Arctic.
Particle coagulation is the process in which small particles collide with each
other because of their random motions and coalesce to form larger particles. Van
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der Waals and Coulomb forces (very minor) between the small aerosol particles
facilitate the process.
Condensation is the process by which mass transfer from the gas phase to
the particle phase takes place. Gas phase molecules that collide with a particle may
stick to it, thus causing condensational growth of the particle.
Hygroscopic compounds such as salts absorb water from moist atmosphere
at their deliquescence relative humidity (DRH) while mixed state (organic +
inorganic) particles pick up water even at sub-saturated conditions. Condensation
and evaporation from the particles happen continually. Atmospheric conditions are
the driving force that determines dominance of one process over the other. If
condensation of vapors dominates, particles start to grow, while if evaporation of
particles dominates, they start to shrink. The concentration of vapors of
condensable material and the temperature play important roles in this regard. At
equilibrium, the rates of evaporation and condensation become equal, leaving no
change in the net diameter of the particle. A particle with bigger diameter possesses
low vapor pressure near its surface compared to small diameter particles. This
phenomenon makes condensation more effective on large particles compared to
small particles [Kulmala et al., 2004]. Condensation is the most common
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atmospheric process for particle growth. There is no room for particle formation via
nucleation in the presence of high concentration of particles.
Particles can be removed from the atmosphere via dry and wet deposition.
The driving force behind dry deposition is the size of the particle. Dry deposition
for particles with diameter between 0.05 and 2 µm is less important, though not
negligible. Gravitational settling velocity increases with the square of the particle
diameter and is the dominant factor removal of particle with diameter greater than
20 µm. Through turbulent mixing, particles reach the quasi-laminar layer. Inertial
impaction through the quasi-laminar layer for the moderate size of particles (2–
20 µm) is the main transportation factor. Small particles with diameter less than
0.05 µm can pass easily through the quasi-laminar layer by Brownian diffusion.
Particles with diameter 0.05 to 2 µm are removed from the atmosphere mainly by
wet deposition. Dry deposition is the dominant removal mechanism for ultrafine
and coarse particles [J. H. Seinfeld and Pandis, 1998]. The wet deposition
encompasses the deposition pathway that involves water and categorized into
rainout, washout and sweepout.
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1.4

Aerosol particles’ effect on the radiation budget of the earth and
visibility

Aerosol particles can affect the radiation budget of the earth and climate.
The impacts of aerosols can be categorized into direct and indirect effects.
1.4.1

Direct effects

The direct effect involves interaction of aerosol particles with incoming
sunlight, which aerosol either scatter or absorb radiation depending on their
chemical composition. The aerosol particles if scatter high amount of sunlight it
would cause a cooling effect; on other hand if a high amount of radiation is
absorbed it would cause a warming effect [R. J. Charlson and Heintzenberg, 1995;
Alfarra et al., 2004; IPCC, 2007; Pierce et al., 2011].
The scattering efficiency of the particles has a direct relationship to the
particle sizes, number concentration and refractive index. The scattering efficiency
of the aerosols is enhanced when the wavelength of the incoming solar radiation
matches the particle size. Aerosol particles are usually abundant in the
submicrometer size range and their hygroscopic behavior is of great importance for
model calculations used for predicting their impact on climate. Response of these
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particles to the changing RH is important with regard to the scattering coefficient of
the particles [Yu et al., 2012].
Elemental carbon (soot) shows almost non-hygroscopic behavior and is
considered having a unique high light absorption [Ackerman and Toon, 1981;
Horvath, 1993; Forster, 2007; Alexander et al., 2008; Titos et al., 2012]. The
agglomerate form of these particles results in a high-optical-absorption crosssection that is atmospherically of great importance for its known direct effect on
global climate change [Waggoner et al., 1981; Heintzenberg, 1982; Haywood et al.,
2001; Dinar et al., 2007]. A mixture of elemental carbon and soluble compounds
results in a complex system of aerosols with a variety of optical properties. We
have limited knowledge of hygroscopic behavior of these particles and need to
characterize these properties [Hämeri et al., 1992; Andrews and Larson, 1993].
1.4.2

Indirect effects

The indirect effect of aerosol particles on global climate involves the
interaction of clouds with solar and terrestrial radiation. Clouds can reflect or
absorb sunlight and infrared radiation emitted from the earth’s surface. Aerosols
particles are indirectly related to the process by which aerosols influence the
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radiation balance of the earth’s atmosphere by affecting cloud albedo, cloud
amount, cloud formation and precipitation efficiency. The ability of aerosol
particles to act as cloud condensation nuclei (CCN) depends on particles’
hygroscopicity. Hygroscopicity of the particles as a function of chemical
composition influences the microphysical properties of clouds and the droplet
number size distribution [Twomey, 1974]. Cloud albedo depends on microphysical
properties and has a direct relation to the fraction of sunlight to be reflected
[Ackerman and Toon, 1981; Haag and Kärcher, 2004; Yu et al., 2012; Pandithurai
et al., 2012].
Parameterization of the hygroscopicity of these particles is necessary to
understand their role as CCN. The soluble mass fraction in the particle determines
the supersaturation needed for cloud droplets to form. An excess of the soluble
mass fraction in the particle over the insoluble mass fraction increases the
probability of cloud droplet formation [Kulmala et al., 1996]. We have limited
knowledge concerning CCN active particles at the submicrometer particle size
range. We can bridge this gap by parameterizing particle hygroscopicity.
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The direct and indirect effects in combination are known to affect the
regional atmospheric temperature; however, the effect is uncertain at the global
level.

1.5

Aerosol effects on human health

In addition to effects on radiation transfer and possibly on global climate,
aerosol particles also have been implicated as being detrimental to human health
[Peters, Wichmann et al., 1997; Peters, Dockery et al., 1997; Cooney, 1998;
Davidson et al., 2005; Pope III and Dockery, 2006; Pope III et al., 2009]. Our
respiratory system is efficient in removing particles, but particles in a certain size
range (PM 2.5) penetrate deep into the lungs. If they are highly concentrated and
toxic they can cause adverse health effects [C. A. Pope III et al., 2002]. Particles
that are soluble can be absorbed through the skin and eyes and may cause irritation
that could lead to more toxic effects.
Particle sizes and number concentration are important in connection to
asthma and lung cancer; however, the mechanism is not fully understood. An
epidemiological study found that there was strong dependency of the total mass of
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particles with diameters smaller than 10 µm and mortality in American cities
[Dockery et al., 1993; C. A. Pope III., 2000a; C. A. Pope III., 2000b; C. A. Pope III
et al., 2001; Pope III et al., 2009]. Toxic substances were also found in chemical
analysis of these particles but the composition seems to have little effect on the
health impacts so it seems something other than toxic components is involved
[Nriagu and Pacyna, 1988; Pepper and Dowd, 2009; Andersson et al., 2010].
Aerosol particles’ hygroscopicity is very important especially when they
enter the humid human respiratory system. The RH deep in the lungs was estimated
to be approximately 99.0% to 99.5% [Ferron et al., 1993]. When exposed to high
humidity in the lungs, aerosols might increase in their diameter upon picking up
water and can also undergo heterogeneous reactions [Klimova et al., 2011; Curjuric
et al., 2012; Gamble et al., 2012; Plummer et al., 2012].
Bioaerosols include pollen, viruses, bacteria, and proteins; they have a
strong connection with human health as well [Dutkiewicz et al., 2011; Chakrabarti
et al., 2012; P. Hong et al., 2012; T. Hong and Gurian, 2012; Jung et al., 2012].
Bioaerosols proteins can undergo nitration when exposed to traces of nitrogen
dioxide [Franze et al., 2005]; that may be important as a trigger for adverse
immune reactions, such as allergies and asthma in humans [Prather et al., 2008].
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1.6

Aerosol effect on visibility

Aerosol particles have a great effect on visibility along with their influence
on climate and health. The degradation of visibility is a well-known impact of air
pollution [Murray and Farber, 1988; Hyslop, 2008; W. Huang et al., 2009; C. Lu et
al., 2010; Wen and Yeh, 2010; Deng et al., 2011]. Degraded visibility is well
correlated with an increase of aerosol number concentration [Noll et al., 1968;
Stjern et al., 2011; Han et al., 2012]. Visibility ranges from 150 to 250 km in
unpolluted areas of North and South America while it is 40 to 50 km in rural
Europe because of the high density of sources of anthropogenic aerosols [Horvath,
1995a; Horvath, 1995b].
The response of aerosol particles to changing RH has a direct link to
visibility. Increasing RH decreases visibility continuously in the area of high
concentration of aerosol [Tsay.S.C et al., 1991; Horvath, 1995a].
1.7

Water and aerosol particles in the atmosphere, thermodynamics, and
previous laboratory studies

Water is present on earth in all three phases: solid, liquid and vapor. The
varying amount of water vapor present in the atmosphere depends on regional and
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global conditions. Average RH in atmosphere also has seasonal variations. The
percent relative humidity (RH) is defined as the water vapor pressure, P, at a given
temperature, divided by saturation water vapor pressure, Ps, multiplied by a factor
of one hundred. Following equation 1.1 gives the relationship of RH with vapor
pressure and saturation water vapor pressure. Equation 1.2 relates water activity
( ) with water vapor pressure and saturation vapor pressure.
 =
 =





× 100





(1.1)

(1.2)

As the ambient temperature increases, the RH decreases because of a strong
dependency between the saturation water vapor pressure and the ambient
temperature [Lawrence, 2005].
At low RH an aerosol particle can be dry and solid. A particle can go into
solution when exposed to RH equal to or greater than its deliquescence RH. Particle
hygroscopicity depends on chemical composition, which can be divided into two
major groups: inorganic and organic. Inorganics are the more soluble part of the
particle and mainly consist of salts such as ammonium sulfate (AS), ammonium
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nitrate, ammonium bisulfate and sodium chloride. The hygroscopicity of inorganic
aerosols has been investigated by numerous researchers [C. K. Chan et al., 1992; I.
N. Tang and Munkelwitz, 1994]. These researchers thoroughly explain hydration
and dehydration patterns of various inorganic salts and summarize information
about the solute mass fraction and the density of a particle at various RHs along
with crystallization and deliquescence points [I. N. Tang, 1980; I. N. Tang and
Munkelwitz, 1994]. We can use this information to calculate the hygroscopic
growth factor (HGF) of pure inorganic salts at various RHs.
Pure AS particles are solid and in the crystalline state at 10% RH, and they
remain solid until RH reaches its deliquescence relative humidity (DRH). A sudden
change in diameter takes place as a particle reaches DRH and forms a saturated
aqueous solution. The DRH is specific for each deliquescent compound at specific
temperature. As RH is increased beyond DRH, particle size keeps increasing
smoothly until the thermodynamic equilibrium is reached, i.e., equilibrium of water
between the gaseous and aqueous phase. As RH decreases, water from the particle
evaporates to maintain the vapor equilibrium, so the crystallization RH is therefore
much lower than the DRH [Cohen et al., 1987; I. N. Tang and Munkelwitz, 1994].
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Following figure 1.2 shows the hydration and dehydration curves of AS along with
deliquescence and crystallization RHs.

Figure 1.2: Ammonium sulfate particle growth and evaporation pattern as a
function of relative humidity at room temperature (from Tang and Munkelwitz
1996). [I. N. Tang, 1996]

Multicomponent aerosol particles show different behavior on hydration and
dehydration than do single-component particles. When multicomponent particles
are hydrated, they can show deliquescence in multiple steps, and dehydration may
involve more than one step for crystallization to take place. A mixture of sodium
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chloride and potassium chloride, for example, shows deliquescence at 72.7% RH,
i.e., different from the pure individual salts’ DRH as given in table 1.1. Hydration
and dehydration curves depend solely on the composition of the aerosol particles
and become more complex with increasing composition complexity.
Table 1.1: Atmospherically important inorganic salts with their deliquescence
relative humidity (DRH), crystallization relative humidity (CRH), and density. [I.
N. Tang, 1996]
Inorganic
Salts
Na2SO4

DRH (%)

CRH (%)

ρdry (g cm−3)

84.2

59–57

2.7

(NH4)2SO4

79.9

40–37

1.77

NaCl

75.3

48–46

2.17

NaNO3

74.3

30–0.05

2.26

NH4NO3

61.8

32–25

1.73

NH4HSO4

40

22–0.05

1.78

In addition to the inorganic fraction of atmospheric particles, the other main
part is carbonaceous material, which often presents more than half of the mass of
submicron particles [Jimenez et al., 2009] and adds further complexity to the
hydration and dehydration pattern of the particles. Carbonaceous materials can be
classified into elemental carbon (EC) and organic carbon (OC). EC and
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hydrocarbons are nonhygroscopic under atmospheric conditions, while oxygenated
organics, usually composed of thousands of individual species such as oxalic acid,
are hygroscopic [Saxena and Hildemann, 1996].
Atmospheric particles are very complex in composition, with contributions
from numerous classes of individual organic species [Goldstein and Galbally,
2007]. Hygroscopic properties of a few species out of thousands of individual
species have been investigated [Duplissy et al., 2011]. Various approaches were
used to determine the influence of these species on the overall hygroscopicity of
ambient aerosols under various RH conditions. The initial laboratory studies were
done to investigate a simple system of internally mixed aerosol particles of single
inorganic and single organic species [F. D. Pope et al., 2010] such as carboxylic
acid or dicarboxylic acids and multifunctional organic acids or their salts [Choi and
Chan, 2002a] and also their mixture with inorganic salts [Cruz and Pandis, 2000a;
Hämeri et al., 2002; Choi and Chan, 2002b].
The presence of organics alters the hygroscopicity of internally mixed
inorganic components, as organics are less hygroscopic than pure individual
inorganic species. Internally mixed aerosol particles (inorganic + organic) pick up
water at a range of RHs less than the DRH of the individual inorganic component of
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the particle because of the organics [Dick et al., 2000; M. N. Chan and Chan, 2003;
Braban and Abbatt, 2004; Pant et al., 2004; Badger et al., 2006], while pure
inorganics remain solid or gradually start dissolving at these RHs. Organics can
alter the DRH of inorganics as observed by Brooks et al 2002 [Brooks et al., 2002]
and also observed from the study of internally mixed particles of carboxylic acid
and AS [Braban and Abbatt, 2004; Pant et al., 2004]. The change in DRH was
considered to be due to physical reasons instead of chemical change. The factors
behind the change in DRH are the amount and number of organic species along
with the type of species. An organic mole fraction of 0.1 to 0.35 in the particle
[Braban and Abbatt, 2004; Pant et al., 2004] does not shift DRH substantially;
however, on increasing the mole fraction to more than 0.35 in the particle
decreased DRH of AS when a single-component system of particle composition
(inorganic + organic) was studied. The hydration and dehydration patterns of
internally mixed aerosols are more complex in multicomponent atmospheric
particles than in a simple system of single-component aerosol particles [Marcolli et
al., 2004].
Hygroscopic properties of mixed particles have been studied by several
research teams [Cruz and Pandis, 2000a; Peng et al., 2001; Brooks et al., 2002;
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Choi and Chan, 2002b; Prenni et al., 2003; Wise et al., 2003; Braban and Abbatt,
2004; Marcolli and Krieger, 2006; Varutbangkul et al., 2006]. More complex
systems such as humic acids also drew the attention of researchers [M. N. Chan and
Chan, 2003; Gysel et al., 2004; Pant et al., 2004; Parsons et al., 2004]. Recent
research has shown that the hygroscopicity of organic particles is low without a
clear phase transition [Prenni et al., 2001; Choi and Chan, 2002b; M. N. Chan and
Chan, 2003; Gysel et al., 2003] and that some organics are non-hygroscopic below
85% RH [Cruz and Pandis, 2000b; Peng et al., 2001; Prenni et al., 2001].
Aerosols can be classified as internal or external mixtures [Winkler and
Junge, 1972; Lesins et al., 2002; J. Lu and Bowman, 2010] depending on their
chemical composition. Aerosols individually consisting of mixtures of different
components are referred to as internally mixed, while mixtures of aerosols each
comprising a different single component are referred to as externally mixed. There
are varieties of intermediate states of internally and externally mixed aerosol
particles present at ambient conditions [J. Lu and Bowman, 2010]. The
hygroscopicity of particles belonging to internally or externally mixed shows
different patterns [Peckhaus et al., 2012]. Externally mixed particles can show
different hygroscopic groups, while one hygroscopic mode could belong to
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internally mixed particles. Hygroscopic properties provide information about the
mixing state of particles and are important in connection with direct and indirect
climate effects, visibility [Andreae and Rosenfeld, 2008; J. Wang et al., 2008;
Heintzenberg and Charlson, 2009] and human health [Davidson et al., 2005; Pope
III et al., 2009].
1.8

Relevant prior work

Many researchers used isoprene and selected monoterpenes to produce
secondary organic aerosols (SOA) to parameterize the hygroscopicity and CCN
activity. Following are previous studies in chronological order with some
resemblance however experimental conditions were different compared to ours.
The hygroscopic properties of ozonolysis products of α-pinene [Virkkula et
al., 1999; Cocker et al., 2001; Saathoff et al., 2003], β-pinene and limonene
[Virkkula et al., 1999] were studied. Pure organic aerosols and mixed (AS/SOA)
SOA were produced. Experimental results show that inorganic and organic pick up
water independently which is consistent to our finding. Our experimental results of
pure organic SOA growth factor (GF) at 85% RH were within 7% to Virkkula’s
[Virkkula et al., 1999] finding for nucleated SOA. Cocker [Cocker et al., 2001] and
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Saathoff [Saathoff et al., 2003] found that depositing less hygroscopic ozonolysis
products on ammonium sulfate seed reduces GF of ammonium sulfate. GF of seed
aerosol decreases with increase in organic volume fraction in the particle. Saathoff
[Saathoff et al., 2003] found that nucleated SOA do not show any deliquescence on
increasing RH however seeded SOA shows deliquescence at 80% RH. Huff Hartz
[Huff Hartz et al., 2005] and VanReken [VanReken et al., 2005] studied ozonolysis
products of α-pinene, β-pinene, ∆3carene and limonene for their property if these
SOA can act as cloud condensation nuclei (CCN). According to VanReken
[VanReken et al., 2005] limonene SOA were most CCN active however SOA
becomes less CCN active with time. According to Huff [Huff Hartz et al., 2005]
findings monoterpenes SOA’s are CCN active and activate like highly water
soluble organics at high RH. Varutbangkul [Varutbangkul et al., 2006] produced
SOA in humid chamber (~50% RH) by ozonolysis of monoterpenes. According to
experimental results SOA’s are slightly hygroscopic compared to inorganic aerosol
substances. He also found that pure organic aerosol humidogram shows smooth
water uptake (consistent to our finding without deliquescence and efflorescence).
Our experimental results of growth factor were within 7% to Varutbangkul
[Varutbangkul et al., 2006].
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Meyer [N. K. Meyer, Duplissy, Gysel, Metzger, Dommen, Weingartner, Alfarra,
Prevot, Fletcher, Good, McFiggans, Jonsson et al., 2009a] studied ozonolysis
products of α-pinene and monitored GF changes at 75% and 85% RH. He found
that on increasing soluble organic volume fraction at 75% RH to seeded aerosol
particle partially help in dissolution of ammonium sulfate (AS) however at higher
RH (85%) GF of ammonium sulfate seed decreases with increase in organic
volume fraction. Satoshi [Takahama et al., 2007] found that adding dark ozonolysis
oxidation products of limonene or α-pinene to seed aerosol (AS) may have
negligible effect on efflorescence transition of AS. Petters [Petters et al., 2009]
produced SOA by ozonolysis of α-pinene and found that SOA were slightly
hygroscopic at or below 98% RH. Smith [M. L. Smith et al., 2011] produced mixed
(AS/SOA) aerosol particles by dark ozonolysis of α-pinene. Smith’s experimental
results shows shift in DRH of ammonium sulfate with condensation of oxidation
products of α-pinene. Bertram [Bertram et al., 2011] studied oxidation products of
α-pinene and its effect on efflorescence RH and deliquescence RH of the particles
and found that the oxidation products affected the efflorescence RH and
deliquescence RH of the mixed (AS/SOA) aerosol particles. Tritscher [Tritscher et
al., 2011] produced SOA by ozonolysis of α-pinene and followed by aging with
OH radicals. He found that hygroscopicity of particles initially increased during O3
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induced condensation but during later stages even after exposing to OH radicals
remained unchanged. Mostly researchers used ozonolysis to produce SOA under
humid conditions. We produced SOA under dry conditions by OH radical
photooxidation to parameterize the hygroscopic growth factor of pure organic SOA
and mixed (AS/SOA) SOA.
1.9

Objective of this study

Atmospheric particles contain significant amount of both organic and
inorganic material. The inorganic portion consists largely of AS, while the organic
portion contains many individual, and largely unidentified, compounds [Hallquist
et al., 2009]. The water uptake properties of atmospherically important inorganic
salts are well known [I. N. Tang and Munkelwitz, 1994]. Although it is known that
organics can alter the hygroscopic growth factor of inorganic particles, these effects
are still not fully characterized [Swietlicki et al., 2008]. Oxidation products of
VOCs form a significant fraction of the secondary organic aerosol (SOA) mass,
biogenic terpenes being especially important in rural and forested areas [Hallquist
et al., 2009].
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Because of the different hygroscopic behavior of the inorganic and organic
components, field measurements of particles’ hygroscopicity have been used to
infer the relative amounts of these two components in atmospheric particles [Y.
Aklilu and Mozurkewich, 2004; M. N. Chan et al., 2005; Zelenyuk et al., 2008].
These inferences are based on the volume additivity (or ZSR) rule; this assumes
that the different components take up water independently. The same assumption is
used to estimate the hygroscopic properties of particles from measurements of
chemical composition. Although this assumption has been verified for particles
consisting of AS or sodium chloride and various organic components [Y. Aklilu
and Mozurkewich, 2004; Swietlicki et al., 2008], a number of tests have also been
done using actual oxidation products [N. K. Meyer, Duplissy, Gysel, Metzger,
Dommen, Weingartner, Alfarra, Prevot, Fletcher, Good, McFiggans, Jonsson et al.,
2009b].
Mixed (inorganic/organic) particles typically show gradual deliquescence at
relative humidities below the deliquescence point of the salt. Although this is
widely understood as being due to the partial dissolution of the salt, there has been
no readily applied method of analyzing this phenomenon or of applying the volume
additivity rule to this situation. We (Mozurkewich group) tested such a method for
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particles consisting of AS and condensable products of isoprene and selected
terpenes (α-pinene, β-pinene, ∆3carene and limonene). Initially we applied the test
for the simple system where an individual hydrocarbon was oxidized to produce
mixed particles (inorganic/organic). Further we applied this method to more
complex situations where two or three hydrocarbons were oxidized to produce
condensable oxidation products that sequentially coated the surface of seed aerosols
to produce mixed particles.
Isoprene and terpenes are globally abundant reactive organic gases with the
formulas C5H8 and C10H16 respectively. They are emitted into the atmosphere by a
variety of plants [Guenther et al., 1995]. Terpenes are very reactive and form
particulate matter with high mass yields [T. Hoffmann et al., 1997; Bonn and
Moortgat, 2002; Hallquist et al., 2009; Jimenez et al., 2009]. To investigate water
uptake by secondary organic aerosol (SOA) formed by the oxidation of isoprene
and selected terpenes (α-pinene, β-pinene, ∆3carene and limonene), nucleation
experiments (pure SOA) and seeded experiments (mixed organic and inorganic)
were performed in the York University Smog Chamber.
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2
2.1

Instrumentation
Historical background of HTDMA

A tandem differential mobility analyzer (TDMA) technique was first introduced by
Liu [B. Y. H. Liu et al., 1978] to study the changes in particle size as a result of an
imposed aerosol processing [Swietlicki et al., 2008]. Rader and McMurray [Rader
and McMurry, 1986] showed that TDMA data can be inverted to find out the size
changes and proved that diameter changes can be measured with a precision of
about 0.3%.
The TDMA technique is classified depending on the type of processing, as
humidification (HTDMA), volatility (VTDMA), chemical reaction (RTDMA) and
uptake of organic vapor (OTDMA). We used the HTDMA technique [Sekigawa, ;
Stolzenberg, M.R. and McMurray, P.H., 1988] to study the hygroscopicity of
aerosol particles. An HTDMA system consists of two DMAs, a condensation
particle counter (CPC) and a humidification system. A simplified flow diagram of
the HTDMA instrument is shown in figure 2.1.
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Figure 2.1: Simplified diagram of the HTDMA system to investigate hygroscopic
properties of particles (modified from Aklilu PhD thesis 2005) [Y. Aklilu, 2005b]

The dry polydisperse aerosol sample flow was drawn to DMA1 using a
Gast diaphragm pump, which selects a narrow range of particle sizes. Further
selected dry particles passed through a humidification system and were scanned by
the second DMA to measure changes in particle size due to particle processing by
the humidification system. HTDMA measurements are presented as a growth
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factor, i.e., the ratio of humidified to dry diameter of the particle as a function of
relative humidity (RH).
2.2

Design and principle of the DMA
The differential mobility analyzer (DMA) is the core of the HTDMA system.

It can be used to select a narrow range of monodisperse particles from the charged
population of polydisperse particles. The selected narrow range of monodisperse
particle sizes depend on the fixed voltage applied to the DMA, charge on the
particle and ratio of sample to sheath flow. The particle sizes can be sorted to
determine the particle size distribution if the DMA voltage is scanned in
conjunction with a suitable detector.
Figure 2.2 provides a detailed cross sectional view of the DMA, TSI model
3071 [Kinney et al., 1991]. It consists of an electrically grounded outer housing, an
inner rod with negative DC voltage applied to it, and two inlet and two outlet flow
openings.
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Figure 2.2: Schematic diagram of differential mobility analyzer (TSI Model
3071) (modified from Kinney et al., 1991 [Kinney et al., 1991].

Inlet openings carry polydisperse aerosol (Qa) and sheath flow (Qsh) to the
DMA while outlet openings are for the exiting sampled monodisperse aerosol (Qs)
and excess air (Qex). In our HTDMA system, the sheath flow was approximately 10
times the aerosol flow. Polydisperse aerosol flow carries charged particles into the
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DMA while sheath flow (Qsh) flows axially down the central rod and pushes a thin
layer of aerosol to move along the outer wall of the DMA. Positively charged
aerosol particles migrate into the clean sheath air because of the electrical field.
Particles under the influence of electrostatic and drag forces in the classifying
region gain radial velocity proportional to their electrical mobility (Zp). Positively
charged particles with specific mobility are selected by the DMA when a fixed
voltage is applied on the central rod. Particles with a larger diameter and lower
mobility are lost along with the sheath flow or are deposited below the exit slit,
while particles smaller than the selected diameter would move toward the central
rod above the exit slit because of high mobility and would be deposited there. The
electrical mobility (Zp) of spherical particles is associated with diameter (Dp) and
charge (e) as given in equation 2.1[Kinney et al., 1991]. Particle size that is selected
by the above procedure is associated with a specific electrical mobility that can be
calculated using equation 2.1 if we know the slip correction. Equation 2.2 can be
used to calculate the slip correction factor.

 =
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(2.1)

Here
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&'( = sheath air flow rate (175 cm3 sec−1)
&)* = excess air flow rate (175 cm3 sec−1)
+, = outer radius of the centre rod (0.937 cm)
+- = inner radius of outer cylinder (1.958 cm)
. = elementary charge (1.6 × 10−19 C)
 = number of elementary charges on the particle
/ = axial distance between the aerosol inlet and the exit slit (44.44 cm)
0 = voltage applied to the centre rod (volts)
12 = particle diameter (cm)
3($%) = 1 + 5! [1.155 + 0.471 .;<(−

>.?@A
BC

)]

(2.2)

3($E ) = slip correction [Allen and Raabe, 1982], diameter dependent
Here Kn is the Knudsen number, which is related defined by
5! =

-F

$%

(2.3)
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Here λ = mean free path of air molecules at a given temperature and pressure; the
mean free path was corrected for operating conditions of the DMA as given in
equation 2.4 [Kinney et al., 1991].
H
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Here λ0 is the mean free path and has the value of 6.73 × 10−6 cm; at pressure P0
(1.01 × 105 Pa) and temperature T0 (296.15 K).
The main function of the DMA is to separate charged particles based on
their different electrical mobility. Before entering the DMA, particles were charged
by passing through a bipolar charger.
used in TDMA technology.

85

85

Kr or

210

Po are bipolar charging materials

Kr is an inert radioactive gas that emits β-particles,

while 210Po is a solid substance that emits α-particles. α or β particles continuously
ionize the gas molecules inside the bipolar charger. On passing through the bipolar
charger, aerosol particles attain a negative or positive charge when they collide
with negative or positive ions. The aerosol particles can attain single, double or
multiple positive or negative charges. The major portion of charged aerosols attains
a single charge; however, 5% of aerosols may attain multiple charges. For
simplification of data analysis it was assumed that all particles were singly charged.
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In the HTDMA system a 210Po bipolar charger was used to charge particles.
The charged particles carrying a positive charge move radially toward the central
rod of the DMA under the influence of the electric field, while particles with a
negative charge were deposited on the inner surface of the outer cylinder.
Selection of any specific particle size from a polydisperse population
depends on the electrode voltage and electrical mobility. At any specific central rod
voltage, the radial speed of the particle depends on its electrical mobility for given
flow rates, which in turn depends on the applied voltage, the flows and the
geometry of the DMA. Particles having the same electrical mobility that are
sampled by the DMA are not truly monodisperse because they don’t follow a single
path to the exit slit at a given (fixed) voltage (Vo) at the central rod. Positively
,

charged particles possessing electrical mobility in the range of Zp ± ∆Zp are
-

capable of passing through the exit slit at the base of the inner rod. Some particles
may follow a shorter or longer path to the exit slit (see figure 2.3); thus some
particles will exit at a lower or higher voltage than Vo, as shown in figure 2.3.
Sampled aerosols will fall into a narrow range of particle size. An upper and lower
limit of particle sizes with electrical mobility Zp and the transfer function together
governs their probability of passing through the exit slit for the given sample and
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sheath flow. The appearance of sampled particles as a function of the voltage can
be explained by the transfer function (Ω) as “the probability that an aerosol particle
which enters the mobility analyzer via the aerosol inlet will leave via the sampling
flow, given that its mobility is Zp” [Knutson and Whitby, 1975].

Figure 2.3: Schematic presentation of possible particle path within the DMA
(modified from Knutson and Whitby, 1975) [Knutson and Whitby, 1975].
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Several important features of the transfer function are apparent from figure 2.4.
DMA flows are important in connection with the transfer function. A ratio of the
sample flow to the sheath flow (β) determines the size range of sampled particles. β
is defined as the ratio of aerosol flow to sheath flow, so larger excess flow (Qex)
and sheath flow (Qsh) mean a smaller β and a narrow size range of particles as
given by equation 2.5,

L=

M J 

 J

2.5

Qsh and Qex are explained above, while Qa and Qs are aerosol and sample flow
respectively, ranging from 1.0 to 1.4 L min−1.
If the aerosol inlet flow (Qa) and monodisperse sampling flow (Qs) are equal,
Qa = Qs, and the transfer function has a triangular shape with a sharp peak
corresponding to a probability Ω of 1. This is the optimum condition for obtaining
an accurate particle size [Kinney et al., 1991]. If Qa ≠ Qs, then the transfer function
gains a trapezoidal shape because there will be a range of voltages by the central
rod for which all the inlet aerosol particles with mobility Zp will be sampled by the
monodisperse outlet. This fact implies that the transfer function is unity for a range
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of voltages, which in turn leads to a flat-topped rather than triangular peak (figure
2.4) [Kinney et al., 1991].

Figure 2.4: The differential mobility analyzer transfer function. It determines for
any given voltage (Vo) the probability that a charged particle can exit the DMA
(modified from Kinney 1991) [Kinney et al., 1991].

2.3

The condensation particle counter (CPC)
Atmospheric particles can be detected and measured using a condensation

particle counter (CPC). In our HTDMA and scanning mobility particle sizer
(SMPS), we used two CPCs, TSI models 7610 and 3010 respectively, to determine
particle concentration. A CPC is a single-particle counter that uses light scattering
to detect particles. The technique is sophisticated enough to measure the
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concentration of particles with a diameter from a few nanometers to
submicrometers depending on the model of the counter.
The chronological historical development was explained by McMurray
[McMurry, 2000]. Figure 2.5 shows the cross-section of the CPC (TSI model
3010). The working principle of TSI models 3010 and 7610 is the same. Before
passing through a detector, the particles must be enlarged into droplets to make
them detectable, a process achieved by condensing butanol vapors on them.

Figure 2.5: Schematic diagram of condensation particle counter (modified from
TSI Model 3010 manual, figure 1-2).
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The CPC sample flow of 1.4 Lm−1 was maintained by flow through a
critical orifice sustained by a Gast diaphragm pump (Model DOA-P104-AA) at the
exit of the CPC. The aerosol particles enter through the aerosol inlet into the
saturator, located at the entrance of the CPC. The saturator contains a butanol
reservoir that is kept above room temperature. The butanol has a relatively low
saturation vapor pressure, so the gas flow is saturated with butanol within the
compartment before entering the cooled condensing chamber downstream from the
saturator. The flow of heat toward the walls of the cooled condenser is much faster
than the flow of alcohol vapor, because air molecules are much lighter than the
alcohol. This creates supersaturation within the cooled condenser. The
supersaturated alcohol vapors condense on the surface of the incoming particles,
allowing them to grow to more than a micrometer in diameter before they reach the
exit of the cooled condenser.
The grown particles pass through the exit nozzle. A laser beam is set up
horizontally above the aerosol nozzle. The grown particles scatter the laser beam on
passing through it. The scattered laser light is collected on a photoreceptor. The
photoreceptor produces an electrical pulse for each particle. Those are counted and
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transmitted to the computer, which performs the incident counting. Incidents were
counted for 0.2 seconds for every reading. If the particle concentration is higher
than 104 particles cm−3, there are chances that the signals of two particles may
overlap and count as one, so a coincidence correction to the counting should be
applied; however, particle concentrations during laboratory measurements were
lower than the threshold, so a coincidence correction was not required.
Using the information of flow rate and CPC counting time, the
concentration of particles can be computed from the detected signal. Buzorius
[Buzorius, 2001] shows a characteristic efficiency function for the CPC (TSI model
3010) which provides the probability of detection at a given particle diameter. Each
CPC model varies in its efficiency and threshold diameter. The technique is
considered 100% efficient above a particle diameter of 25 nm and at a certain level
of particle concentration, i.e., 104 particles cm−3. During our smog chamber study
the sampled diameter of the particle was always above 50 nm so issues related to
efficiency of detection were negligible.
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2.4

Conditioning system (humidification system)

Figure 2.6 shows a simplified diagram of the HTDMA humidification
system, which lies upstream from the second DMA and has two main components:
a saturator and an equilibrator. These are used in combination to regulate the
humidity of the sheath flow of the second DMA and the sampled aerosol. A
saturator adds water to the sheath flow while the equilibrator makes sure that the
RH is the same in the aerosol and sheath flows before these enter the second DMA.

Figure 2.6: Sample humidification system.
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The saturator consists of nafion tubing encased in a polypropylene shell
(Perma Pure model MH-070-24P), and the equilibrator consists of an outer shell of
fluorocarbon (Perma Pure model MD-110-24F) and inner nafion tubing. Both
nafion tubings (in the saturator and equilibrator) are 58 cm long with an outer
diameter of 0.18 cm.
A saturator is a shell-and-tube moisture exchanger that allows the transfer
of water vapor between a liquid water supply and a flowing gas stream. The sheath
flow was passed through the inner shell of the saturator (nafion tubing) while
distilled water was circulated through the outer shell counter-current to the sheath
flow. Circulation of water was regulated using a peristaltic pump. The sheath flow
of the second DMA was 10 lpm. The sheath flow was recirculated repeatedly in a
closed loop through the inner shell of the saturator to achieve the required high
level of steady state RH. Water is absorbed into the walls of the nafion tube and
transferred to the dry gas stream. The transfer is driven by the difference in partial
pressure of water vapor on opposite sides (Perma Pure manual). Water diffusion
from the outer shell to the inner side of the nafion tubing resulted in evaporative
cooling; to compensate for this effect, the circulation water was heated a few

44

degrees above room temperature, using a heater between the peristaltic pump and
the saturator.
RH of the aerosol sample and DMA2 sheath flows were equilibrated before
the flows entered the second DMA. The humidified sheath flow passes through the
outer shell of the equilibrator while the aerosol sample passes through the inner
nafion tubing. The water concentration differential between the two gas streams
(sheath and aerosol flow) drives the process. Because of the difference of partial
pressures, water diffuses across the membrane to humidify the aerosol particles.
The water concentration differential between the two gas streams (sheath and
aerosol flow) cause the moisture to passe quickly to the aerosol flow from the
sheath flow across the membrane. The process of moisture exchange across the
nafion tube wall equilibrates the RH in the sample and sheath flows. The RHs of
the sample and sheath flows were measured after passing through the equilibrator
and agreed within 2% [Y. Aklilu, 2005a]. The RH of the sheath flow was regularly
monitored just before the flow entered DMA2.
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2.5

DMA2 relative humidity regulation

RH is the most important parameter in the HTDMA. Accurate RH is
necessary for accurate hygroscopic growth factor (HGF) measurements because
inconsistent RH could result in uncertainty in determining the water interaction of
particles, which would lead in turn to uncertainty in finding the HGF. For accurate
HGF measurements, accuracy of determining the RH is particularly important
above an RH of 80%.
To study the particle interaction with water at various humidities, the RH of
the DMA2 flow had to change over time. To increase the RH, the sheath flow was
passed through the saturator, while to decrease the RH, the sheath flow was passed
around the saturator using a solenoid valve. The HTDMA humidification system
allows us to gradually scan through various RHs.

Equation 2.6 provides a

relationship of water vapor mass balance while the sheath flow passes through or
around the saturator.

$NO- (&PQ + &P ) = RST &PQ + R &R

(2.6)
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Qsh and Qs are sheath and sample flow respectively. RHDMA2 is the RH of DMA2;
RHsat is the RH of the sheath flow that exits the saturator after passing through it
and is assumed to be saturated. RHs is the RH of sample before humidification.
Equation 2.6 can be rearranged to equation 2.7, which can be used to calculate the
RH of the DMA2 sheath flow.

$NO- =

(UVMW X ) J (UVX X )
(X J X )

(2.7)

RHs was almost 5%; however, RHsat = 100% on exiting the saturator. Sample flow
(Qs) is 1.0 lpm, so alternating the sheath flow (10 lpm) through the saturator and
around it provided steady state RHs. Ideally the set-up should allow us to scan RH
values ranging between 1% and 92% in the HTDMA. The initial RH of the sample
was not exactly 5% in our experiment, and RHsat was less than 100% with the given
sheath flows. Because of the above-mentioned discrepancies in RHs, the obtained
steady state RH was not quite as indicated above. The re-circulation of sheath flow
(10 alpm) through the saturator could provide a maximum RH of 74% on exiting
the saturator without heating. The tubing and DMA were insulated to minimize the
loss of heat. With the help of the above-mentioned changes in the set-up we could
achieve steady state RH within DMA2 ranging from 80% to 86%. All lab
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experiments were performed under a controlled conditioning system, so there were
no temperature fluctuations and we achieved fairly consistent steady state RH
within the HTDMA.
To achieve the upper level of RH takes 10 to 15 minutes, while decreasing
the RH takes a much longer time, i.e., 90 to 105 minutes. RH data was collected
and recorded every 0.2 seconds. The average of the 10th and 90th percentiles of RH
measurements was calculated and recorded. The data was to be rejected if the
spread between the 10th and 90th percentiles exceeded 3%. In our system the RH
measurement difference between the 10th and 90th percentiles exceeded 3% when
RH was ramped up, so a few initial scans were rejected. A scan was 1 minute in
duration, so a complete cycle of RH ramping produces almost 160 scans. A typical
RH cycle takes 150 to 165 minutes to complete.
2.6

The working principle of the humidification tandem differential mobility
analyzer (HTDMA)
The HTDMA system was designed to measure the HGF of the particles. A

simplified schematic diagram of the system is shown in figure 2.7. The system
consists of a

210

Po bipolar charger, two DMAs, a conditioning system and a CPC.

To measure the HGF of the particles, the dry sample flow (1.2 lpm) was first
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passed through a

210

Po bipolar charger before entering DMA1. The

210

Po bipolar

charger introduces a distribution of positive and negative charges on the particles.
DMA1 was used to select charged monodisperse particles when a fixed voltage was
applied on the central rod. The fixed voltage on the central rod of DMA1 produces
a narrow range of sampled particle sizes for the typical DMA sample-to-sheathflow ratio of 0.12, as discussed in section 2.2. The major portion of sampled
particles is single-charged; however, a minor portion may have multiple charges.
The probability of multiple charged particles contribution at sampled particle sizes
depends on number of particles present at higher diameter. For example if sampled
particles diameter is 200 nm it may have contribution from doubly charged
particles of 320 nm because the doubly charged particles with 320 nm would have
the same electrical mobility as 200 nm sampled particles. In our experiments
number of particles at higher diameter that may contribute to sampled particle sizes
or very few in numbers so their contribution to sampled particle is negligible so we
assume that all particles are singly charged; however, a minority that contains
multiple charges would appear smaller than the size calculated by assuming a
single charge. The dry condition for sheath flow of DMA1 was maintained in order
to maintain a dry sample during size selection; this was accomplished by
recirculating the sheath flow. The recirculation of the sheath flow was maintained
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using a mass flow controller (MKS model 1259C) and a diaphragm pump (Gast
model DOA-P10A-AA); the set-up was comparable to the Jokinen and Mäkelä
(1997) [Jokinen and Mäkelä, 1997]. In our HTDMA, equilibrium between the
sample and sheath flows was achieved in almost half an hour.

Figure 2.7: Schematic diagram of humidification tandem differential mobility
analyzer (HTDMA).
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A fraction (0.3 lpm) of the sampled flow from DMA1 was sent through the
filter or it may be bypassed the filter before sending it to the CPC. Fraction of the
sampled flow was bypassed the filter to determine the particle size distribution if
SMPS is unavailable. The remainder of the sampled flow (1.1 lpm) passed through
the humidification system, where it was equilibrated at a certain RH. On leaving
the equilibrator, the sample flow entered the second DMA. DMA2 captured
changes in particle sizes due to humidification. The total flow from both DMAs to
the CPC was 1.4 lpm, almost 20% from DMA1 and the rest from DMA2.
DMA1 voltage (VDMA1) was cycled through two to three voltages from
experiment to experiment, which means two or three initial diameters were
sampled. DMA2 voltage (VDMA2) was a multiple of VDMA1 and was scanned
exponentially through a range of voltages during one sample period.
T

0$NO- = (Y> × 0$NO, ).;<  
Z

(2.8)

Here f0 was equal to 0.5 and τ was 90 seconds. If flows in both DMAs are equal
and particle size remains unchanged, then the peak of the size distribution would
occur when VDMA2 is equal to VDMA1. The full particle size distribution can be
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captured if we set the f0 value less than unity because monodisperse particles that
exit DMA1 have a narrow size range. The upper limit of voltage was set to about
2.5 to 3.5 times VDMA1. The range of the voltages applied was adequate to capture
the complete distribution of pure ammonium sulfate (AS) humidified from 80% to
90% RH. Figure 2.8 represents the voltage settings during three sample periods. To
determine the particle size distribution, DMA1 was set to scan mode (1 V–
10,000 V) while the second DMA was adjusted to VDMA2 = 0.

Figure 2.8: Voltages applied to first and second DMAs.

The aerosol sample flows into both DMAs were measured using the
pressure drop across laminar flow elements and monitored using Magnehilic
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gauges (Dwyer series 2000-0 C). The reading from the gauges for the sampled
aerosol flows in a typical sample day was fairly constant. The relative standard
deviation of fluctuation of sample flow was not more than 2%. Flows from both
DMAs to the CPC were more critical for HGF calculations, so they were measured
using laminar flow elements and monitored using a differential pressure transducer
(Omega transducer (model XP277)). Readings of sample flows from both DMAs
were recorded using the computer data acquisition system; the sample flow average
for a sample period was used for data processing. The sheath flow of both DMAs
was measured and monitored using mass flow controllers. The computer data
acquisition system was set to read and record the electrical signal from the mass
flow controller and convert it to the calibrated volume. The volumetric flows from
DMAs were used in calculating particle size. The temperature and pressure inside
the laboratory was well controlled, so calibration and sample flows were matched
fairly well from experiment to experiment. Because the HTDMA results involve a
comparison of particle size at both DMAs, any fluctuation due to use of a mass
flow controller at both DMAs would be similar, so its use didn’t affect the results.
The mass flow controllers were calibrated using a bubble flow meter (Gilian
Gilibrator) and were set to read the flow at the calibration conditions. Vaisala
Humitter 50Y sensors were used to monitor and record the temperature and RH of
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the sheath flows of both DMAs. The sensors were calibrated against an EG&G dew
point sensor (model 911 DEW-ALL) and were set to read and record at calibration
conditions.
In our smog chamber experiments the concentrations of aerosols for
HTDMA sampling remained relatively constant and generated fairly consistent
data, so there were no complications for data processing such as could occur during
ambient sampling.
2.7

Calibration and standardization of the HTDMA system
The performance of the HTDMA instrument can be verified using inorganic

salts. For this purpose experiments were run using various inorganic salts, and their
growth factors were measured at various RHs and compared with the calculated
growth factors. To perform tests with inorganic salts, solutions were prepared using
analytical grade reagents (around 99% purity) and deionized water. Particles were
atomized using single jet collision nebulizer [BGI, ] using pressurized air from a
pure air generator (AADCO-737-12). The particles were dried using a multi-tube
nafion dryer before they entered the first DMA. Dry monodisperse particles were
selected by the first DMA and equilibrated at a variable RH, and the resulting size
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distribution was measured by the second DMA. The variability of RH during one
sample period was 3% or less.
HTDMA measurements results are reported as a growth factor. The growth
factor [\ at a certain RH is defined as the ratio of the diameter of the humidified
particle, 1,

[\ =

T

, to that of the dry classified particle, 1,^_ .

$%,`W

(2.9)

$%,abc

The literature values of water activity and density of salt solutions [I. N.
Tang and Munkelwitz, 1994] were used to calculate the expected growth factor for
the inorganic salts used to test the HTDMA performance. The growth factor cubed
is proportional to the volume ratio of the humidified particle to the dry. The volume
of the particle can be calculated as mass divided by its density, so the growth factor
can be calculated as follows.
hij kabc

[\d!ef = g
h

abc kij

,/m

l

(2.10)

[\nopqr is the growth factor of pure inorganic salt, stqu is the density of the
dry particle, while ρsol is the density of the solution, and vtqu ⁄v'pw is the solute

55

mass fraction (vy ). s'pw for various water activities ( ) and mass fractions (vy )
was calculated using a polynomial relationship determined by Tang (1997)[I. N.
Tang, 1997] and Tang and Munkelwitz (1994)[I. N. Tang and Munkelwitz, 1994]:

sRez = 0.997 + ∑d 1d v}d

(2.11)

 = 1 − ∑d ~d v}d

(2.12)

The Köhler theory established the relationship of ambient RH with the HGF of a
spherical droplet as given in equation 2.13 [Seinfeld, J. H. and Pandis, S.N., 2006;
Rose et al., 2008; Mikhailov et al., 2009; S. Metzger et al., 2011] RH has a direct
relation with water activity and Kelvin curvature correction factor (5 ). The Kelvin
effect relates the equilibrium vapor pressure over the curved surface of an aqueous
droplet to the corresponding vapor pressure over the same solution with a flat
surface; the former is always larger. The relative vapor pressure increase over an
aqueous droplet of diameter D is given in equation 2.13[Gysel et al., 2002; Gysel et
al., 2004].

 = 

× 5 = 

N` ij

× .;< (

UHk` $

)

(2.13)
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Here  and s are the molar mass and density of water respectively, 'pw
is the surface tension of the solution, R is the ideal gas constant and T is the
temperature.
Thus using equations 2.9 through 2.13, expected growth factors were
calculated for various RHs. The deliquescence RH and crystallization RH can be
found from Tang (1997)[I. N. Tang, 1997] and Tang and Munkelwitz (1994) [I. N.
Tang and Munkelwitz, 1994], to which readers are directed for further detail of
how to calculate the growth curves of inorganic salts. Densities can be obtained
from CRC (2003) [CRC, 2003].
The growth factors were obtained from the HTDMA data using TDMA-Fit
[Stolzenberg, M.R. and McMurray, P.H., 1988]. Ammonium sulfate ((NH4)2SO4)
and Sodium chloride (NaCl) were used to evaluate the instrument performance;
good agreement with known curves was obtained, as shown in figures 2.9 and 2.10;
for NaCl, the dry particles were assumed to be cubic, so dynamic shape factor for a
cube (1.08) was used to correct the HGF result, where the expected growth factor
was reduced by the factor of 1.08.
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Figure 2.9: Comparison of measured growth factor of ammonium sulfate to the
calculated factor (based on Tang and Munkelwitz, 1994) [I. N. Tang and
Munkelwitz, 1994].

Figure 2.10: Comparison of measured growth factor of sodium chloride to the
calculated value (based on Tang and Munkelwitz, 1994) [I. N. Tang and
Munkelwitz, 1994]. The calculated growth factor was corrected for shape.

58

2.8

Scanning mobility particle sizer (SMPS)
A scanning mobility particle sizer (SMPS) is used to monitor the particle

size distribution during nucleation and polydisperse seeded experiments. The
instrument consists of a DMA (TSI model 3071); a CPC (TSI model 3010); and a
system for data acquisition, reading and recording.
The DMA structure and detailed working principle are discussed in section
2.1. In short, before entering the DMA, particles were charged in the SMPS using
85

Kr as a radioactive source. The polydisperse sample flow and sheath flow were

drawn into the system by a diaphragm pump (Model DOA-P104-AA). The
scanning voltage ranged from 10 to 10,000 V, which corresponds to a diameter
between 8 and 600 nm. The aerosol flow (& , i.e., 1.0 alpm) and sheath flow (&'( ,
i.e., 5.0 alpm) were balanced by sample flow (&' ) and excess flow (&)* )
respectively to achieve equilibrium in the system. Balanced input and output flows
provided optimum operating conditions for the SMPS and reliable data on particle
size changes during the experiments.
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The instrument was controlled by the programme written by Prof. Michael
Mozurkewich (Centre for Atmospheric Chemistry, York University) in software
Igor Pro. 6.0 WaveMatrics. The programme sends a signal to scan voltages on the
central rod of the DMA. It takes 5 minutes to complete one scan. First of all it scans
down exponentially from 10,000 to 10 V in 10 seconds, and then stays at 10 V for
10 seconds before it starts to scan exponentially up to 10,000 V within 4.5 minutes.
Between two consecutive scans it stays at 10,000 V for 10 seconds. During the
scanning process the CPC counts every 0.1 seconds to collect raw data. The raw
data were summed up after every 2 seconds and further converted to a frequency
reading for every 5 minutes’ scan. Frequency readings were converted to a mobility
distribution during data processing. To calculate the mobility distribution,
important corrections were applied to the SMPS data. The data were corrected for
the system time delay, particle counting efficiency of the CPC, charging efficiency
of the radioactive source and estimation of the number concentration with the
transfer function. The programme accounts for all necessary corrections before
recording and displaying the data for mobility distribution and particle size
distribution. Details of corrections are discussed in Chan’s thesis [2005] [T. W.
Chan, 2005].
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The mobility distribution on applying all applicable corrections is converted
to a particle size distribution and described as dN/dlnDp with 32 size bins. The total
number concentration of particles can be estimated by integrating the entire
measured size distribution. Figure 2.11 provides a typical particle size distribution
obtained during a sequential nucleation experiment. The SMPS data on particle size
distribution can be used to calculate mass per bin and overall mass of the particles
at a given diameter.

Figure 2.11: Typical particle size distributions measured by the DMA-CPC
system during a sequential nucleation experiment. Here hydrocarbons (isoprene,
β-pinene and ∆3carene) were sequentially introduced and oxidized to produce
pure organic particles in the chamber.
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2.9

Production of monodisperse seed aerosol
In our monodisperse seeded experiments, the oxidation products of selected

hydrocarbons were deposited on monodisperse seed aerosol to produce mixed
(AS/SOA) particles. The mixed particles (AS/SOA) were sampled to parameterize
the hygroscopicity of these particles. The volume fraction of inorganic and organic
material in the particle can be determined from the sampled particle size and initial
seed aerosol size. The determination was made to understand the relationship of
hygroscopicity with the composition of the particles.
To produce mixed (AS/SOA) particles, we first introduced monodisperse
seed aerosol in the clean, dry and particle-free chamber using the DMA, and then
selected hydrocarbons were oxidized to deposit oxidation products of hydrocarbons
on the surface of seed aerosols. To introduce a sufficient number of monodisperse
seed aerosol particles in an 8 m3 chamber was very challenging. The first limitation
or challenge was DMA sample input flow (1.0 alpm), which can’t be increased.
To introduce monodisperse seed aerosols initially we used a similar set-up
to that to generate polydisperse seed aerosol particles. To generate polydisperse
seed aerosols, the double jet atomizer (BGI, 2001) with 0.5% AS solution, 10 alpm
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(Aadco) air flows was used to atomize the seed aerosols. Primarily we used the
same parameters to generate seed aerosol as discussed above except for the Aadco
air flow. The Aadco air flow was reduced to 1.0 alpm to match the DMA input for
the sample flow. The effort to introduce adequate concentration of monodisperse
seed aerosol particles in the chamber to perform seeded experiments was
unsuccessful. Later we worked out that a 2.0% AS solution in a double jet atomizer
(BGI, 2001) [BGI, ] with 10 alpm clean (Aadco) air flow can produce a sufficient
concentration of seed aerosol. Due to the limitations of the DMA intake of the
sample flow, 9.0 alpm was bypassed and 1.0 alpm was directed toward the DMA.
The monodisperse seed aerosols were selected by applying a fixed voltage on the
DMA. Before entering the chamber, the selected monodisperse seed aerosols were
neutralized using a

210

Po neutralizer. The neutralization was necessary to prevent

them from being lost on the teflon surface of the chamber because its surface can
quickly absorb charged particles. For the above-explained reason, stainless steel
tubing was used for the transportation of seed aerosols to the DMA and from the
DMA to the chamber.
The detailed layout of monodisperse seeded experiments is given in Figure
2.12. The double jet atomizer produces small droplets, the major portion of which
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impacted on the internal wall of its container and washed back to the solution,
leaving only less than 1% to survive out of the container with the air flow [May,
1973]. The particles generated by the process were dried using a silica drier before
they were passed through a

210

Po source for charging. The charged particles enter

the DMA, which selects narrow quasi-monodisperse seed particles. The selected
monodisperse seed particles were neutralized before entering the chamber. The
process of filling the chamber with monodisperse seed aerosol particles takes
almost 2.5 hours.
The set up used to select narrow size range of monodisperse seed aerosols.
The median diameter of the monodisperse seed aerosols was 100 nm. HTDMA was
used to measure size distribution because SMPS was not available. A Typical
particle size distribution of monodisperse seed aerosols introduced in the chamber
is given figure 2.13.
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Figure 2.12: Schematic of sorting of monodisperse seed aerosol (via DMA) to fill
the chamber to perform monodisperse seeded experiments. The collision
nebulizer is modified from that in the BGI manual 2001
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Figure 2.13: A Typical particle size distribution of monodisperse seed aerosols
introduced in the chamber measured using HTDMA. Y-axis labeled with
frequency because SMPS was not available for size distribution measurements.

2.10 The smog chamber
The York University Smog Chamber was used to perform the experiments.
The chamber consists of a tube of teflon film mounted between teflon coated end
plates, with a volume of 8 m3. Between experiments, the chamber was flushed with
dry, clean, particle-free air from an AADCO 737 Pure Air Generator. The air was
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not humidified, so the RH was less than 5%. The chamber is surrounded by twelve
UV lamps (Philips F40 BL, 40 Watt) used to initiate photochemical reactions; it is
enclosed so that when the lights are off, no photochemistry occurs. Temperature
and RH were measured and monitored using an Omegaette HH311 humidity
temperature meter. All the reactants were introduced and sampled through the inlet
and outlet openings at the end plates of the cylindrical chamber on either side.
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3
3.1

Fully Organic Particles
General Overview of Nucleation Experiments
The main purpose of nucleation experiments was to produce pure organic

particles rather than to study nucleation. Nucleation experiments are categorized
into three main groups: simple, mixed and sequential. In simple nucleation
experiments an individual hydrocarbon (isoprene, β-pinene, limonene, ∆3carene or
α-pinene) is oxidized, while several combinations of these hydrocarbons were used
to produce SOA in the mixed and sequential nucleation experiments. Two or three
hydrocarbons are oxidized either at the same time or sequentially to produce SOA
in mixed hydrocarbon or sequential nucleation experiments respectively.
All of our experiments were performed in a dry, clean (i.e., particle-free)
chamber, so the resulting aerosols produced by nucleation were purely organic. To
perform nucleation experiments, measured volumes of selected hydrocarbons,
isopropyl nitrite (IPN) and nitric oxide (NO) were introduced into the chamber. The
hydrocarbons and reactants were given sufficient time for mixing and evaporation
before photooxidation was initiated by turning on UV light. IPN photooxidation in
the presence of NO produced OH radicals, which oxidize the hydrocarbons. To
ensure that hydrocarbon photooxidation was governed solely by OH radicals, an

68

excess of NO was introduced to scavenge any ozone produced during the
photooxidation of hydrocarbons.
The main challenge in performing nucleation experiments successfully was
to keep particle sizes within the HTDMA sampling range. In this regard, the simple
and mixed hydrocarbon nucleation experiments were easier than the sequential
nucleation experiments.
To overcome the challenge, rapid oxidation that consumes all of the
hydrocarbon was performed. For this, a high concentration of OH radicals was
needed, so IPN was introduced at five to ten times the hydrocarbon mixing ratio.
The rapid oxidation of the hydrocarbons produced a high concentration of lowvolatility oxidation products in a short span of time. The low-volatility oxidation
products saturated quickly and partitioned from the gas phase (nucleated) to
produce SOA, with limited condensational growth due to limited supply of the
oxidation products. The limited supply of the products was controlled using brief
UV exposures and hydrocarbon at the threshold concentration, which is the
minimum amount needed to produce SOA on oxidation.
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The HTDMA was set to sample two or three sizes from across the particle
size distribution. Sampling of particles was done mostly while the chamber was
dark, except for some experiments where UV was kept on. Further, relative
humidity (RH) was cycled by the HTDMA to capture water uptake properties of
aerosols; a full cycle took 2.5 hours. The RH was cycled one to three times at each
stage, sometimes with additional periods of UV illumination between the cycles.
This was done to investigate whether aging or oxidation of the particles altered the
aerosol’s hygroscopic properties. The particle size distributions remained nearly
constant during the dark portions of the experiments except for a slow
concentration decrease due to dilution, coagulation and wall loss.
Table 3.1 provides an overview of the experiments combinations in each
category of nucleation experiments.
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Table 3.1: Overview of hydrocarbons used in nucleation experiments.
Hydrocarbon-I
β-pinene
α-pinene
∆3carene
Limonene
Isoprene
β-pinene
α-pinene
β-pinene
Isoprene
Isoprene
Isoprene

3.1.1

Hydrocarbon-II
Limonene
β-pinene
∆3carene
β-pinene
∆3carene
β-pinene

Hydrocarbon-III
∆3carene
β-pinene
∆3carene

Comments
Simple
Simple
Simple
Simple
Simple
Mixed HC
Mixed HC
Sequential
Sequential
Sequential
Sequential

Hygroscopic growth factor of pure organic material

A humidogram of the pure organic aerosols was used to parameterize the
hygroscopic growth factor (HGF). A two-parameter function to describe the HGF
of pure organic aerosols was developed and this derivation follows Aklilu and
Mozurkewich [Y. Aklilu and Mozurkewich, 2004]. The humidified particle volume was

determined on the basis of partial molar volumes [Atkins, 1994] assuming additive
volumes as given in equation 3.1.
$%`W
A

= R 0R +  0

(3.1)
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Here 1`W is wet diameter of the particle, 0R and 0 are molar volume of solute and
water, and R and  are the number of moles of solute and water respectively.
The dry particle volume is
$%abc
A

= R 0R

(3.2)

and 1abc is dry diameter of the particle. Assuming that molar volumes of the
solute remain the same in dry and humidified particles, the HGF of the particles is
as follows in equation 3.3:

[\ef

$%`W
$%abc

=

!  J !` ` ,/m
! 



(3.3)

Simplified, this yields equation 3.4,

[\ef

$%`W
$%abc

= 1+(

!` `
!X 

,/m

)

(3.4)

The ratio of solute to solvent is related to the  by the osmotic coefficient
[Mortimer, 2000],

− ( ) =

d ∅ !
!`

(3.5)
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Here  is the van’t Hoff factor, which for nonionizing solute is unity, and ∅ is the
osmotic coefficient. The ratio of solvent to solute in equation 3.4 is replaced using
equation 3.5, yielding equation 3.6:

[\ef

$%`W
$%abc

The term

d∅`


= 1−(

d∅`

 z!(S`

,/m

)
)

= 1−(



z!(S`

,/m

)
)

(3.6)

is equated to the fitted parameter . We also assumed that the

components that make up the fitted parameter are constant and are independent of
the composition of the solution. The variation in components that make up the
fitted parameter may have a second-order effect in determining the change in size
of the particle. If the osmotic coefficient and solute-to-water density ratio

d∅k
k`

are

near unity then the hygroscopicity parameter should be comparable to the ratio of
the molar volume of water to the molar volume of the solute; it might be much
smaller than that ratio if a significant portion of the organic material does not
dissolve.
Equation 3.6, given by Aklilu and Mozurkewich [Y. Aklilu and Mozurkewich,
2004] was modified to equation 3.7 (which was used to parameterize the HGF):
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[\ef =  ∗ 1 − (



z!(S`

,/m

)
)

(3.7)

Here  allows for the offset between the two DMAs (section 2.2). The offset
parameter  was not directly applied to the data however it was included in the fits.
Equation 3.7 is similar to the expression used by Petters and Kreidenweis [Koehler
et al., 2006; Petters and Kreidenweis, 2007] and becomes identical to it at RH near
100%. The difference is that the equation of Petters and Kreidenweis uses dilute
solution standard states while equation 3.7 uses pure liquid standard states. As a
result, equation 3.7 gives good fits to empirical data over a wider range of RH; this
gives values of b that are somewhat smaller than the κ values of Petters and
Kreidenweis.
3.2

Simple Nucleation Experiments

In these experiments only single hydrocarbon is oxidized.
3.2.1

β-pinene Nucleation Experiments

Table 3.2 summarizes the experimental conditions for the β-pinene
nucleation experiments. The UV durations given in table 3.2 were for exposures
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prior to each scan except for the second scan in experiments 8 and 9, during which
the UV was left on.
Table 3.2: Experimental conditions of β-pinene nucleation experiments.
Experiment
number
1
2
3
4
5
6
7
8
9
10
11

β-pinene

IPN

(ppbv)

(ppbv)

160
160
160
160
160
240
240
64
64
32
32

458
458
458
458
458
458
458
436
220
1100
1100

No. of
Scans
1
1
1
2
3
3
3
2
2
1
3

UV Duration
(minutes)
10
10
9
15, 0
15, 13, 0
10, 0, 0
8, 5, 0
9, continuous
9, continuous
9
4, 0, 0

Figure 3.1 shows a typical particle size distribution obtained in a β-pinene
nucleation experiment. The distributions remained nearly constant during dark
portions of the experiment except for slow concentration decreases due to dilution
and wall loss. The HTDMA was set to sample three sizes from across the
distribution.
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Figure 3.1: Particle size distribution of a typical β-pinene simple nucleation
experiment. The particle sizes sampled by the HTDMA are indicated.
Figure 3.2 shows the humidogram of the sampled particles during a
nucleation experiment. All dry sizes behaved on the same qualitative manner. The
particles were found to be slightly hygroscopic and picked up water smoothly, with
no indication of deliquescence, as RH increased from 20% to 90%. This suggests
that no phase transition is needed to allow for water uptake; in other words, it
suggests that a significant portion of the organic material is either liquid or an
amorphous solid [Mikhailov et al., 2009] even at the very low RH inside the
chamber.
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Figure 3.2: Humidograms of 174 nm dry diameter particles for the same
nucleation experiment as in Figure 1. Results are shown for three successive
humidity scans. The solid lines (red, green and purple) are fitted (for scan-I, -II
and -III respectively) to the data using equation 3.7.
Equation 3.7 was used to fit (non-weighted) the humidograms. Each
experiment yielded multiple humidograms, since one to three scans were taken at
each of several particle sizes; a total of 69 humidograms were collected and
analyzed.
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Table 3.3: Results of humidogram fits for the particles produced by oxidation of β-pinene.
When multiple scans were done, the offset parameter, g, was the same for all scans.
Dry Diameter
Experiment 1
72 nm
114 nm
179 nm
201 nm
Experiment 2
146 nm
240 nm
188 nm
215 nm
240 nm
Experiment 3
188 nm
214 nm
240 nm
Experiment 4
188 nm
215 nm
240 nm
Experiment 5
218 nm
215 nm
218 nm
Experiment 6
188 nm
215 nm
240 nm
Experiment 7
188 nm
215 nm
240 nm
Experiment 8
188 nm
215 nm
240 nm
Experiment 9
188 nm
215 nm
240 nm
Experiment 10
114 nm
160 nm
240 nm
Experiment 11
114 nm
174 nm
227 nm

b Scan-I

b Scan-II

b Scan-III

0.0215 ± 0.0027
0.0172 ± 0.0009
0.0237 ± 0.0012
0.0230 ± 0.0006

-

-

1.005 ± 0.0024
1.005 ± 0.0010
0.995 ± 0.0010
1.001 ± 0.0005

0.0108 ± 0.0002
0.0125 ± 0.0005
0.0112 ± 0.0004
0.0109 ± 0.0005
0.0107 ± 0.0005

-

-

0.998 ± 0.0002
1.008 ± 0.0003
1.001 ± 0.0003
1.011 ± 0.0004
1.012 ± 0.0003

0.0223 ± 0.0005
0.0258 ± 0.0006
0.0260 ± 0.0005

-

-

0.998 ± 0.0006
1.011 ± 0.0005
1.014 ± 0.0005

0.0092 ± 0.0003
0.0093 ± 0.0002
0.0091 ± 0.0002

0.0098 ± 0.0004
0.0101 ± 0.0002
0.0104 ± 0.0004

-

0.978 ± 0.0003
0.989 ± 0.0002
0.986 ± 0.0002

0.0116 ± 0.0003
0.0115 ± 0.0003
0.0118 ± 0.0005

0.0107 ± 0.0002
0.0110 ± 0.0002
0.0109 ± 0.0003

0.0157 ± 0.0009
0.0143 ± 0.0010
0.0166 ± 0.0012

0.983 ± 0.0002
0.989 ± 0.0002
0.992 ± 0.0002

0.0133 ± 0.0005
0.0127 ± 0.0005
0.0134 ± 0.0005

0.0083 ± 0.0002
0.0093 ± 0.0001
0.0092 ± 0.0002

0.0102 ± 0.0003
0.0105 ± 0.0002
0.0110 ± 0.0005

0.971 ± 0.0003
0.973 ± 0.0006
0.974 ± 0.0004

0.0218 ± 0.0005
0.0206 ± 0.0008
0.0221 ± 0.0005

0.0113 ± 0.0002
0.0127 ± 0.0003
0.0121 ± 0.0002

0.0120 ± 0.0002
0.0119 ± 0.0003
0.0119 ± 0.0002

0.963 ± 0.0003
0.973 ± 0.0004
0.976 ± 0.0006

0.0100 ± 0.0002
0.0110 ± 0.0003
0.0120 ± 0.0003

0.0100 ± 0.0004
0.0100 ± 0.0003
0.0100 ± 0.0003

-

0.970 ± 0.0003
0.980 ± 0.0004
0.980 ± 0.0002

0.0200 ± 0.0006
0.0200 ± 0.0005
0.0210 ± 0.0009

0.0200 ± 0.0007
0.0190 ± 0.0006
0.0200 ± 0.0006

-

0.970 ± 0.0003
0.980 ± 0.0004
0.970 ± 0.0002

0.0220 ± 0.0003
0.0230 ± 0.0003
0.0250 ± 0.0004

-

-

0.970 ± 0.0003
0.960 ± 0.0003
0.980 ± 0.0003

0.0224 ± 0.0003
0.0236 ± 0.0001
0.0252 ± 0.0004

0.0177 ± 0.0003
0.0198 ± 0.0002
0.0220 ± 0.0003

0.0210 ± 0.0007
0.0218 ± 0.0009
0.0236 ± 0.0008

0.968 ± 0.0003
0.964 ± 0.0003
0.972 ± 0.0005

g
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The error estimates for individual values of b are based on the scatter about
the fitted lines; these estimates were much smaller than the scatter between among
values of b from a different humidogram. Otherwise, these experiments gave
consistent results, with an average hygroscopicity parameter (± one standard error)
of 0.0154 ± 0.0014 for β-pinene. Here the uncertainty is twice the standard error
based on the scatter between the humidogram. Particle aging, with or without
additional illumination, did not affect hygroscopicity.
The hygroscopicity parameter, b, can be used to estimate the molecular
weight of the organic molecules in the particle phase if it is assumed that all the
organic material is in the liquid phase and that activity coefficients are of the order
of unity. For an ideal solution, b equals the molar volume ratio of water to solute; if
the organic material has a density of 1.2 g cm−3 [Kostenidou et al., 2007], this
implies a molecular weight of about 1400 for β-pinene oxidation products. The
estimation of large molecular weight may be due to formation of dimers, trimers,
oligomers or polymers that is close to the findings of Kalberer [Kalberer et al.,
2004; Kalberer et al., 2006; Reinhardt et al., 2007] . The other reason of large
estimation of molecular weight might be due to a large portion of the organic
material being in the solid phase (amorphous, semisolid, crystalline, rubber or
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glass) [Angell, 1995; Zobrist et al., 2008; Mikhailov et al., 2009; Virtanen et al.,
2010; Bones et al., 2012].
We observed a sampling artifact in the dry particle size that was described
by the offset parameter, g, in equation 3.7. The dry diameter measured by the
second DMA was typically offset by 1% to 3% from that selected by the first
DMA. This offset was in the direction of the mode maximum and was likely due to
the slope of the size distribution biasing the selected size.
3.2.2

∆3carene Nucleation Experiments

The procedure of performing ∆3carene nucleation experiments was the
same as for β-pinene nucleation experiments, and conditions for the experiments
are summarized in table 3.4. Briefly, the IPN mixing ratio was kept almost five to
ten times higher than the ∆3carene mixing ratio. In experiments 1 and 2, UV
exposures were kept brief while experiments 3 and 4 used continuous UV exposure
during their second stage.
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Table 3.4: Overview of ∆3carene simple nucleation experiments.
Experiment
number
1
2
3
4

∆3carene
(ppbv)
178
266
178
142

IPN
(ppbv)
1840
1226
1595
1595

No. of
Scans
2
2
3
4

UV Duration
(minutes)
20
17
22, continuous
25, continuous

Figure 3.3 shows the particle size distribution of experiment 3, a nucleation
experiment using ∆3carene as precursor. Here red and dotted blue lines indicate the
particle size distribution after first and continuous UV exposure, respectively. The
particle size distribution stayed nearly constant during the dark portion of the
experiments except for minor changes due to wall loss and dilution. During the
continuous, second UV exposure, particles were grown to bigger sizes due either to
further partitioning of oxidation products of unconsumed ∆3carene from the gas
phase to the particle phase or due to the secondary reactions in the gas phase.
Figure 3.4 shows the time series of the volume changes after first and continuous
UV exposure. First UV exposure was given at 10:58 am and it was around 22
minutes and continuous UV exposure was given at 3:14 pm. The figure shows
increase in volume of particulate matter at each UV exposure. Particulate matter
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volume increase points toward the photoxidation of unreacted ∆3carene.

Three

sampled particle sizes are indicated across the distribution.

Figure 3.3: Particle size distributions in experiment 3, a ∆3carene simple
nucleation experiment. The red line represents particle size distribution after the
first UV exposure; the blue line, during the second, continuous UV exposure.
The particle sizes sampled by the HTDMA are indicated at both stages of the
experiment.

Figure 3.4: Time series of organic particulate matter volume changes in
experiment 3. The vertical black solid lines represent time of UV initiation and
dotted black vertical lines indicate the time when UV was turned off.
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Figure 3.5: Humidogram of 160 nm dry diameter particles for the same
nucleation experiment 3 as in Figure 3.3. Results are shown for three successive
humidity scans at two stages of the experiment. The data solid lines (red, cyan
and maroon) are fitted (scan-I, II and -III respectively) to the data using
equation 3.7.

Figure 3.5 shows the humidograms from experiment 3. The first two
humidogram scans were taken during the dark phase in the chamber after the first
UV exposure. The third humidogram scan was taken during continuous UV
exposure. The humidograms showed an offset between the two DMAs, an offset
resulting in HGFs less than unity at lower RH. Only the first of the humidograms
scan showed shrinking behavior in diameter until RH reached 60%. At higher RH,
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particles started picking up water smoothly without any indication of
deliquescence. The shrinking behavior of the particles may be due to
rearrangements of the oxidation products [N. K. Meyer, Duplissy, Gysel, Metzger,
Dommen, Weingartner, Alfarra, Prevot, Fletcher, Good, McFiggans, Jonsson et al.,
2009b; Tritscher et al., 2011], to compaction of void volume in the particle, or to
oligomerization.
The fitted results are presented in table 3.5. Experimental results were fitted
using equation 3.7.
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Table 3.5: Result of humidogram fits (non-weighted) for the particles produced by
oxidation of ∆3carene. When multiple scans were done, the offset parameter, g, was
the same in experiment 1 and 2 for all scans however in experiment 3 and 4 it
slightly changed with the slope of the particle size distribution biasing selected size.
Dry Diameter

b Scan-I

b Scan-II

b Scan-III

b Scan-IV

g

220 nm

0.0011 ± 0.0003

0.0027 ± 0.0005

-

-

1.02 ± 0.0004

227 nm

0.0011 ± 0.0002

0.0025 ± 0.0004

-

-

1.02 ± 0.0004

240 nm

0.0018 ± 0.0003

0.0026 ± 0.0004

-

-

1.02 ± 0.0004

227 nm

0.0015 ± 0.0003

0.0017 ± 0.0002

-

-

0.99 ± 0.0002

240 nm

0.0015 ± 0.0002

0.0016 ± 0.0002

-

-

0.99 ± 0.0002

130 nm

0.0022 ± 0.0002

0.0031 ± 0.0002

0.0042 ± 0.0003

-

0.99 ± 0.0002

160 nm

0.0022 ± 0.0002

0.0032 ± 0.0003

0.0047 ± 0.0004

-

0.99 ± 0.0003

180 nm

0.0022 ± 0.0002

0.0035 ± 0.0002

0.0045 ± 0.0004

-

0.98 ± 0.0004

160 nm

0.0042 ± 0.0002

0.0047 ± 0.0003

0.0084 ± 0.0003

0.0091 ± 0.0003

0.98 ± 0.0003

180 nm

0.0043 ± 0.0002

0.0046 ± 0.0003

0.0087 ± 0.0003

0.0101 ± 0.0005

0.98 ± 0.0003

180 nm

0.0048 ± 0.0002

0.0047 ± 0.0003

0.0084 ± 0.0004

0.0095 ± 0.0004

0.99 ± 0.0004

Experiment 1

Experiment 2

Experiment 3*

Experiment 4*

*The data of scans III and IV was collected during additional UV exposure. The
fitted results of humidograms show that particles hygroscopicity slightly increased.
Our experimental fit (non-weighted) results showed that the particles were
slightly hygroscopic. ∆3carene oxidation products may be composed of two phases,
liquid and solid-like similar as β-pinene SOA. Most likely the liquid phase interacts
with water, resulting in slightly hygroscopic behavior of the particles. The pure
organic aerosols show a slight increase in their hygroscopicity during continuous
UV exposure as in experiments 3 and 4. The aerosols may further oxidize during
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extended and continuous UV exposure. Oxidation at the particle level may enhance
the uptake of water.
As in the case of β-pinene, each experiment gave multiple humidograms
since several scans were taken at each of several particle sizes. The fitted results
gave an average of all b values (± one standard error) of 0.0042 ± 0.0005 for
∆3carene.
Molecular weight was estimated by using hygroscopicity parameter as
discussed in section 3.2.1. The estimated molecular weight of ∆3carene oxidation
products was 5000. As with β-pinene, the estimate was large, this suggested that a
large portion of the organic material was in the solid and hydrophobic phase. The
solid and hydrophobic phase may contain sticky, rubbery, plastic, gelatinous and
gooey material. The physical character of the particles would make them very
resistive toward uptake of water. This would lead to low hygroscopicity parameter
and a high approximation of the molecular weight. The additional UV exposure
increased the water uptake capabilities of the particles. Oxidation at particle level
might be the reason behind improved hygroscopic behavior as in experiment 3 and
4.
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3.2.3

α-pinene Nucleation Experiments

Table 3.6

summarizes

experimental conditions for

the

α-pinene

experiments. These experiments were also performed in a clean, dry and particlefree chamber. The procedure for generating aerosols was the same as discussed in
section 3.2.1.
Table 3.6: Overview of α-pinene nucleation experiments.
Experiment
number
1
2
3
4

α-pinene
(ppbv)
130
120
120
120

IPN
(ppbv)
1227
859
613
490

No. of
Scans
2
3
2
2

UV Duration
(minutes)
7
8
6
6

Figure 3.6 shows a typical particle size distribution obtained by
photooxidation of α-pinene. UV exposures were kept brief during these
experiments to keep particle size distribution within the HTDMA sampling range.
During the dark portion of all experiments, the particle size distribution remained
constant except for wall loss and dilution. In α-pinene nucleation experiments we
couldn’t study the effect of extended or additional UV exposures on particle
hygroscopicity because of difficulty in keeping particle sizes within the HTDMA
sampling range.
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Figure 3.6: Particle size distributions in a typical α-pinene simple nucleation
experiment 1. UV was turned off after particle formation. The two particle sizes
were sampled by the HTDMA while the chamber was dark.
Figure 3.7 shows typical humidograms of oxidation products of α-pinene.
Experimental results were fitted (non-weighted) using equation 3.7.

Figure 3.7: Humidogram of 227 nm dry diameter particles for the same
nucleation experiment as in Figure 3.5. Results are shown for humidity scans.
The solid lines (red and blue) are fitted (scan-I and II respectively) to the data
using equation 3.7.
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Table 3.7 summarizes these fit results.
Table 3.7: Result of humidogram fits for the particles produced by oxidation of
α pinene. When multiple scans were done, the offset parameter, g, was the
same for all scans.
g
Dry Diameter
b Scan-I
b Scan-II
b Scan-III
Experiment 1
227 nm
240 nm
Experiment 2
227 nm
240 nm
Experiment 3
227 nm
240 nm
Experiment 4
227 nm
240 nm

0.0018 ± 0.0003
0.0017 ± 0.0003

0.0019 ± 0.0003
0.0018 ± 0.0003

-

0.98 ± 0.0003
0.98 ± 0.0004

0.0038 ± 0.0005
0.0039 ± 0.0004

0.0039 ± 0.0003
0.0038 ± 0.0003

0.0038 ± 0.0005
0.0038 ± 0.0004

0.98 ± 0.0005
0.98 ± 0.0004

0.0031 ± 0.0003
0.0031 ± 0.0002

0.0032 ± 0.0002
0.0032 ± 0.0003

-

0.98 ± 0.0004
0.98 ± 0.0004

0.0041 ± 0.0003
0.0043 ± 0.0003

0.0042 ± 0.0002
0.0041 ± 0.0003

-

0.95 ± 0.0003
0.95 ± 0.0003

The fitted gave an average hygroscopicity parameter (± one standard error)
of 0.0031 ± 0.0002 for α-pinene. The estimated molecular weight (section 3.2.1) of
α-pinene oxidation products was around 7000. The large estimation of molecular
weight might be due to the same reasons discussed in section 3.2.1. The
hygroscopicity parameter was consistent within an experiment; however, it showed
some inconsistencies in consecutive experiments as given in table 3.7.
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Hygroscopicity parameters show that α-pinene SOA was slightly
hygroscopic. Aging did not alter the water interaction of the particles as shown by
the fit results in table 3.7.
3.2.4

Limonene Nucleation Experiments

The procedure for generating pure organic aerosol during limonene
nucleation experiments was same as discussed earlier section 3.2.1; Table 3.8
summarizes reactant concentrations and duration of UV spans in these experiments.
Table 3.8: Overview of limonene nucleation experiments.
Experiment
number
1
2
3

Limonene
(ppbv)
186
167
167

IPN
(ppbv)
1840
1840
1840

No. of
Scans
1
2
2

UV Duration
(minutes)
6
6
6

Figure 3.8 shows RH dependence of pure organic aerosols generated in
limonene nucleation experiments. To parameterize the HGF of the particles
experimental results were fitted (non-weighted) using an empirical equation 3.7.
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Figure 3.8: Humidogram of 253 nm dry diameter particles for the simple
nucleation experiment 3. The data solid lines (green and red) are fitted (scan-I
and II respectively) to the data using equation 3.7.
Table 3.9 summarizes these fit results.

Table 3.9: Result of humidogram fits for the particles produced by oxidation of
limonene. When two scans were done for each sampled particle size except
experiment 1, the offset parameter, g, was the same for all scans.
Dry Diameter
Experiment 1
253 nm
277 nm
Experiment 2
265 nm
277 nm
Experiment 3
253 nm
277 nm

b Scan-I

b Scan-II

g

0.0071 ± 0.0004
0.0068 ± 0.0003

-

0.97 ± 0.0005
0.96 ± 0.0005

0.0079 ± 0.0004
0.0078 ± 0.0004

0.0075 ± 0.0003
0.0072 ± 0.0003

0.97 ± 0.0005
0.97 ± 0.0004

0.0081 ± 0.0005
0.0082 ± 0.0004

0.0082 ± 0.0003
0.0083 ± 0.0004

0.97 ± 0.0004
0.97 ± 0.0004
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The fitted results gave an average hygroscopicity parameter (± one standard
error) of 0.0077 ± 0.0002 for limonene SOA. We found the limonene SOA are 50%
less hygroscopic than the SOA of β-pinene, almost 80% and 150% more
hygroscopic than the ∆3carene and α-pinene SOA respectively. We also found that
aging didn’t alter the hygroscopicity of the particles.
The average hygroscopicity parameter, b, was used to estimate the
molecular weight of the organic molecules in the particle phase, as discussed in
section 3.2.1. The estimated molecular weight of limonene oxidation products was
around 2800. The reason for a high approximation of molecular weight and a low
hygroscopicity parameter was most likely the same as discussed earlier in section
3.2.1.
3.2.5

Isoprene Nucleation Experiments

Concentrations of reactants and UV duration used in producing isoprene
SOA are given in Table 3.10. We used similar reactants concentration except in
experiment 2, here it was 50% more compared to experiment 1 and 3. To produce
SOA, UV duration was intentionally varied to investigate its effect on the
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hygroscopic behavior of the particles. The SOA were produced to quantify RH
dependence of isoprene oxidation products.
Table 3.10: Overview of isoprene nucleation experiments.
Experiment
number
1
2
3

Isoprene
(ppbv)
210
315
210

IPN
(ppbv)
613
920
613

No. of
Scans
2
1
4

UV Duration
(minutes)
40
23
90

The procedure for isoprene nucleation experiments was the same as
discussed in section 3.2.1; however, we faced some additional challenges. The
main challenge was that the volatility of isoprene made it very problematic to
introduce the exact amount of isoprene into the chamber. To introduce a threshold
concentration of isoprene added an additional level of difficulty because it
evaporates quickly from the tip of the syringe. If the mixing ratio of isoprene is
below the threshold concentration, the substance doesn’t generate particles on
oxidation. Introducing an exact amount of isoprene is necessary to generate pure
organic aerosol by photooxidation. The isoprene container and syringe should be
refrigerated and handled in an insulated container to avoid direct hand contact with
the bottle during filling of the syringe. Direct hand contact may warm the bottle,
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resulting in evaporation of isoprene. As a precautionary measure, a proper mask
and gloves should be worn to avoid excessive inhalation and absorption through the
skin during handling of isoprene. After the syringe is filled, it should immediately
be injected in the chamber to avoid loss due to evaporation.
Figure 3.9 shows a particle size distribution of experiment 3, a nucleation
experiment using isoprene as precursor. In this experiment UV was exposed for 90
minutes so photochemical reactions continued and caused condensation growth as
shown in figure 3.9 until all of the isoprene was consumed. The isoprene SOA
slowly kept growing to bigger sizes due to coagulation even in the dark period of
the experiment. The concentration of particulate matter slowly decreased because
of wall loss, coagulation and dilution. Two sampled particle sizes are indicated
across the distribution.
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Figure 3.9*: Particles size distributions for experiment 3. The two particle sizes
sampled by the HTDMA are indicated. The concentrations of reactants and the
UV duration are given in table 3.10. Blue dashed lines indicate particle size
distribution at the beginning of the experiment, while black solid lines indicate
particle size distribution at the end of the experiment. The reactants were exposed
to UV for an extended time. *HTDMA was used to determine particle size
distribution due to unavailability of SMPS so y-axis in the graph is labeled with
“Frequency” instead of “dN/dlnDp” (gives concentration in each size bins on
using SMPS).
Figure 3.10 shows the humidogram of oxidation products of isoprene. The
humidograms initially didn’t show a positive or negative effect on particle HGF
when RH was increased; however, the HGF started to shrink gradually around 30%
RH. The particles started to pick up water as they approached 40% RH and, as
happens with known pure organic particles, smoothly kept picking up water
without any deliquescence behavior [Bahreini et al., 2005; Varutbangkul et al.,
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2006]. Humidograms obtained from isoprene nucleation experiments were fitted
(non-weighted) with an empirical equation 3.7 to parameterize the hygroscopicity
of these particles. We fitted these humidograms above 40% RH because after this
RH point the particles pick up water smoothly.

Figure 3.10: Humidogram of 43 nm dry diameter particles for experiment 3, the
same nucleation experiment as in Figure 3.8. The data solid lines (red, blue,
brown and green) are fitted (scan-I, II, III and IV respectively) to the data
using equation 3.7.
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Fitted results are summarized in Table 3.11.
Table 3.11: Fitted result of humidogram for the particles produced by the oxidation
of isoprene. The offset parameter, g, was in the direction of the mode maximum
and was likely due to the slope of the size distribution biasing the selected size and
remained consistent for multiple scans during each experiment for the same
sampled particle size.
Dry Diameter
Experiment 1
40 nm
52 nm
72 nm
96.4 nm
Experiment 2
58 nm
72 nm
96 nm
130 nm
Experiment 3
32 nm
43 nm

b Scan-I

b Scan-II

b Scan-III

b Scan-IV

g

0.0409 ± 0.0002

-

-

-

0.98 ± 0.0002

0.0358 ± 0.0004

-

-

-

0.99 ± 0.0009

0.0438 ± 0.0009

0.0358 ± 0.0004

-

-

0.97 ± 0.0004

0.0436 ± 0.0011

0.0349 ± 0.0003

-

-

0.95 ± 0.0011

0.0329 ± 0.0006

-

-

-

0.99 ± 0.0005

0.0341 ± 0.0007

-

-

-

0.96 ± 0.0004

0.0344 ± 0.0003

-

-

-

0.95 ± 0.0005

0.0338 ± 0.0006

-

-

-

0.93 ± 0.0005

0.0441 ± 0.0018

0.0446 ± 0.0022

0.0445 ± 0.0010

0.0468 ± 0.0017

0.98 ± 0.0012

0.0411 ± 0.0016

0.0421 ± 0.0012

0.0429 ± 0.0023

0.0458 ± 0.0045

0.94 ± 0.0007

The fitted results gave an averaged hygroscopicity parameter (± one
standard error) of 0.0401±0.0011. We compared the hygroscopicity parameter of
oxidation products of isoprene to those of terpenes. We found that isoprene SOA
were 60% more hygroscopic than β-pinene and almost up to 90% more than those
of the limonene, ∆3carene and α-pinene SOA. Particle aging did not affect water
uptake by these particles.
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The molecular weight of the isoprene oxidation products estimated on the
basis of its hygroscopicity parameter, b, as discussed in section 3.2.1. The
estimated molecular weight is almost 600. The large prediction of molecular weight
suggests that a) particles (organic material) may be composed of solid and liquid
portions and that only the liquid phase was responsible for the interaction with
water, or b) there may be an activity coefficient different from unity. Here
polymerization is not out of the question and may be the second reason for a high
estimate of molecular weight.
3.3

Three-component (Mixed Hydrocarbon) Nucleation Experiments
Table 3.12 summarizes experimental conditions for mixed nucleation

experiments.
Table 3.12: Overview of mixed hydrocarbon nucleation experiments.
Experiment
Number

α-pinene
(ppbv)

β-pinene
(ppbv)

∆3carene
(ppbv)

IPN
(ppmv)

No. of
Scans

UV Duration
(minutes)

1
2
3
4

78
78
39
37

53
53
27
55

48
48
23
34

9.8
9.8
4.9
7.4

1
2
2
3

5
5
6
6

The procedure for oxidation to produce SOA was similar to that discussed
in section 3.2.1 for β-pinene. The concentration of hydrocarbon and reactants was

98

comparable in experiments 1 and 2 and was reduced to half for experiment 3. In
experiment 4 the β-pinene concentration was almost doubled compared to that of
other hydrocarbons. This was done to find out if it makes any difference to the
hygroscopicity of the particles. In these experiments three selected hydrocarbons
were oxidized at the same time to produce SOA.

Figure 3.11 shows the humidograms of mixed hydrocarbon (α-pinene,
β-pinene and ∆3carene) oxidation products.

Figure 3.11: Humidogram of 252 nm dry diameter of the particles for experiment
4. The mixed hydrocarbons (α-pinene, β-pinene and ∆3carene) were oxidized to
produce pure organic SOA. Results are shown for three successive humidity
scans. The solid lines are fitted using equation 3.7.
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The first humidogram showed a size decrease on increasing RH that is
comparable to the humidogram of ∆3carene oxidation products as shown in figure
3.5. The humidograms of later scans did not show a particle size decrease on
increasing RH.
Table 3.13 summarizes the fitted (non-weighted) results of the humidogram
for the mixed hydrocarbon nucleation experiments.
Table 3.13: Result of humidogram fits for the particles produced by oxidation of
mixed hydrocarbons. When one to three scans were done for each sampled particle
size, the offset parameter, g, was the same for all scans.
Dry Diameter

b Scan-I

b Scan-II

b Scan-III

g

0.0013 ± 0.0003
0.0015 ± 0.0004

-

-

0.98 ± 0.0004
0.98 ± 0.0005

0.0008 ± 0.0002
0.0009 ± 0.0002

0.0008 ± 0.0002
0.0010 ± 0.0002

-

0.98 ± 0.0002
0.98 ± 0.0003

0.0015 ± 0.0003
0.0016 ± 0.0002

0.0009 ± 0.0005
0.0008 ± 0.0005

-

0.98 ± 0.0004
0.98 ± 0.0004

0.0019 ± 0.0002
0.0016 ± 0.0003

0.0016 ± 0.0002
0.0016 ± 0.0002

0.0011 ± 0.0002
0.0011 ± 0.0001

0.98 ± 0.0003
0.98 ± 0.0003

Experiment 1
227 nm
240 nm

Experiment 2
227 nm
240 nm

Experiment 3
227 nm
240 nm

Experiment 4
227 nm
240 nm

100

The humidograms collected for all the experiments were fitted using
equation 3.7 and gave a hygroscopicity parameter (± one standard error) of 0.0013
± 0.0004 for mixed SOA of α-pinene + β-pinene + ∆3carene oxidation products.
The results show that SOA are very slightly hygroscopic or almost nonhygroscopic.
We compared the hygroscopicity parameter of mixed (α-pinene + β-pinene
+ ∆3carene oxidation products) SOA with individual hydrocarbon (α-pinene, βpinene and ∆3carene) SOA and found that the mixed results don’t resemble any of
the individual SOA results. The individual hydrocarbon SOA gave a hygroscopicity
parameter (± one standard error) of 0.0031 ± 0.0002, 0.0154 ± 0.0014 and 0.0042 ±
0.0005 for α-pinene, β-pinene and ∆3carene respectively. The reason for the low or
almost non-hygroscopic behavior of mixed (org/org) SOA could be due to
polymerization, co-polymerization or generation of solid, plastic-like material
having minimal interaction with water. Aging didn’t improve the water interaction
of these SOA; however, in experiments 3 and 4 particle hygroscopicity shows a
decreasing trend that may be due to compaction with aging. The other possibility is
of cross-polymerization among the oxidation products of the mixed hydrocarbon.
The estimated molecular weight (calculation method discussed in section
3.2.1) of mixed SOA by using the hygroscopicity parameter is 15,000, which is
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very high and supports the view related to physical state of SOA in the particle as
discussed earlier.
3.4

Sequential Nucleation Experiments
3.4.1

Two-Component Sequential Nucleation Experiments

The two-component sequential nucleation experiments were those
experiments where we used β-pinene and ∆3carene sequentially to produce pure
secondary organic aerosols (SOA). We used only two terpenes in the sequential
nucleation experiments because of the challenges, the main one being to keep the
particle sizes within the HTDMA sampling range during the sequential
photooxidation stages.
The typical mixing ratios of hydrocarbons, IPN, duration of photooxidation
and number of scans at each sequential stage are given in table 3.14. In these
experiments the β-pinene concentration was maintained at an almost matching
level; however, the ∆3carene concentration was almost doubled in comparison to
that in experiment 1. The IPN mixing ratio was kept very high compared to the
ratio for hydrocarbons. The main purpose was to perform rapid oxidation of
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hydrocarbons. The IPN was introduced at each time along with hydrocarbons
except in experiment 3.
Table 3.14: Overview of two-component sequential nucleation experiments.
Experiment
Number

β-pinene
(ppbv)

∆3carene
(ppbv)

1
2
3

71
62
78

53
89
89

IPN
(ppbv)

1840, 1226
2453, 1226
2453, 0.000

No. of
Scans

UV Duration
(minutes)

2, 2
2, 2
2, 2

10, 15
6, 6
11, 10

To produce SOA, UV was turned on briefly to initiate photochemistry, in
the course of which the OH radicals rapidly oxidized β-pinene. After the production
of SOA, UV was turned off and RH was ramped twice between the values of 20%
and 90% to evaluate the hygroscopicity of the SOA. After RH was ramped,
∆3carene and IPN were introduced while the chamber was still dark.
Photochemistry was initiated once more to produce SOA after mixing and
evaporation. The oxidation products of ∆3carene partitioned from the gas phase to
the pure organic SOA of β-pinene. The mixed (org/org) pure organic SOA were
produced and RH (20% to 90%) was ramped to evaluate the hygroscopic behavior
while the chamber was dark.
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Figure 3.12 presents a typical particle size distribution generated during
experiment 1, a two-component sequential nucleation experiment. In this figure red
and blue lines represent particle size distributions after the UV exposure along with
particle sizes sampled for HTDMA. According to experimental results, the particle
size distributions stayed constant during the dark portion of the experiment;
however, wall loss and dilution produced minor changes in particle number
concentration.

Figure 3.12: Particle size distributions of two-component (β-pinene and
∆3carene) sequential nucleation experiment 1. The particle sizes sampled by the
HTDMA are indicated.
Figure 3.13 presents the humidogram obtained in experiment 1. The mixed
(β-pinene + ∆3carene oxidation products) SOA hygroscopicity may not be
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representative of its contributors because of a variety of interactions and due to
possibility of complex chemistry. The nature and interactions of the products may
lead them to behave like rubbery, gooey, sticky, plastic-like material or
hydrophobic solids. The above-discussed factors individually or in combination
play an important role in the hygroscopic behavior of the particles. There are
chances of changes due to complex chemistry at the particle level too, and
oxidation products may undergo oligomerization or polymerization.
Based on the above-mentioned chemical and physical factors, the estimated
and experimentally determined hygroscopicity parameter may deviate. The
comparison of experimentally determined and estimated hygroscopicity is
discussed in detail in section 3.6.
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Figure 3.13: Humidograms of 240 nm dry diameter particles for nucleation
experiment 1. β-pinene and ∆3carene were oxidized sequentially to produce SOA
in the chamber. Results are shown for three successive humidity scans. The solid
lines are fitted to the data using equation 3.7.

The humidograms were fitted (non-weighted) with an empirical equation
3.7 to determine the hygroscopicity parameter of the particles. Table 3.15
summarizes the fitted results of the humidogram for the two component sequential
nucleation experiment, where scan-I and -II were taken after the first
photooxidation. Scan-III and -IV were taken after the second photooxidation, in
which β-pinene oxidation products were coated with ∆3carene oxidation products.
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Table 3.15: Result of humidogram fits for the particles produced by sequential
oxidation hydrocarbons in a two-component sequential nucleation experiment.
When one to four scans were done for each sampled particle size, the offset
parameter, g, slightly changed however rounded remained the same for all scans.
Dry Diameter
Experiment 1
227 nm
240 nm
254 nm
Experiment 2
227 nm
240 nm
254 nm
Experiment 3
227 nm
240 nm
254 nm

b Scan-I

b Scan-II

0.0117 ± 0.0003

0.0108 ± 0.0005

0.0112 ± 0.0004

0.0101 ± 0.0002

0.0118 ± 0.0002

0.0117 ± 0.0004

0.0110 ± 0.0002

0.0119 ± 0.0005

0.0119 ± 0.0004

0.0101 ± 0.0004

0.0109 ± 0.0004

0.0102 ± 0.0003

b Scan-III

b Scan-IV

0.0091 ± 0.0005

0.0089 ± 0.0003

0.98 ± 0.0003

0.0086 ± 0.0004

0.0085 ± 0.0002

0.98 ± 0.0003

0.0090 ± 0.0004

0.0085 ± 0.0005

0.98 ± 0.0002

0.0095 ± 0.0006

0.0091 ± 0.0004

0.98 ± 0.0004

0.0080 ± 0.0008

0.0080 ± 0.0004

0.98 ± 0.0004

0.0085 ± 0.0004

0.0082 ± 0.0008

0.98 ± 0.0006

g
0.98 ± 0.0003

0.98 ± 0.0003

0.98 ± 0.0003

The fitted results gave an average hygroscopicity parameter (± one standard
error) of 0.0111 ± 0.0002 for β-pinene SOA and 0.0087 ± 0.0001 for β-pinene +
∆3carene SOA. The results correspond to diameter growth factors of 1.022 and
1.018 at 85% RH. The multiple RH scans at each sequential stage served to probe
the effect of aging on the particles’ hygroscopicity. The fitted results of the
humidograms show that there was slight decrease in water uptake properties with
age.
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The HGF of β-pinene SOA apparently decreased on condensing oxidation
products of ∆3carene. To evaluate the experimental results we applied a volume
additivity approach this will be discussed in section 3.5.
The molecular weight of the organic molecules in the particle phase was
estimated as discussed in section 3.2.1. The calculated molecular weight was of
about 2000 and 2500 for oxidation products of β-pinene and β-pinene + ∆3carene
respectively. The estimate of molecular weights was large and reasons could be
similar as discussed in section 3.2.1.
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3.4.2

Three-Component Sequential Nucleation Experiments

Atmospheric aerosols are very complex in their chemical composition and
physical properties, which are extremely challenging to understand. The physical
state and chemical composition determine the particles’ hygroscopicity. The
physical state of the particles could be solid, liquid or mixed (solid + liquid). In
consideration of the complexity of ambient aerosols, we designed our experiments
from simple to gradually more complex, with the latter being more relevant to
atmospheric conditions. For this purpose we performed sequential nucleation
experiments, in which selected hydrocarbons were sequentially introduced into the
chamber and oxidized to produce SOA. The experiments provided insight into pure
SOA at various sequential evolutionary stages and a convenient way to
parameterize the particles’ hygroscopicity.
As discussed previously, the sequential nucleation experiments were more
challenging than simple nucleation experiments because of the difficulty of keeping
particle sizes within the HTDMA sampling range for all sequential stages. This was
achieved by performing rapid and brief photooxidation of threshold concentration
of hydrocarbons at each sequential stage.
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Table

3.16

summarizes

information

regarding

concentrations

of

hydrocarbons and IPN along with duration of UV exposures and number of scans at
each sequential stage of the experiments.
Table 3.16: Overview of three-component sequential nucleation experiments.
Experiment
Number
1A
2B
3B

A)

B)

Isoprene
(ppbv)
140 (1)
140 (1)
140 (1)

β-pinene
(ppbv)
35.5 (2)
35.5 (3)
35.0 (3)

∆3carene
(ppbv)
89 (3)
54 (2)
89 (2)

IPN
(ppbv)
613, 613, 613
613, 613, 613
613, 490, 490

No. of
Scans
1, 1, 2
1, 1, 2
1, 1, 2

UV Duration
(minutes)
46, 10, 129
65, 20, 41
116, 25, 23

Experiment 1A: Hydrocarbons (isoprene, β-pinene and ∆3carene) were
introduced in the chamber according to the number listed in the
brackets.
Experiments 2B and 3B: The sequence of introducing the hydrocarbons
(β-pinene and ∆3carene) was reversed compared to experiment 1A as
listed.

In these experiments, hydrocarbons were sequentially oxidized to produce
SOA. At the first oxidation stage, SOA were produced as a result of nucleation, and
subsequent sequential oxidations resulted in condensational growth of the nucleated
pure organic SOA. The three-component sequential nucleation experiments
deployed isoprene as the starting hydrocarbon to produce SOA, which was further
coated sequentially with the oxidation products of β-pinene and ∆3carene. The main
reason behind the choice of isoprene as the starting hydrocarbon was its unique
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property to produce SOA with a median diameter of 50 nm ± 5 nm on rapid
oxidation at its threshold mixing ratio. Particles of this size are ideal for further
employment as organic seed aerosols to condense oxidation products of two more
hydrocarbons.
Here we discuss experiment 1 as an example of sequential nucleation
experiments. In the experiment, isoprene was oxidized to produced SOA at the first
sequential stage. There was a gap of almost half an hour between the initiation of
photochemistry and emergence of SOA. The delay in particle formation suggests
that the second-generation oxidation products might have contributed to the
particles’ formation.
The UV was turned off after particle formation and RH (20% to 90%) was
ramped in our HTDMA in order to evaluate hygroscopicity of the oxidation
products of isoprene. After ramping the RH, we introduced β-pinene into the
chamber along with excess IPN as measured volumes. At the second sequential
stage of the experiment, the reactants were given enough time for mixing and
evaporation before we initiated photochemistry to produce oxidation products of
β-pinene. The oxidation products of β-pinene partitioned from the gas phase onto
the isoprene SOA. Once the mixed SOA (isoprene + β-pinene oxidation products)
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were formed, UV was turned off and RH (20% to 90%) was ramped again to
evaluate hygroscopicity of the particles (isoprene + β-pinene oxidation products).
In the third sequential stage of the experiment, ∆3carene and IPN were introduced
into the system. The reactants were again given sufficient time for mixing and
evaporation before we initiated photochemistry. The ∆3carene oxidation products
condensed on the mixed (isoprene + β-pinene oxidation products) SOA. The RH
was ramped to evaluate the hygroscopicity of the mixed (isoprene + β-pinene +
∆3carene oxidation products) SOA.
Figure 3.14 represents typical particle size distributions produced in
experiment 1. The particle size distributions stayed nearly constant during the dark
portions of the experiments; however, wall loss and dilution produced minor
changes in particle number concentrations. Prolonged UV exposure at the third
stage didn’t show any further condensational growth because all hydrocarbons had
already been consumed during the sequential oxidation processes.
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Figure 3.14: Particle size distributions in experiment 1, a typical sequential
nucleation experiment (the same as in table 3.16), while isoprene, β-pinene and
∆3carene were used as precursor hydrocarbons in sequence to produce pure
organic aerosols. In figure 3.14 green solid lines, blue dotted lines and red
broken lines represent particle size distribution after each UV exposure
respectively. The two particle sizes sampled by the HTDMA at each stage are
indicated.

Humidograms of sampled particles at three sequential stages are shown in
Figure 3.15. The humidogram of isoprene SOA is represented by green spheres,
while double blue triangles show the humidogram of isoprene + β-pinene SOA.
The humidogram obtained after the third sequential stage, represented by red
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squares, is of isoprene + β-pinene and ∆3carene SOA. Green, blue and red lines are
fitted using equation 3.7.

Figure 3.15: Humidogram of 58 nm (SOA of isoprene), 76 nm (SOA of isoprene
+ β-pinene) and 180 nm (SOA of isoprene + β-pinene and ∆3carene) dry diameter
particles for the same nucleation experiment as in Figure 3.14. Results are
shown for one humidity scan of each size at each stage of experiment. The data
(solid lines) are fitted (non-weighted) using equation 3.7.

SOA produced from isoprene oxidation products showed an apparent
diameter decrease of up to 5% as RH was raised to 40%. The humidogram was
fitted above 40% RH because isoprene oxidation products start picking up water
smoothly above 40% RH.
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Table 3.17 summarizes the fitted results of humidograms after the first,
second and third sequential stages of the experiments.
Table 3.17: Result of humidogram fits for the particles produced by sequential
oxidation of hydrocarbons. Scan-I and II were taken after the first and second UV
exposure, while scan-III and IV were taken after the third UV exposure. When
multiple scans were done, the offset parameter, g, was in the direction of the mode
maximum and was likely due to the slope of the size distribution biasing the
selected size and remained consistent for multiple scans during each experiment for
the same particle size.
Dry
Diameter
Experiment 1
40 nm
58 nm
76 nm
96 nm
180 nm
227 nm
Experiment 2
40 nm
58 nm
96 nm
114 nm
180 nm
227 nm
Experiment 3
40 nm
58 nm
76 nm
96 nm
180 nm
227 nm

b Scan-I

b Scan-II

b Scan-III

b Scan-IV

g

0.0356 ± 0.0004
0.0402 ± 0.0005
-

0.0108 ± 0.0002
0.0106 ± 0.0002
-

0.0085 ± 0.0002
0.0090 ± 0.0002

0.0115 ± 0.0002
0.0121 ± 0.0004

0.97 ± 0.0005
0.96 ± 0.0007
0.95 ± 0.0002
0.93 ± 0.0005
0.98 ± 0.0002
0.97 ± 0.0003

0.0354 ± 0.0005
0.0401 ± 0.0006
-

0.0118 ± 0.0002
0.0119 ± 0.0002
-

-

-

0.0087 ± 0.0005
0.0086 ± 0.0006

0.0091 ± 0.0005
0.0085 ± 0.0006

0.98 ± 0.0006
0.92 ± 0.0005
0.96 ± 0.0005
0.96 ± 0.0006
0.98 ± 0.0005
0.97 ± 0.0005

0.0546 ± 0.0005
0.0654 ± 0.0008
-

0.0117 ± 0.0002
0.0116 ± 0.0002
-

0.0085 ± 0.0004
0.0087 ± 0.0002

0.0087 ± 0.0004
0.0085 ± 0.0002

0.97 ± 0.0003
0.94 ± 0.0002
0.97 ± 0.0002
0.98 ± 0.0003
0.97 ± 0.0002
0.97 ± 0.0002
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The humidograms fitted results of all experiments gave averages of
hygroscopicity parameters (± one standard error) of 0.0452 ± 0.0045 for isoprene
SOA, 0.0107 ± 0.0001 for isoprene + β-pinene SOA, 0.0118 ± 0.0001 for isoprene
+ ∆3carene SOA and 0.0092 ± 0.0004 for isoprene + β-pinene + ∆3carene SOA.
These correspond to diameter growth factors of 1.085, 1.021, 1.024 and 1.019 at
85% RH. The hygroscopicity of these particles depends on the composition and
nature of their constituents. Experimental results apparently show that the
hygroscopicity of SOA decreased substantially after the second sequential stage of
the experiments and slightly after the third.
We performed multiple RH scans in our HTDMA along with an additional
period of UV illumination to find out the relationship of hygroscopicity of the
particle to aging and potential oxidation at the particle level. In experiments 1A and
3B, SOA were given prolonged UV exposure at the third and first sequential stage
of the experiments respectively to find out the potential effect of oxidation and
aging. According to our experimental results, the hygroscopicity of the particles
was not altered by aging in the dark, it however slightly increased by prolonged UV
exposure as in experiment 1A and almost 30% in experiment 3B. We applied a

116

volume additivity approach to understand the hygroscopicity of the particles at
three sequential stages, discussed in section 3.5.

Figure 3.16: Time series of particulate matter formation in a three-component
sequential nucleation experiment. Isoprene, β-pinene and ∆3carene were used in
sequence as precursor hydrocarbons in the chamber to undergo photooxidation.
The injection times of hydrocarbons in the chamber to undergo photooxidation.
The injection time of hydrocarbons and duration of UV exposures are also
shown in the figure.
Figure 3.16 presents experiment 1A, time profile and particulate matter
formation at each sequential stage of the experiment. At the first sequential
photooxidation, isoprene produced high concentration of fine SOA (average
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diameter of 50 nm ± 5 nm). The SOA concentration went down quickly because of
coagulation, dilution and wall loss; however, particulate matter remained almost
constant because of a small effect of loss. After the second photooxidation, βpinene oxidation products partitioned from the gas phase to the isoprene SOA. The
mixed (isoprene + β-pinene oxidation products) SOA were produced as a result of
condensational growth. During the second photooxidation process, particulate
matter increased twofold. The third photooxidation stage involved ∆3carene
photooxidation. The oxidation products of ∆3carene partitioned from the gas phase
to mixed (isoprene + β-pinene) SOA, and the particulate matter volume formed up
to 118 µgm−3. The final volume fractions of isoprene, β-pinene and ∆3carene SOA
after third sequential oxidation were calculated in the particle and found to be 6%,
12% and 82% respectively. Extended UV exposure was given at the third
sequential stage of the experiment to find out its effect on the aging and
hygroscopicity of the particles. During the extended UV exposure no further
condensational growth of the particles was seen. The observation suggests that
hydrocarbons were completely consumed and that no more unreacted hydrocarbon
was available for the formation of particulate matter. However, a slow decrease in
particulate matter was due to wall loss and dilution as in figure 3.16.
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3.5

Hygroscopicity Parameter and Volume Additivity
The hygroscopicity parameter ‘b’ of mixed pure organic particles (as in

sequential nucleation experiments) can be estimated using the hygroscopicity
parameter of the individual components and their respective volume fractions in the
particle, by applying the ZSR relation (Stokes and Robinson, 1966); the
hygroscopicity parameter can be calculated as in equation 3.9.

TeTSz = ∑

 

WiWMj

(3.9)

Here bi is the SOA hygroscopicity of an individual component while Vi is
the volume fraction of the individual component that constitutes the mixed particle,
and Vtotal is the total volume of the SOA at each sequential stage. Here the Vi of
each component can be calculated using SMPS data by knowing that during the
dark portion of the experiments the particle size distribution stays nearly constant
except for some wall loss and dilution. A relatively stable particle size distribution
enabled us to calculate the volume fraction of each component and the total volume
produced at each sequential stage.
According to the assumption of the ZSR relationship, which is simplified
from that of thermodynamic models, there is no solute-solute interaction; i.e., the
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water uptake by individual components in the mixed (org/org) pure organic particle
is equal to the sum of the individual water uptakes. We also assumed that particles
are spherical and exhibit no volume change on mixing.
The sequential nucleation experiments were performed to probe the effect
of sequentially adding oxidation products of selected terpenes (β-pinene and
∆3carene) on the isoprene oxidation products. Sequentially adding and altering
sequence of HC oxidation enabled us to quantify its effect on the hygroscopicity of
mixed (org/org) SOA.
Table 3.18 summarizes the hygroscopicity parameter, b, of simple
nucleation experiments, estimated and experimentally determined at each
sequential stage of the sequential nucleation experiments. The estimated
hygroscopicity parameter is calculated by using the information of individual
volume fractions in the particle and average hygroscopicity of individual HC
oxidation products.
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Table 3.18: Summary of estimated and experimental values of the hygroscopicity
parameter, b.
Experiment
#

% Volume
fraction
(Vf)

SOA’S of

Simple
Nucleation
Experiments
bavg
±σSD

This Study
Estimated

Pure organic
SOA

best

bexp

±σSD

±σ

1
Isoprene

100

-

-

0.0401

0.0048

+ β-pinene

35

65

-

0.0154

0.0056

0.0401 0.0048 0.0379 0.0004
0.0241 0.0053 0.0107 0.0002

6

12

82

0.0042

0.0036

0.0077 0.0039 0.0103 0.0002

isoprene

100

-

-

0.0401

0.0048

+ ∆3carene

25

75

-

0.0042

0.0036

0.0401 0.0048 0.0378 0.0005
0.0133 0.0039 0.0118 0.0002

+ β-pinene

4

11

85

0.0154

0.0056

0.0151 0.0054 0.0087 0.0005

100

-

-

0.0401

0.0048

+ ∆ carene

19

81

-

0.0042

0.0036

0.0401 0.0048 0.0600 0.0005
0.0112 0.0038 0.0117 0.0002

+ β-pinene

2

10

88

0.0154

0.0056

0.0149 0.0054 0.0085 0.0004

3

+ ∆ carene

2

3
isoprene
3

σSD = Standard deviation
r = average hygroscopicity parameter determined during nucleation
experiments
)' = estimated hygroscopicity parameter, determined at each sequential oxidation
stage
)*2 = .xperimental hygroscopicity parameter of pure secondary organic aerosols
at each sequential oxidation stage

On comparing estimated hygroscopicity parameter (best) of the particle to
experimentally (bexp) determined we reached following conclusions. Pure isoprene
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SOA hygroscopicity parameter (except in experiment 3) at first sequential stage
was within the 12% to the estimated that is within the scatter (determined during
individual isoprene nucleation experiments).
Adding β-pinene and ∆3carene oxidation products to the pure isoprene
oxidation products have no effect on the overall hygroscopicity of the particle.
According to the experimental results (table 3.18) at second sequential stage the
water uptake is solely governed by isoprene SOA. At third sequential stage the
overall particle hygroscopicity is contributed by isoprene and β-pinene SOA while
∆3carene SOA has minimal or negligible effect.
The estimated (best) and experimental (bexp) hygroscopicity parameter
matched up within experimental uncertainties.
3.6

Pure organic SOA produced during sequential monodisperse seeded
experiments (Section 4.3)
Additional pure organic sequential oxidation products hygroscopicity data

collected during sequential monodisperse seeded experiments. Experimental
conditions and reactants concentration is given in table 4.1. The HGF of the pure
organic along with mixed (AS/SOA) aerosol particles is determined. Figure 3.17
shows the humidograms of pure organic particles produced at three sequential
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stages in experiment 6. The humidogram of isoprene oxidation products is
presented in green squares. Red diamonds represent the HGF of isoprene + βpinene oxidation products. Blue circles represent humidograms of oxidation
products of isoprene + β-pinene + ∆3carene.

Figure 3.17: Presents typical humidograms of pure organic particles produced at
three sequential stages of experiment 6 (chapter 4). Green squares, red diamonds
and blue pentagons represent the humidogram of 43, 77 and 114 nm dry
diameter particles for the above experiment as in Figures 4.3 through 4.5
(section 4.3). Results are shown for one humidity scan of each size at each stage
of the experiment. The data (solid lines) are fitted using equation 3.7.

The humidograms were fitted with equation 3.7 to parameterize the
hygroscopicity of the particles. The fitted results are summarized in table 3.19.
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Table 3.19: Fitting results of the humidogram of pure organic aerosols produced
during monodisperse sequential experiments.
Dry Diameter
Experiment 6

40 nm
58 nm
76 nm

b Scan-II

b Scan-III

g

0.0494 ± 0.0004

b Scan-I

-

-

0.93 ± 0.0004

-

0.0240 ± 0.0006

-

0.94 ± 0.0006

-

-

0.0133 ± 0.0007

0.94 ± 0.0008

0.0450 ± 0.0006

-

-

0.95 ± 0.0006

-

0.0118 ± 0.0004

-

0.96 ± 0.0005

0.0482 ± 0.0005

-

-

0.96 ± 0.0005

0.0194 ± 0.0004

-

-

0.97 ± 0.0004

-

0.0191 ± 0.0003

-

0.96 ± 0.0014

0.0399 ± 0.0006

-

-

0.91 ± 0.0006

-

0.0138 ± 0.0005

-

0.96 ± 0.0005

Experiment 7

32 nm
96 nm
Experiment 8

60 nm
89 nm
89 nm

-

Experiment 9

28 nm
93 nm

Scan-I, -II and -III are after the first, second and third UV exposure respectively.
The g is the offset parameter for each scan.
Apparently the fitted results show that particle hygroscopicity gradually
decreased after the second and third sequential stages.
Table 3.20 summarizes HGF results of pure organic SOA from sequential
nucleation and sequential monodisperse seeded experiments along with estimated
(procedure discussed in section 3.5).
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Table 3.20: compares and summarizes the pure organic SOA hygroscopicity
parameter, b of sequential nucleation, sequential monodisperse seeded experiments
and estimated.
Experiment
#
Estimated
SOA’S
of
6

best±σSD

Sequential
Monodisperse
seeded
experiments

Experiment
#

Pure Organic
SOA

SOA’S
of

bsexp±σ

Isoprene
+ β-pinene
+ ∆3carene
7

0.0401±0.0048

0.0494±0.0004

0.0201±0.0056

0.0240±0.0006

0.0093±0.0036

0.0133±0.0007

Isoprene
+ β-pinene

0.0401±0.0048

0.0450±0.0006

0.0159±0.0056

0.0118±0.0004

8
Isoprene
+ ∆3carene
9
Isoprene
+α-pinene

Sequential
Nucleation
Experiments
Estimated

1

Pure organic
SOA

best±σSD

bnexp±σ

Isoprene
+ β-pinene
+ ∆3carene
2

0.0401±0.0048

0.0379±0.0004

0.0241±0.0053

0.0107±0.0002

0.0077±0.0039

0.0103±0.0002

0.0401±0.0048

0.0378±0.0005

0.0133±0.0039

0.0118±0.0002

0.0151±0.0054

0.0087±0.0005

0.0401±0.0048

0.0600±0.0005

0.0112±0.0038

0.0117±0.0002

0.0149±0.0054

0.0085±0.0004

0.0401±0.0048

0.0482±0.0005

0.0158±0.0034

0.0194±0.0004

Isoprene
+ ∆3carene
+ β-pinene
3
Isoprene
+ ∆3carene

0.0158±0.0034

0.0191±0.0012

+ β-pinene

0.0401±0.0048

0.0400±0.0006

0.0080±0.0010

0.0138±0.0005

')*2 = Hygroscopicity parameter of pure organic SOA determined during sequential
monodisperse seeded experiments (section 4.3).
o)*2 = Experimental hygroscopicity parameter of pure organic aerosols produced during
sequential nucleation experiments (section 3.4.2).
)' = Estimated hygroscopicity parameter determined at each sequential stage for both
type of experiments discussed in section 3.4.2 and 4.3.
σSD = Standard deviation.
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We

compared

estimated

hygroscopicity

parameters

(best)

with

experimentally determined (bexp). The estimated and experimental hygroscopicity
parameters are in close agreement. The results are within (± standard deviation)
except in the case of pure isoprene oxidation products (experiments3, 6 and 8). The
pure organic aerosols produced during the sequential seeded experiments were in
the presence of seed aerosols so the physical and chemical conditions were
dissimilar as compared to individual hydrocarbon nucleation and sequential
nucleation experiments. The conditions and environment may impact the
mechanism of aerosol formation. The various routes and mechanisms of aerosol
formation can alter the physical behavior of the particles. The formation
mechanism may affect the morphology, shape and structure of aerosols. The
difference in hygroscopicity parameter of pure organic from nucleation
experiments to the seeded experiments might be might be due to the abovementioned affects. Table 3.21 summarizes the percentage difference between the
hygroscopicity parameter of pure organic from different environment as discussed
above.
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Table 3.21: compares the average hygroscopicity parameter of various sequential
combinations of sequential nucleation experiments to sequential monodisperse
seeded experiments.
Experiment

SOA’S
of

Sequential
Monodisperse
seeded
experiments
Pure Organic
SOA

bsexp±σ

Sequential
Nucleation
Experiments

Pure organic
SOA

% difference

bnexp±σ

(bsexp- bnexp)

Isoprene

0.0457 ± 0.0005

0.0452 ± 0.0004

1

Isoprene + β-pinene

0.0179 ± 0.0005

0.0107 ± 0.0002

40

Isoprene + ∆ carene

0.0193 ± 0.0008

0.0118 ± 0.0002

39

Isoprene + β-pinene
+ ∆3carene
Isoprene + ∆3carene
+ β-pinene
Isoprene + α-pinene

0.0133 ± 0.0007

0.0103 ± 0.0002

23

0.0086 ± 0.0005

-

-

0.0138±0.0005

-

-

3

')*2 = Average hygroscopicity parameter of pure organic SOA determined during
sequential monodisperse seeded experiments (section 4.3).
o)*2 = Average hygroscopicity parameter of pure organic aerosols produced
during sequential nucleation experiments (section 3.4.2).
We found that isoprene hygroscopicity parameter is almost matching from
both sequential systems (seeded and unseeded) however adding β-pinene or
∆3carene SOA to isoprene oxidation products produces almost 40% difference
while adding ∆3carene SOA to the isoprene + β-pinene SOA produces around 25%
difference. The hygroscopicity parameter from both sequential systems (seeded and
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unseeded) show significant difference compared to each other however its values
remains within the scatter.

3.7 Relation of sample’s time of equilibrium with variable RH on
growth factor of pure organic aerosol particles
We performed some preliminary experiments to find out if sample (pure
organic aerosols) equilibrium time with variable RH in HTDMA is adequate. To
perform these experiments instrument was modified from that previously used
section 2.6. In the modified instrument; humidified sample can either be directed
towards the twenty feet quarter inch stainless steel tube before it reaches to
scanning DMA or it can be directly send towards scanning DMA. To maintain
laminar flow of humidified sample during the enhanced equilibrium interval coiled
stainless steel tubing was used.
To find out effect of extended equilibrium time on HGF of pure organic
aerosols, β-pinene was used to produce pure organic aerosol particles.
Experimental procedure to produce β-pinene SOA was similar as discussed in
section 3.6. After the production of pure organic SOA in the chamber, sample was
drawn to the HTDMA system where its growth factor was characterized with
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normal and extended equilibrium time. Normal and extended equilibrium times
were 2.73 and 14 seconds respectively.
Experimental results of pure organic aerosols with normal and extended
equilibrium time showed that there was no significant difference in the hygroscopic
growth factor. According to preliminary experimental results time required for
sample to equilibrate with variable RH was adequate in our HTDMA system.
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4

4.1

Mixed (inorganic/organic) particles

General overview and experimental procedure
Atmospheric aerosols are composed of inorganic and organic compounds.

The inorganic portion of the atmospheric particles consists mainly of ammonium
sulfate (AS), except in a marine environment. Organic material in the particles is
contributed from anthropogenic and biogenic sources. The relative amount of
inorganic and organic species in the particles determines the hygroscopic behavior
of mixed particles. To parameterize the hygroscopicity of mixed particles, we
performed seeded experiments.
To perform the seeded experiments, monodisperse AS seed aerosols were
introduced in the clean, particle-free chamber. The hygroscopic growth factor
(HGF) of the pure AS seed aerosols was monitored at a fixed RH. We compared
calculated values of HGF of seed aerosols (see section 2.4.1) against the
experimental values. The results agreed within experimental uncertainties. The
HGF measurements of the seed aerosols provided instrument calibration and
ensured reliability of the data. After we monitored the HGF of the seed aerosols, a
threshold concentration of selected hydrocarbons (isoprene, β-pinene, α-pinene,
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∆3carene or limonene), along with an excess of isopropyl nitrite (IPN) and nitric
oxide (NO) was introduced in the chamber. The reactants were given sufficient
time for evaporation and mixing before photochemistry was initiated. Upon
photoxidation, the hydrocarbons produced low-volatility oxygenated products.
Some of the oxygenated products partitioned from the gas phase to the particle
phase (seed aerosols) and condensational growth resulted. The process produced
mixed (AS/SOA) particles.
The reactants were briefly exposed to UV for photooxidation. The UV
exposures were kept brief to stop photooxidation reactions and as a result particle
size distribution remained nearly constant during dark portion of experiments
except some minor changes due to wall loss and dilution. Particles composition
also stays constant during dark portion of experiment and also if condensable
material is unavailable during photooxidation.
The HTDMA was used to measure the hygroscopicity of mixed particles.
Humidograms of mixed (AS/SOA) particles were obtained by ramping RH from
20% to 90% in our HTDMA. Humidograms obtained from seeded experiments
were fitted using a model created by Kristina Zeromskiene; the model is capable of
retrieving particle composition (inorganic and organic volume fractions) and
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parameterizing hygroscopicity by analyzing humidograms generated by the
HTDMA. One of the benefits of performing monodisperse seeded experiments was
to verify our model and to relate particle composition to the hygroscopicity. The
experiments were used to evaluate the applicability of the model. The amount of
inorganic and organic species in the particle can be calculated by using information
on the initial monodisperse seed aerosol size that was introduced in the chamber
and the sampled particle size. The hygroscopicity parameter, b, of oxidation
products of individual hydrocarbons was determined during unseeded experiments.
We compared experimental results with the fitted result from the model and found
excellent agreement within the experimental uncertainties.
The monodisperse seeded smog chamber experiments are categorized into the
following groups.
1. Simple monodisperse seeded experiments (Experiments 1–5)
In these experiments mixed (AS/SOA) particles were produced by depositing
oxidation products of β-pinene on monodisperse seed aerosols (AS).
2. Sequential monodisperse seeded experiments (Experiments 6–9)
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In these experiments two or three hydrocarbons (isoprene and selected terpenes)
were sequentially oxidized to deposit oxidation products on monodisperse seed
aerosols (AS) to produce mixed (AS/SOA) particles.
3. Mixed hydrocarbon monodisperse seeded experiments (Experiments 10–11)
In these experiments mixed (AS/SOA) particles were produced by
depositing oxidation products of three hydrocarbons at the same time on
monodisperse seed aerosols (AS).
Table 4.1 provides an overview of monodisperse seeded experiments of
each category. The table summarizes mixing ratios, duration of UV and number of
RH scans to measure HGF in each experiment.
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Table 4.1: Hydrocarbon combinations, concentrations, IPN and duration of UV
exposure in seeded experiments with seed aerosol (NH4)2SO4.
Experiments Hydrocarbons
HC
#
(HC)
(ppbv)

IPN
(ppbv)

No. of
UV
RH
Duration
Scans (minutes)1
3
7
3
8

Comments

1
2

β-pinene
β-pinene

17
36

73
73

3

β-pinene

36

123

3

10

Simple

4

β-pinene
β-pinene
Isoprene
β-pinene

53
72
210
53

123
147
1226
613

3
3
2
2

22
15
44
15

Simple
Simple
Sequential2

∆3carene

89

2

11

7

Isoprene
β-pinene

210
53

1840

2
2

50
11

Sequential2

8

Isoprene
∆3carene

210
89

613
490

2
2

41

Sequential2

Isoprene
α-pinene

210
88

1717

2
2

29

β-pinene
∆3carene

26
23

1226

2

5

Mixed HC

α-pinene

39

β-pinene
∆3carene

26
23

1226

2

5

Mixed HC

α-pinene

39

5
6

9
10

11

Simple
Simple

16
Sequential2

24

1

UV exposures were prior to RH scan in HTDMA in all experiments.
The sequential experiments with more than 1HC, the HCs are listed in the order
of injection.
2

134

4.2

Simple monodisperse seeded experiments
In simple monodisperse seeded experiments β-pinene was oxidized in the

chamber to produce condensable material. After initiating photochemistry, the seed
aerosols underwent condensational growth as oxidation products of β-pinene
partitioned from the gas phase to the particle phase and produced mixed (AS/ βpinene SOA) particles as shown by dotted red lines in figure 4.1. During these
experiments only mixed (AS/ β-pinene SOA) particles were produced because
there was no nucleation.
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Figure 4.1: Particle size distribution in simple monodisperse seeded chamber
experiment. The black line shows the particle size distribution of monodisperse
seed particles ((NH4)2SO4). The red line shows the particle size distribution after
the condensation of oxidation products of β-pinene on the monodisperse seed
aerosols. Particle sizes sampled for the HTDMA are indicated.
The UV exposure was varied from 5 to 25 minutes from experiment to
experiment. The relative humidity was ramped twice with the UV off to investigate
particle hygroscopicity and to determine if the hygroscopicity changed as the
particles aged. Condensation of the oxidation products onto seed aerosols altered
the growth factor, also reported by previous researchers [Sjogren et al., 2007;
Hallquist et al., 2009]; an example is shown in Figure 4.2.
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Figure 4.2: Typical humidogram for a seeded experiment. The sampled particle
size was 180 nm in diameter and the seed particle size was 100 nm. The curve is
fit using the model described in the section 4.2.1. Green circles are typical
humidogram of β-pinene SOA. The red dotted line is fit to the data using
equation 3.7. Black broken line is calculated [I. N. Tang and Munkelwitz, 1994]
HGF of pure ammonium sulfate. Pure organic (β-pinene SOA) HGF and
calculated ammonium sulfate curves are given for comparison.

There is both gradual uptake of water below 70% RH, as observed for the
pure organic particles, and a gradual deliquescence beginning somewhat below the
deliquescence point (80% RH) of (NH4)2SO4. At higher RH, there is good
agreement with the volume additivity (ZSR) approximation. A more detailed
analysis requires a model for water uptake in the region in which (NH4)2SO4
gradually dissolves.

137

To parameterize the HGF and particle composition of mixed organic and inorganic
species, the following model was developed.
4.2.1

Model for water uptake

The model was developed by Kristina Zeromeskiene (PDF Mozurkewich
group) and presented here for completeness. It was developed to obtain an equation
to fit growth factors as a function of relative humidity. The model assumes three
components: organic material, AS and water. The key assumption is volume
additivity; thus the dry particle volume, VD , is given by

0$ = OP ⊽OP + ef ⊽ef

(4.1)

where  is moles, ⊽ is molar volume, and the subscripts indicate ammonium sulfate
and organic material. The total wet particle volume, VT , is the sum of three
volumes: undissolved AS, AS solution, and organic material, including the water
associated with it. Thus,
m
m
0H = (1 − Y^ ) OP ⊽OP + Y^ OP ⊽OP [\OP
+ ef ⊽ef [\ef

Undissolved AS

AS Solution

(4.2)

Org + Water
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where f d (which must be in the range of 0 to 1) is the fraction of dissolved AS,
GFAS is the diameter growth factor of AS (obtained from the empirical pure AS

growth curve [I. N. Tang and Munkelwitz, 1994], and GForg is the diameter growth
factor of pure organic material from equation 3.7.
We replace moles with the organic dry volume fraction, ε org , defined by

ef = ef ⊽ef /0$

(4.3)

and the dry volume fraction of AS, ε AS , defined by

OP = OP ⊽OP /0$

(4.4)

From equation 4.1, these two fractions clearly add to unity. Dividing equation 4.2
by VD (equation 4.1) and using these quantities yields an expression for the
diameter growth factor:
m
[\TeT
=





=



(,}a)!X ⊽X J}a !X ⊽X X
J!ib ⊽ib ib



(4.5)

Replacing quantities in equation 4.5 from equations 4.3 and 4.4 yields:
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m
[\TeT
=





m
m
= (1 − Y^ )OP + Y^ OP [\OP
+ ef [\ef

(4.6)

Then using OP = 1 − ef and rearranging terms gives,
m
[\TeT
=





m )
m
= 1 − ef (1 − Y^ + Y^ [\OP
+ ef [\ef

(4.7)

The value of [\ef is replaced using equation 3.1:
m
[\TeT
=





m
= Y^ 1 − ef ([\OP
− 1) + (1 −

ib 

z!(S` )

)

(4.8)

Equation 4.8 is used to fit the humidograms, with ε org and  (equation 3.7) as the fit
parameters while  is the water activity explained in section 1.7 (Chapter 1).
For pure AS, f d changes abruptly from zero to unity at the deliquescence
point. When organic material is present, it takes up water at low RH; this allows
some AS to dissolve so that f d increases gradually, reaching unity at a RH below
the deliquescence point of the pure salt. The major challenge in the model is to
calculate Y^ as a function of RH.
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To do this, we determine the concentration of AS in the solution from the
equilibrium expression when solid AS is present. The equilibrium between solid
and dissolved AS is described by

[J ] - [- ] = 5

(4.9)

where activities are indicated by the square brackets and K is an equilibrium
constant. We assume that the activity coefficients are the same as in the saturated
binary solution so that the activities can be replaced with concentrations; this, along
with equation 4.9, amounts to taking the standard state for the ions to be the
saturated solution.
The concentrations in equation 4.9 are taken to be moles per unit volume of
aqueous solution; the aqueous volume is assumed to be the volume of solution
m
associated with the dissolved AS (Y^ OP ⊽OP [\OP
) plus the volume of water
m
associated with the organic material (ef ⊽ef [\ef
− 1. Thus,

,
-

[J ] = [- ] =

}a X

 J

⊽X }a ,ib X
ib ib ,

(4.10)

The equilibrium constant, K, is evaluated to give the observed growth factor
for pure AS at its deliquescence RH. Using norg=0, fd=1, GFAS=1.48 [I. N. Tang and
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Munkelwitz, 1994; I. N. Tang, 1996], and ⊽OP = 0.0747 / v , yields [- ] =
4.13 v /, in the saturated solution. Substituting this into equation 4.9
yields 5 = 282 v m /m . Equations 4.9 and 4.10 are used to iteratively calculate
the fraction dissolved at a given RH, with the constraint that fd≤1. Then equation
4.8 is used to calculate the growth factor.
The model successfully fits the gradual deliquescence, as shown in Figure
4.2. Since the time allowed for particles to equilibrate at the higher RH was short,
about 0.26 seconds, the data indicate that depositing a less hygroscopic organic
phase onto inorganic particles did not significantly inhibit the mass transport of
water to the inorganic material. One possible explanation for this would be that the
organic material might not “wet” the salt surface; in that case it would not be
uniformly distributed over the surface so that some of the salt was always exposed
to the air. A second possibility is that the organic coating may be permeable so that
even if it uniformly coats the particle it does not prevent water molecules from
reaching the more hygroscopic AS core. This would be consistent with part of the
organic phase being a liquid or porous solid.
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4.2.2

Comparison of fitted and calculated results of simple monodisperse
seeded experiments

Since the seeded chamber experiments began with monodisperse particles
of a known size, we know the volume of inorganic material in each of the sampled
particle sizes; therefore, the amount of inorganic and organic species in the particle
can be calculated from the initial monodisperse seed aerosol size that was
introduced in the chamber, along with the sampled particle size. The calculated
results along with the fitted results for the humidograms (mixed particles) are
presented in Table 4.2 for single HC experiments. There is excellent agreement
between the fitted and calculated organic fractions. The hygroscopicity parameters
as given in Table 4.2 give an average value of 0.0165 with a standard error of
0.0018. This is in good agreement with the value of 0.0154 obtained from the
nucleation experiments. The uncertainty in the calculated εorg is propagated from
estimated systematic error of ±3% in the particle size determinations. The model
successfully fit the gradual deliquescence and retrieved organic volume fractions
and hygroscopicity parameters in keeping with the independently determined
values. This supports both the validity of the volume additivity approximation and
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the use of the HTDMA data for estimating organic and inorganic volume fractions
in the particle.
Table 4.2: Comparison of calculated and fitted results of mixed (AS/SOA)
particles in simple monodisperse seeded experiments.
Exp. Scan DD Calculated
#
#
nm
εorg
±σ έorg

Fitted Results
±σ

b

±σ

g

±σ

1

I
II

180
180

0.83
0.83

0.022
0.022

0.84
0.86

0.002
0.002

0.017
0.012

0.001
0.001

0.96
0.94

0.0010
0.0006

2

I
II

209
209

0.89
0.89

0.014
0.014

0.89
0.89

0.004
0.002

0.018
0.010

0.003
0.001

0.97
0.96

0.0026
0.0008

3

I
II

180
180

0.85
0.85

0.019
0.019

0.84
0.86

0.002
0.002

0.017
0.012

0.001
0.001

0.96
0.94

0.0010
0.0006

4

I
II

151
151

0.82
0.82

0.023
0.023

0.85
0.82

0.004
0.004

0.021
0.025

0.002
0.002

0.99
0.97

0.0021
0.0015

5

I
I
II
I

121
127
127
140

0.44
0.51
0.51
0.64

0.072
0.062
0.062
0.046

0.52
0.56
0.57
0.62

0.001
0.013
0.001
0.006

0.015
0.020
0.017
0.016

0.002
0.000
0.007
0.006

1.00
0.99
0.98
0.96

0.0090
0.0040
0.0030
0.0020

DD is the dry diameter of the particle. εorg and έorg are the calculated and fitted
organic volume fraction respectively in the particle, and b is the hygroscopicity
parameter. The uncertainty in the calculated εorg is propagated from estimated
systematic error of ±3% in the particle size determinations. Calculated values are
from size measurements, while fitted values are from the model.
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4.3

Sequential monodisperse seeded experiments

In these experiments mixed (AS/SOA) particles were produced by
sequentially depositing oxidation products of selected hydrocarbons on
monodisperse seed aerosols. For this purpose, hydrocarbons at the threshold mixing
ratio were sequentially introduced and oxidized in the chamber. Low-volatility
organic oxidation products were produced during each sequential oxidation
process. The low-volatility oxidation products on partitioning from the gas phase to
the particle phase resulted in condensational growth. The process produced mixed
(AS/SOA) particles. The subsequent sequential photoxidation of selected
hydrocarbons gradually increased the organic volume fraction in the mixed
particles. Each photoxidation process involved different hydrocarbons, so along
with the composition of the particles, their physical and chemical nature also
changed. We studied the impact of gradual change in the particles by examining
their hygroscopicity using HTDMA data collected throughout the experiment. The
HTDMA data collected during the dark were used to determine hygroscopicity of
the aerosol particles. The HGF data collected between consecutive sequential
photooxidation stages provided a relevance and close glimpse into complex
systems such as ambient particles.
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We used isoprene as the starting hydrocarbon in all of the sequential
experiments. The main reason behind the choice was its capability of producing a
large number of tiny particles on rapid oxidation. The oxidation products of
isoprene produced a thin layer on the surface of monodisperse seed aerosols. The
thickness of the layer depends on various variables in any particular experiments,
e.g., duration and amount of UV exposure, mixing ratio of OH radicals produced
and chamber conditions. The organic volume fraction in the mixed (AS/isoprene
SOA) particles varied between 35% and 60% in these experiments at the first
sequential stage. The subsequent sequential oxidation of hydrocarbons raised the
organic volume fraction of the particles to 85%. Experiments were performed under
controlled conditions and parameters (reactants and hydrocarbon mixing ratios, and
UV duration, etc.). The appropriate use of the parameters enabled us to control the
condensational growth of the particles and to keep them within the HTDMA
sampling range.
In both phases of the sequential monodisperse seeded experiments, pure
organic and mixed (AS/SOA) particles were produced at the same time. This was
observed when isoprene was used as the starting hydrocarbon in sequential
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experiments. The two modes – pure organic and mixed (AS/SOA) particles – each
undergo condensational growth during sequential oxidation stages.
Experiment 6 is a typical example of sequential experiments. In the
experiment three hydrocarbons (isoprene, β-pinene and ∆3carene) were sequentially
introduced and oxidized to coat seed aerosols. The concentration of hydrocarbons,
IPN and duration of sequential UV exposures are given in table 4.2. In Figure 4.3
brown dotted lines indicate the particle size distribution of monodisperse AS seed
aerosols, while green broken lines indicate the particle size distribution after the
first UV exposure. The two modes – pure organic (isoprene SOA) and mixed
(AS/isoprene SOA) particles – are distinctly evident and separated from each other.
Upward arrows are labeled with the sampled particle sizes from each mode. Here
the organic mode consists of pure organic oxidation products of isoprene, while
mixed particles are of AS and the oxidation products of isoprene.
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Figure 4.3: Step I and II. Particle size distributions during a typical sequential
monodisperse seeded experiment. The brown dotted line represents monodisperse
seed aerosols. The green line represents the particles after the first photoxidation.
Two particle modes are produced as a result of photoxidation: Pure organic
(isoprene SOA) and Mixed (AS/ isoprene SOA). The particles sampled from each
mode are indicated.

Figure 4.4 presents the particle size distribution following the second UV
exposure and sequential oxidation step. Here red broken lines represent the entire
particle size distribution, which has two distinct modes: pure organic (isoprene
SOA + β-pinene SOA) and mixed particles (AS/isoprene SOA + β-pinene SOA).
Pure organic particles are oxidation products of isoprene and β-pinene, while mixed
particles are ammonium sulfate + oxidation products of isoprene and β-pinene,
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respectively. In Figure 4.4 the upward arrows indicate sampled particle sizes from
each mode.

Figure 4.4: Step III. The red dotted line represents the particle size distribution
after the 2nd UV exposure. The two particle modes are still evident: pure organic
(isoprene SOA + β-pinene SOA) and mixed (AS/isoprene SOA + β-pinene SOA)
particles. The particles sampled from each mode are indicated. Seed =
ammonium sulfate (NH4)2SO4.
The particle size distribution after third UV exposure is presented in figure
4.5. The blue broken lines represent the entire particle size distributions, which
have two distinct modes: pure organic (isoprene SOA + β-pinene SOA + ∆3carene
SOA) and mixed (AS/ isoprene SOA + β-pinene SOA + ∆3carene SOA) particles
separately. Both modes increased in their organic loading after condensational

149

growth due to the third sequential photoxidation process. The pure organic particles
are contributed by oxidation products of isoprene + β-pinene + ∆3carene, while
mixed particles contain ammonium sulfate + isoprene + β-pinene + ∆3carene
oxidation products. Upward arrows indicate the sampled particle sizes from each
mode.

Figure 4.5: Step IV. The blue dotted line represents particle size distribution after
the 3rd UV exposure. The two particle modes are again evident, pure organic
(isoprene SOA + β-pinene SOA + ∆3carene SOA) and mixed (AS/ isoprene SOA
+ β-pinene SOA + ∆3carene SOA) particles. The particles sampled from each
mode are indicated.
Seed = ammonium sulfate (NH4)2SO4.
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The production of pure organic particles along with mixed (AS/SOA)
particles might be due to unavailability of enough seed aerosol surface or of the
relatively clean chamber. At the second and third sequential oxidation stage of the
experiment, both modes had undergone condensational growth. The hygroscopicity
of sampled particle sizes (indicated in figures 4.3 through 4.5) was measured at
each sequential stage from both modes (pure organic and mixed).
Mixed particles were produced by sequentially depositing the oxidation
products of isoprene, β-pinene and ∆3carene on monodisperse seed particles of
ammonium sulfate (AS). Figure 4.6 shows the humidogram of mixed (AS/SOA)
particles. The HGF of the pure seed particles substantially decreased on depositing
the oxidation products of hydrocarbons. The HGF of the mixed particles decreased,
with a gradual increase in the organic volume fraction in the particles as shown by
three humidograms in figure 4.6 after three sequential oxidation stages.
In Figure 4.6 humidogram of mixed (AS/isoprene SOA) particles presented
in green squares are observed after the first sequential oxidation stage while in red
diamonds and blue circles are of (AS/isoprene + β-Pinene SOA mixed) and (AS/
isoprene + β-Pinene SOA + ∆3carene SOA) after the second and third sequential
photooxidation stages respectively. The humidogram after first sequential stage
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shows shrinking behavior below 40% RH and smooth pick-up of water and
deliquescence above 40% RH. The humidogram after second sequential stage also
show shrinking behavior with much-diminished features however the shrinking
behavior of the particles after third sequential stage is almost leveled off below
40% RH compared to the humidograms after first sequential stage. The
humidograms (all sequential stages) show both gradual uptake of water at and
below 74% RH and a gradual deliquescence beginning around 75% RH, which is
much below the deliquescence point (80% RH) of ammonium sulfate
The mixed particles gradual uptake of water and deliquescence (at all
sequential stages) means that the organic coating didn’t hinder or block water from
reaching the inorganic core or it didn’t wet the inorganic particles completely or
may have a preference for attachment on the surface of seed aerosol.
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Figure 4.6: Typical humidograms of a sequential monodisperse seeded
experiment. The sampled particle size was 130 nm (green squares), 154 nm (red
diamonds) and 191 nm (blue circles) in diameter at three different stages of the
experiment, and the seed particle size was 100 nm. The curve is fitted using the
model (Section 4.2.1).

The humidograms of mixed (AS/SOA) particles were fitted by using the
numerical model from Section 4.2.1, and the results are summarized in Table 4.3.
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Table 4.3: Comparison of calculated and fitted results of mixed (AS/SOA)
particles of sequential monodisperse seeded experiments.
Experiment
#

DD
nm

Calculated

Fitted Results

εorg

±σ

έorg

±σ

b

±σ

g

±σ

6

130
150
190

0.55
0.71
0.85

0.057
0.037
0.019

0.59
0.77
0.89

0.040
0.018
0.003

0.037
0.017
0.005

0.001
0.002
0.001

0.94
0.96
0.97

0.007
0.005
0.002

7

133
185

0.58
0.84

0.054
0.020

0.51
0.84

0.021
0.013

0.037
0.014

0.002
0.003

0.97
1.00

0.004
0.005

8

117
124
152
157

0.38
0.47
0.71
0.74

0.079
0.067
0.037
0.032

0.49
0.49
0.76
0.77

0.045
0.021
0.009
0.026

0.045
0.043
0.019
0.016

0.004
0.003
0.001
0.001

0.95
0.91
0.99
0.99

0.009
0.004
0.003
0.008

9

130
183

0.55
0.84

0.058
0.021

0.48
0.82

0.030
0.008

0.036
0.008

0.002
0.004

0.90
1.00

0.004
0.001

DD is the dry diameter of the particle. εorg and έorg are the calculated and fitted
organic volume fraction respectively in the particle, and b is the hygroscopicity
parameter. The uncertainty in the calculated εorg is propagated from the estimated
systematic error of ±3% in the particle size determinations. Calculated values are
from size measurements, while fitted values are from the model.
The model can predict the volume fraction of inorganic and organic species
in the particle. When the calculated and fitted results were compared, we found that
they were in close agreement. The humidograms’ model-estimated results of all
experiments gave averages of hygroscopicity parameters (b ± σSD) of 0.0396 ±
0.0024 for AS + isoprene SOA, 0.0155 ± 0.0025 for AS + isoprene + β-pinene
SOA, 0.0175 ± 0.0010 for AS + isoprene + ∆3carene SOA, 0.008 ± 0.0040 for AS
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+ isoprene + α-pinene SOA and 0.0050 ± 0.001 for AS + isoprene + β-pinene +
∆3carene SOA.
The model-estimated hygroscopicity parameter of mixed (AS/SOA)
particles and pure organic particles (results from section 3.6) of the same sequential
experiments are compared to the estimated parameter and to the SOA of single HCs
in table 4.4.
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Table 4.4: Compares and summarizes the hygroscopicity parameter b, determined
in individual HC nucleation experiments with the estimated and experimental
hygroscopicity parameter (pure organic and mixed (AS/SOA) particles) determined
in sequential experiments.
Experiment
#
SOA’S of

% Volume
Fraction
(Vf)

Simple
Nucleation
Experiments

bavg±σSD

Estimated

Seeded Experiments
Pure Organic
SOA

Mixed
(AS/SOA)

best±σSD

borg±σ

bmodel±σ

6
Isoprene
+ β-pinene
+ ∆3carene
7
Isoprene
+ β-pinene
8
Isoprene
+ ∆3carene
9
Isoprene
+α-pinene

100
19
6

83
26

68

0.0401±0.0048
0.0154±0.0056
0.0042±0.0027

0.0401±0.0048
0.0201±0.0056
0.0093±0.0036

0.0494±0.0004
0.0240±0.0006
0.0133±0.0007

0.037±0.001
0.017±0.002
0.005±0.001

100
2

98

-

0.0401±0.0048
0.0154±0.0056

0.0401±0.0048
0.0159±0.0056

0.0450±0.0006
0.0118±0.0004

0.037±0.002
0.014±0.003

100
32
32

68
68

-

0.0401±0.0048
0.0042±0.0027
0.0042±0.0027

0.0401±0.0048
0.0158±0.0034
0.0158±0.0034

0.0482±0.0005
0.0194±0.0004
0.0191±0.0012

0.044±0.004
0.019±0.001
0.016±0.001

100
2

98

-

0.0401±0.0048
0.0033±0.0009

0.0401±0.0048
0.0080±0.0010

0.0400±0.0006
0.0138±0.0005

0.036±0.002
0.008±0.001

σSD = Standard deviation
r = Average hygroscopicity parameter determined during nucleation
experiments.
)' = Estimated hygroscopicity parameter of organics determined at each
sequential stage.
pqr = Experimental hygroscopicity parameter of pure organic aerosols produced
during sequential monodisperse seeded experiment.
£pt)w = Experimental model-estimated hygroscopicity parameter of organics in
mixed (AS/SOA) particles during sequential monodisperse seeded experiment.
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The hygroscopicity parameters of pure organic and mixed (AS/SOA)
particles show significant differences compared to each other and to the estimated
values. To understand the effect of sequential addition of individual HCs’ SOA to
the isoprene SOA we further simplified experimental results to table 4.5.
Table 4.5: compares the average hygroscopicity parameter, b, of pure organics and
mixed organics produced during sequential seeded experiments with the estimated
values.
Seeded Experiments
SOA’S
of

Pure Organic
SOA

borg ± σ

Mixed
(AS/SOA)

bmodel ± σ

Estimated

best ± σSD

Isoprene

0.0457 ± 0.0005

0.0385 ± 0.002

0.0401 ± 0.0048

Isoprene + β-pinene

0.0179 ± 0.0005

0.0155 ± 0.003

0.0180 ± 0.0056

Isoprene + ∆3carene

0.0193 ± 0.0008

0.0175 ± 0.001

0.0158 ± 0.0034

0.0133 ± 0.0007

0.0050 ± 0.001

0.0093 ± 0.0036

0.0138 ± 0.0005

0.0080 ± 0.001

0.0080 ± 0.0010

Isoprene + β-pinene
+ ∆3carene
Isoprene + α-pinene

pqr = Average hygroscopicity parameter of pure organic SOA produced during

seeded experiments.
£pt)w = Average hygroscopicity parameter of organics evaluated using model
during monodisperse seeded sequential experiments.
)' = Estimated hygroscopicity parameter calculated on the basis of volume
fraction and individual HC hygroscopicity.
σSD = Standard deviation

On comparing the average hygroscopicity parameter of isoprene SOA in the
pure organic state and in mixed (AS/SOA) states we found almost 16% differences.
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Adding β-pinene or ∆3carene SOA to isoprene SOA in the pure organic state and in
the mixed (AS/SOA) state reduces the difference to 10%. The addition of α-pinene
SOA to isoprene SOA and ∆3carene SOA to isoprene + β-pinene SOA in both pure
organic and mixed state increases the difference in the hygroscopicity parameter to
40% and 60% respectively. Despite the difference, the hygroscopicity parameter in
both states is within the scatter around the estimated value. The results are given in
table 4.5. The difference in hygroscopicity parameter in both states might be due to
dissimilarity in physical and chemical conditions in the particles. Pure organic
particles possess only organic-organic interaction, while mixed (AS/SOA) particles
may have organic-organic and organic-inorganic interactions. The physical and
chemical difference as discussed above may have impacted the morphology
[Woods III et al., 2007]; hence the interaction with water that may lead to a
significant difference in hygroscopicity between the two phases. Inorganic material
might act as a catalyst to facilitate oligomerization or co-oligomerization
[Reinhardt et al., 2007] and as a result fewer sites would be available for water
interaction.
The overall hygroscopicity parameter of pure organic and mixed (AS/SOA)
particles at each sequential stage is within experimental scatter. Overall we found
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that the model can retrieve particles’ composition and hygroscopicity successfully
by using a humidogram obtained from the HTDMA data.

4.4

Mixed (hydrocarbon) monodisperse seeded experiments
In

mixed

hydrocarbon

monodisperse

seeded

experiments

three

hydrocarbons were oxidized at the same time in the chamber to produce mixed
(AS/SOA) particles. Experiments 10 and 11 are typical examples of such
experiments. The mixing ratio of individual hydrocarbons and other reactants is
given in table 4.1.
The mixed particles were produced by depositing oxidation products of
β-pinene, ∆3carene, and α-pinene at the same time on the seed aerosols. Figure 4.7
shows the particle size distributions before and after UV exposure in experiment
11. The red and blue broken lines show particle size distributions of seed aerosols
and of mixed (AS/ β-pinene + ∆3carene + α-pinene SOA) particles respectively.
The upward arrows in the figure are labeled with sampled particle sizes.

159

Figure 4.7: Particle size distributions in a typical mixed seeded experiment,
experiment 11. Red lines indicate the particle size distribution of monodisperse
seeded particles, while blue lines are AS/mixed SOA. The particle sizes sampled
by the HTDMA are indicated.
The relative humidity was ramped twice with the UV off to investigate
particle hygroscopicity. Figure 4.8 shows a typical example of a humidogram
obtained on ramping RH.
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Figure 4.8: A typical humidogram of mixed monodisperse seeded experiment.
The sampled particle diameter was 155 nm. The curve is fitted using the model
(Section 4.2.1).
The humidogram shows both a gradual but slight uptake of water at and
below 76% RH, similar to that of the pure organic particles, and a gradual
deliquescence beginning around 77% RH, which is below the deliquescence point
(80% RH) of pure ammonium sulfate. We compared humidogram of mixed
(AS/mixed HC SOA) SOA with pure ammonium sulfate to see any resemblance
because pure ammonium sulfate humidogram (figure 2.9) shows pre-deliquescence
due to evaporation of ammonia from ammonium sulfate salt during calibration of
HTDMA. We found that both humidograms are quite different from each other as
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shown in figure 4.9 and expected there is no interference in the fitted results due to
pre-deliquescence of ammonium sulfate salt.

Figure 4.9: Comparison of pure ammonium sulfate humidogram with mixed
(AS/*Mixed SOA)
*Mixed SOA = (AS/ β-pinene + ∆3carene + α-pinene SOA)

The humidograms of mixed (AS/mixed HC SOA) were fitted using the
model (section 4.2.1).
The modeled and calculated results are summarized in Table 4.6.
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Table 4.6: Comparison of calculated and fitted results of mixed (AS/SOA)
particles of Mixed HC monodisperse seeded experiments.
Dry

Experiment Diameter Calculated
nm
#
10
11

227
227
155
155

Fitted Results

εorg

±σ

έorg

±σ

b

±σ

g

±σ

0.94
0.94
0.78
0.78

0.008
0.008
0.028
0.028

0.93
0.93
0.78
0.78

0.004
0.002
0.007
0.013

0.005
0.005
0.008
0.009

0.002
0.002
0.003
0.003

0.99
0.98
0.94
0.95

0.001
0.001
0.002
0.003

εorg and έorg are the calculated and fitted organic volume fraction respectively in the
particle, and b is the hygroscopicity parameter. The uncertainty in the calculated
εorg is propagated from the estimated systematic error of ± 3% in the particle size
determinations. Calculated values are from size measurements, while fitted values
are from the model.
The humidograms’ model-estimated results of all experiments gave
averaged hygroscopicity parameter (b ± σSD) of 0.0068 ± 0.0021 for seeded mixed
hydrocarbon SOA. The average hygroscopicity parameter of unseeded mixed
hydrocarbon SOA (section 3.3) gave an averaged value of 0.0013 ± σSD 0.0004.
The averaged value of the hygroscopicity parameter of seeded mixed hydrocarbon
SOA is low compared to that of unseeded mixed hydrocarbon SOA. The reason
behind the lower water uptake by seeded SOA of mixed hydrocarbon may be
linked to multiple and enhanced organic-organic and organic-inorganic
interactions. The interactions may affect the morphology of the particles [Woods III
et al., 2007]. Morphology, shape and physical state in combination play an
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important role in water uptake properties of the particle. The other possibility of
reduced hygroscopicity might be due to formation of dimers, trimers and
oligomerization [Reinhardt et al., 2007].
The deliquescence point of mixed (AS/SOA of mixed HCs) aerosol
particles was slightly shifted to lower RH compared to pure AS because mixed
hydrocarbons oxidation products are very slightly hygroscopic. The less
hygroscopic organic coating may not be helpful in efficient gradual dissolution of
AS and produces a slight shift of the AS deliquescence point. The hygroscopicity,
physical state and relative volume fractions (inorganic/organic) of organic material
in combination play important roles in determining the behavior and pattern of the
particles’ water uptake properties.
The model retrieved particles’ composition and hygroscopicity successfully
by using a humidogram obtained from the HTDMA data. The estimated and fitted
results for the organic volume fraction matched up closely within experimental
uncertainties. A less hygroscopic organic coating may not be helpful in partial
dissolution of AS at lower RH. The partial dissolution of AS at lower RH may
contribute to water uptake, and the modeled fitted results may have discrepancies in
estimating organic volume fractions and the hygroscopicity parameter.
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5

Summary, Conclusions and Future Directions

5.1

Summary and Conclusions

Hygroscopic properties of pure organic and mixed (AS/SOA) particles were
measured using the HTDMA. To produce pure organic SOA and mixed (AS/SOA)
particles, isoprene and selected terpenes (β-pinene, α-pinene, ∆3carene and
limonene) were photo-oxidation under controlled conditions. The aerosol particles
produced with or without ammonium sulfate seed aerosols are categorized into two
groups:
i)

pure organic aerosol particles (nucleation [unseeded] experiments)

ii)

mixed particles (AS/SOA) (seeded experiments).

The nucleation and seeded experiments are subdivided into three main groups:
a) unseeded/seeded SOA from single HCs
b) unseeded/seeded SOA from mixed HCs (two or three HCs)
c) unseeded/seeded SOA from sequential oxidation of individual HCs (two or
three HCs)
The humidograms of pure organic SOA were obtained on ramping RH from
10% to 90% in the HTDMA. The humidograms of pure SOA of individual HCs
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were evaluated against an empirical equation, 3.7, and gave an average
hygroscopicity parameter (± one standard error) of 0.0401 ± 0.0011 for isoprene,
0.0154 ± 0.0014 for β-pinene, 0.0033 ± 0.0002 for α-pinene, 0.0042 ± 0.0005 for
∆3carene and 0.0077 ± 0.0002 for limonene. According to experimental results,
isoprene SOA are almost three times more hygroscopic than β-pinene SOA while
five to ten times more hygroscopic than SOA of α-pinene, ∆3carene and limonene.
β-pinene SOA are almost 50% more hygroscopic than the limonene SOA and 70%
to 80% more than SOA of ∆3carene and α-pinene. The hygroscopicity parameters
of designated terpenes SOA are dissimilar, so it is probable that their chemical and
physical characteristics are also dissimilar. Oxidation products may form dimers,
trimers, oligomers and polymers, which may lead to the formation of glass, rubber
or aggregates of amorphous solids. The physical state of an SOA and its
hygroscopicity parameter are interrelated. The physical state of the major portion
may be solid or a mixture of liquid and hydrophobic solids at room temperature.
The major portion of the particle may be resistive to interaction with water, and
only a small portion may be responsible for the particle’s water uptake.
The SOA from mixed (β-pinene, α-pinene, and ∆3carene) HCs are very slightly
hygroscopic (section 3.3). The hygroscopicity parameter of mixed HCs’ SOA
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doesn’t resemble the hygroscopicity of the SOA of single HCs (β-pinene, α-pinene,
or ∆3carene). To interpret the hygroscopicity of mixed hydrocarbon SOA was
impracticable because the experiments provided poor control over the condensing
species during SOA formation. To have better control of the experimental
parameters, the sequential nucleation experiments (section 3.4.2) were performed.
For this purpose we sequentially oxidized several HCs to deposit oxidation
products of selected HCs (β-pinene, ∆3carene) on isoprene SOA. We found that
sequentially adding oxidation products of designated terpenes to isoprene SOA
apparently reduced the overall uptake of water compared to that of pure isoprene
SOA. To understand water uptake by such systems, the volume additivity principle
(section 3.5) was applied to estimate the growth factor of the particle. With some
discrepancies, the expected growth factors and experimental results were found to
be within experimental uncertainties.
The humidogram of mixed (AS/SOA) particles (chapter 4) presented two
distinct features: gradual pick-up of water and deliquescence. As the RH was
increased, gradual pick-up of water appeared to be governed mainly by organics in
the particle before the deliquescence RH was reached, and by inorganics
afterwards. Organics may be liquid, viscous and solids (amorphous, glass, rubber,
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plasticizer, etc.). The liquid organics may help to partially dissolve seed aerosol at
lower than deliquescence RH because in the presence of organics the mixed
particles pick up water at low RH and also allow some AS to dissolve, so the
dissolved fraction increases gradually, and completely dissolves before reaching the
deliquescence point of pure salt. The more hygroscopic organics in mixed
(AS/SOA) particles may result in much early deliquescence compared to the
deliquescence RH of pure inorganics, while less hygroscopic organics may not
affect the deliquescence point of inorganics; however, they can reduce water uptake
remarkably. The highly hygroscopic organics in the mixed (AS/SOA) aerosol
particles may quicken the process of AS dissolution, and particles might show
smooth pick-up of water without deliquescence.
The deliquescence of mixed particles (AS/SOA) suggests that organics don’t
completely hinder or block uptake of water by inorganics. The overall growth
factors of mixed (AS/SOA) particles are contributed by inorganics and organics in
the particle. The relative contribution to the overall growth factor of mixed
(AS/SOA) particles depends on relative volume fractions (inorganic and organic)
and their hygroscopicity.
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The mixed (AS/SOA) particles’ humidograms were evaluated using the model
(section 4.2.1). The model uses the ZSR and volume additivity approach to
parameterize humidograms. The applicability of ZSR and volume additivity at the
scanning range of RHs supports the conjecture that solute-solute interaction is
negligible for mixed (AS/SOA) particles. The model successfully fitted the gradual
deliquescence and retrieved organic volume fractions and hygroscopicity
parameters. The model-estimated organic volume fraction was within experimental
uncertainties of the estimated volume fraction (sections 4.2.2 and 4.3), while the
hygroscopicity parameter shows some inconsistencies with the independently
determined values. The inconsistencies could be due to variation in the morphology
of mixed particles. Overall the results (sections 4.2.2 and 4.3) support both the
validity of the volume additivity approximation and the use of the HTDMA data for
estimating organic and inorganic volume fractions in field data. Also, if full
humidograms are measured, it may be possible to obtain hygroscopicity parameters
for the unknown organic phase in mixed organic-inorganic atmospheric particles.
At a minimum, the model provides a convenient and physically meaningful method
for parameterization of water uptake. As such, it may be useful for summarizing
field data obtained with HTDMA instruments. The parameterization could also be
used in atmospheric models of aerosol life cycles and environmental effects.
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5.2

Future Directions

The applicability of the model was tested against laboratory-generated mixed
(inorganic/SOA) aerosol particles, the inorganic fraction of which was ammonium
sulfate (AS). Ambient particles’ inorganic fraction may be contributed by
ammonium nitrate, sodium chloride, etc., with or without the contribution of AS,
depending on the environment where they are formed. The applicability of the
model to such systems has not been tested.
The HTDMA is an established technique that can successfully reproduce the
growth factor of well-known inorganic salts as a function of RH. Inorganic salts are
capable of equilibrating rapidly at the higher RH. Since the time allowed for
particles to equilibrate at the higher RH was modest, about 2.7 seconds (including
one half the time spent in the size selection region of the DMA), but this may not
be adequate for pure organic and mixed (inorganic/SOA) aerosol particles
[Duplissy et al., 2009]. To support that, HTDMA measurements of pure organic
and mixed (Inorganic/organic) aerosol particles are made under equilibrium
conditions. It is recommended that the numerous sampling equilibrium intervals
with RH should be tested to find out if it produces any impact in growth factor of
pure organic and mixed (inorganic/organic) aerosol particles.
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Almost all of atmospherically important inorganic salts deliquesced around
90% RH. Hygroscopicity measurements of organic species below 90% RH do not
necessarily reflect the water content at higher RH (90%–99.6%), or at the point of
CCN activation (>99.6%) [Petters et al., 2009]. For a more in-depth study of
hygroscopic behavior of pure organic and mixed (inorganic/organic) aerosol
particles, it is recommended that if possible the RH scanning range should be
extended to saturation.
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