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Abstract

The hygroscopic properties of secondary organiosmtrformed by the OH-
initiated oxidation of isoprene and several tergemeere investigated in the York
University smog chamber facility. Pure organic gdes were formed in nucleation
experiments using either individual hydrocarbonssequential oxidation of multiple
hydrocarbons. In addition, to examine the intewactdf organic and inorganic phases,
monodisperse ammonium sulfate seed particles wienseal to undergo condensational
growth due to partitioning of oxidation productsrfr the gas phase. Humidograms (plots
of the hygroscopic growth factor as function ofatele humidity [RH]) were measured
using a humidified tandem differential mobility dywer (HTDMA).

The humidograms of pure organic particles formedunleation experiments do
not show any deliqguescence. As RH is raised frof 1®90%, particles formed frofi*
pinene pick up water smoothly and particles fornfienin isoprene showed apparent
diameter decrease up to 5% as RH is raised to #@% dhowed similar behavior to the
B-pinene SOA. The particles formed fronfcarene also showed apparent diameter
decrease up to 1% as RH is raised to 60% then shein@lar behavior to th@-pinene
SOA. Particles formed by oxidation afpinene, limonene, and>carene exhibit very
little or no water uptake. The results were fittwdh an empirical equation and give
hygroscopicity parameters pne standard error) of 0.01%54).0014 for3-pinene, 0.0042
+ 0.0005 forAcarene, 0.003% 0.0002 fora-pinene, 0.007% 0.0002 for limonene and
0.0401+£ 0.0011 for isoprene. These correspond to diangrt@nvth factors of 1.031,
1.009, 1.006, 1.016 and 1.076 at 85% RH. Waterkeptyy multi-component secondary
organic aerosols obeys the volume additivity rule.

Humidograms of mixed (inorganic/organic) aerosattipes show both smooth
hygroscopic growth and deliquescence. These expatah results were fitted with a
numerical model that accounts for water uptake bthlphases and for the gradual
dissolution of ammonium sulfate. The results shioat t7olume additivity is a reasonable
approximation for this system and that HTDMA resutbn be inverted to obtain the
organic hygroscopicity parameter and the relatimeownts 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 dynamidumgxof aerosol
particles and gases. The physical state of atmospderosol particles can be solid
[Mikhailov et al., 2009; Bones et al., 2012], lidVarutbangkul et al., 2006] or a
combination of both with varying composition. Aepbgarticles affect regional
and global climate in a variety of ways throughi®as atmospheric processes that
include interference in the radiation budget of dagth, visibility degradation, air
quality, smog and acid rain [Kanakidou et al., 20B&ltensperger et al., 2005;

Salma et al., 2008].

Aerosol response to changing relative humidiBH) is important for
understanding aerosols’ residence time in the giivere, optical properties, cloud
condensation nuclei (CCN) activity and chemicalctiedty. The knowledge of
aerosol particles’ hygroscopicity is vital for fueudirections needed to predict and

prevent negative impacts of aerosols on our enmet and human health.



1.2 Aerosol source, composition, size distribution antifetime

Aerosol particles have natural and anthropogeniccgs in the atmosphere.
Natural sources include forest fires, sea spralgavic eruptions, windblown dust
and emissions from plants. Anthropogenic sourceaearbsol include fossil fuel

burning, cooking, metal smelting, industrial emiss and secondary activities.

Atmospheric aerosol particles can be classifiedomsing from primary and
secondary sources. Primary sources include allessms that directly introduce
particles in the atmosphere. Secondary sourcesidachll processes of particle
formation as a result of oxidation of atmosphenecprsor gases. Atmospheric
gases, e.g., sulfur dioxide (0 ammonia, and oxides of nitrogen are from
anthropogenic sources, while volatile organic coomais (VOCS) such as isoprene,
terpenes, and toluene are from biogenic sourceestoor vegetation are the

sources of isoprene and terpenes [Holzinger e2@05].

Atmospheric particles usually consist of sulfatennzonium, nitrate,
elemental carbon, organic material, trace metalstal elements and water. Water

contributes most of the aerosol mass in the atnegpseinfeld, J. H. and Pandis,



S.N., 2006]. Water uptake properties of the aergmoticles depend on their
physical state and chemical composition and on oneliegical conditions.
Hygroscopic properties of the particles are assediavith many physical and

chemical parameters of the particles.

Atmospheric aerosol particles are divided into fguwups on the basis of
particle size range, with small overlapping regionamely, nucleation, Aitken,
accumulation and coarse (cloud and fog dropletsiigies [Finlayson-Pitts, B.J.
and Pitts, J.N., 2000b] as shown in figure 1.1ti€las possessing a diameter less
than 0.02um are referred to as the nucleation mode, whil&efitmode comprises
the particles that fall into the particle size rangetween 0.02 and 0.m.
Accumulation mode particles are bigger than P and smaller than 1.0m,
while particles that exceed 1udn in diameter fall into the coarse mode [Whitby et

al., 1972; Whitby, 1978].
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Figure 1.1: Schematic of an atmospheric aerosolesiistribution showing four
modes. The solid trimodal curves are original hypesis of Whitby and co-
workers and the fourth (dashed lines) representsrafine particle mode along
with two peaks occasionally observed in accumulatiomode (adopted from
Whitby and Sverdrup, 1980). [Finlayson-Pitts, B.dnd Pitts, J.N., 2000b]

Nucleation, Aitken and accumulation mode partickes also called fine

particles. The nucleation mode particles are oftee greatest in number



concentration as compared to those of other moldesse particles are formed by
the conversion of gases to particulate materia¢ [Blv volatility gaseous products
partitions from gas phase to particle phase orra@dn. Coagulation of nucleation
mode particles condensation growth and direct Weheghaust produces Aitken
mode particles. Accumulation mode particles arelpeced via direct emission from
diesel engines, coagulation of nucleation modeighast and condensation growth
of Aitken mode patrticles. Coarse particles are Igyaesent in arid geographical

areas or in the vicinity of mechanical activities.

The lifetime of aerosol particles in the atmospheagies from hours to
weeks depending on patrticle size, chemistry, heighthe atmosphere and the
processes involved at the regional scale. Accunamahode particles (0.1-140m)
have the longest lifetime in the atmosphere contpdce other three modes.
Nucleation mode particles (<0.Q2n) are removed due higher rate of collision and
coagulation. Coarse mode particles (wit) particles have a short lifetime because

of sedimentation.

Aerosol particles have many important propertieshsas size, chemical
composition, hygroscopicity, density and shapetiétarsize distribution can easily

be measured and used to calculate number, massnealr surface areas. Size is



normally used to classify aerosol because infeieat®ut the other properties can
be drawn from size information. Nucleation and Aitkparticles dominate in
numbers while Accumulation mode particles contebuhore than others to
aerosols’ surface area however coarse particlesrilcote a large fraction of
aerosol volume. To understand aerosol particles tmwlhuman health and climate
we need to understand their various propertiessamdspheric process involved as

discussed above.

1.3 Atmospheric processes

Physical and chemical processes occur in the atmeospand are
interrelated in complicated ways. Physical processs be classified as transport
by winds, formation of clouds and precipitation,ileichemical processes consist
of chemical reactions that lead to the formatiomahpounds in the gas phase and

in particulate matter.

Volatile organic compounds (VOC) have anthropogeai biogenic
sources. VOCs are oxidized in the atmosphere tir@tignospheric oxidants. The
main atmospheric oxidants are hydroxyl radical (Obgone (@) and nitrate

(NO3). VOCs on oxidation produce low volatility oxidati products. These low



volatility oxidation products on saturation may fgan from gas phase to form
new particles via homogeneous nucleation in cléaosphere and these products
may also condense onto pre-existing particles. Abmentioned process is the
main source of fine particulate matter. Homogeneousleation occurs in the
absence of a foreign substrate. In this procesd, dmuid and mixed particles are
formed from supersaturated vapors. Nucleation needse basic ingredients to
happen: relatively clean particle-free atmosphectlaw vapor pressure species or
oxidation products of VOCs e.g., terpenes. Nuabeais most commonly observed

during spring and summer [Woo et al., 2001; Stasied., 2004].

Researchers have observed nucleation in semi-aneals [Verheggen and
Mozurkewich, 2002; Mozurkewich et al., 2004], fdezs areas [Kavouras et al.,
1998; Leaitch et al., 1999; Dal et al., 2000; Aadtoal., 2001; Holzinger et al.,
2005], coastal areas [C. O'Dowd et al.,, 1999], ioental areas [Birmili and
Wiedensohler, 2000], marine boundary layers [Bergale 1998], urban areas
[Hameri et al., 1996; Shi et al., 1999; Hameri af&keva, 2000], mountain areas,

areas near clouds [Clarke et al., 1999] and théi&rc

Particle coagulation is the process in which sipaiticles collide with each

other because of their random motions and coaleséerm larger particles. Van



der Waals and Coulomb forces (very minor) betwdwn dmall aerosol particles

facilitate the process.

Condensation is the process by which mass trafrefier the gas phase to
the particle phase takes place. Gas phase moldbalesollide with a particle may

stick to it, thus causing condensational growtkthefparticle.

Hygroscopic compounds such as salts absorb water fnoist atmosphere
at their deliqguescence relative humidityRH) while mixed state (organic +
inorganic) particles pick up water even at sub+sdtua conditions. Condensation
and evaporation from the particles happen continuAtmospheric conditions are
the driving force that determines dominance of pnecess over the other. If
condensation of vapors dominates, particles sbagrow, while if evaporation of
particles dominates, they start to shrink. The eatration of vapors of
condensable material and the temperature play itaporoles in this regard. At
equilibrium, the rates of evaporation and condeosabecome equal, leaving no
change in the net diameter of the particle. A plrtivith bigger diameter possesses
low vapor pressure near its surface compared tdl sireaneter particles. This
phenomenon makes condensation more effective @e lparticles compared to

small particles [Kulmala et al., 2004]. Condengatiz the most common



atmospheric process for particle growth. Thereoisaom for particle formation via

nucleation in the presence of high concentratiopaoficles.

Particles can be removed from the atmosphere viand wet deposition.
The driving force behind dry deposition is the sidehe particle. Dry deposition
for particles with diameter between 0.05 an@r2 is less important, though not
negligible. Gravitational settling velocity incresswith the square of the particle
diameter and is the dominant factor removal ofiglartvith diameter greater than
20 um. Through turbulent mixing, particles reach theagjdaminar layer. Inertial
impaction through the quasi-laminar layer for thederate size of particles (2—
20um) is the main transportation factor. Small paseclith diameter less than
0.05 um can pass easily through the quasi-laminar layeBtownian diffusion.
Particles with diameter 0.05 toi@n are removed from the atmosphere mainly by
wet deposition. Dry deposition is the dominant realanechanism for ultrafine
and coarse particles [J. H. Seinfeld and Pandi€8]19The wet deposition
encompasses the deposition pathway that involveerwand categorized into

rainout, washout and sweepout.



1.4 Aerosol particles’ effect on the radiation budget bthe earth and
visibility
Aerosol particles can affect the radiation buddethe earth and climate.

The impacts of aerosols can be categorized inecdand indirect effects.

1.4.1 Direct effects

The direct effect involves interaction of aerosalrticles with incoming
sunlight, which aerosol either scatter or absorBiateon depending on their
chemical composition. The aerosol particles if tszahigh amount of sunlight it
would cause a cooling effect; on other hand if ghhamount of radiation is
absorbed it would cause a warming effect [R. J.rlGBba and Heintzenberg, 1995;

Alfarra et al., 2004; IPCC, 2007; Pierce et al1P0

The scattering efficiency of the particles has eedli relationship to the
particle sizes, number concentration and refragtidex. The scattering efficiency
of the aerosols is enhanced when the wavelengtheofncoming solar radiation
matches the particle size. Aerosol particles areallys abundant in the
submicrometer size range and their hygroscopic\behss of great importance for

model calculations used for predicting their impantclimate. Response of these
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particles to the changin@H is important with regard to the scattering coésint of

the particles [Yu et al., 2012].

Elemental carbon (soot) shows almost non-hygrosctehavior and is
considered having a unique high light absorptiortikjgkman and Toon, 1981;
Horvath, 1993; Forster, 2007; Alexander et al., 800itos et al.,, 2012]. The
agglomerate form of these particles results in gh-optical-absorption cross-
section that is atmospherically of great importafareits known direct effect on
global climate change [Waggoner et al., 1981; Heinberg, 1982; Haywood et al.,
2001; Dinar et al., 2007]. A mixture of elementallmon and soluble compounds
results in a complex system of aerosols with aetarof optical properties. We
have limited knowledge of hygroscopic behavior loége particles and need to

characterize these properties [Hameri et al., 18@8rews and Larson, 1993].

1.4.2 Indirect effects

The indirect effect of aerosol particles on glolaéimate involves the
interaction of clouds with solar and terrestriatlisdion. Clouds can reflect or
absorb sunlight and infrared radiation emitted frima earth’s surface. Aerosols

particles are indirectly related to the processwiyjch aerosols influence the
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radiation balance of the earth’s atmosphere byctiffg cloud albedo, cloud
amount, cloud formation and precipitation efficigncThe ability of aerosol
particles to act as cloud condensation nuclei (CQNpends on particles’
hygroscopicity. Hygroscopicity of the particles as function of chemical
composition influences the microphysical properteésclouds and the droplet
number size distribution [Twomey, 1974]. Cloud abealepends on microphysical
properties and has a direct relation to the fractod sunlight to be reflected
[Ackerman and Toon, 1981; Haag and Karcher, 20Q@4gtval., 2012; Pandithurai

etal., 2012].

Parameterization of the hygroscopicity of thesetiglas is necessary to
understand their role as CCN. The soluble massidram the particle determines
the supersaturation needed for cloud droplets to.fAAn excess of the soluble
mass fraction in the particle over the insolublessndraction increases the
probability of cloud droplet formation [Kulmala el., 1996]. We have limited
knowledge concerning CCN active particles at thbnsarometer particle size

range. We can bridge this gap by parameterizinggmhygroscopicity.
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The direct and indirect effects in combination &rewn to affect the
regional atmospheric temperature; however, theceffe uncertain at the global

level.

1.5 Aerosol effects on human health

In addition to effects on radiation transfer andggbly on global climate,
aerosol particles also have been implicated asgbaé#trimental to human health
[Peters, Wichmann et al., 1997; Peters, Dockeralgt 1997; Cooney, 1998;
Davidson et al., 2005; Pope Il and Dockery, 20B6pe Ill et al., 2009]. Our
respiratory system is efficient in removing paegsl but particles in a certain size
range (PM 2.5) penetrate deep into the lungs.dy thre highly concentrated and
toxic they can cause adverse health effects [(Pdge Il et al., 2002]. Particles
that are soluble can be absorbed through the skireges and may cause irritation

that could lead to more toxic effects.

Particle sizes and number concentration are impbrita connection to
asthma and lung cancer; however, the mechanisnotiully understood. An

epidemiological study found that there was stroegeshdency of the total mass of
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particles with diameters smaller than @@ and mortality in American cities
[Dockery et al., 1993; C. A. Pope lll., 2000a; C.FPope lll., 2000b; C. A. Pope Il
et al., 2001; Pope lll et al., 2009]. Toxic subsemwere also found in chemical
analysis of these particles but the compositiormseto have little effect on the
health impacts so it seems something other thait tcomponents is involved

[Nriagu and Pacyna, 1988; Pepper and Dowd, 200€gfsson et al., 2010].

Aerosol particles’ hygroscopicity is very importaespecially when they
enter the humid human respiratory system. Rhideep in the lungs was estimated
to be approximately 99.0% to 99.5% [Ferron et #093]. When exposed to high
humidity in the lungs, aerosols might increaseheirt diameter upon picking up
water and can also undergo heterogeneous rea@iibmova et al., 2011; Curjuric

et al., 2012; Gamble et al., 2012; Plummer e&i12].

Bioaerosols include pollen, viruses, bacteria, @noteins; they have a
strong connection with human health as well [Dutkez et al., 2011; Chakrabarti
et al., 2012; P. Hong et al., 2012; T. Hong andi&yr2012; Jung et al., 2012].
Bioaerosols proteins can undergo nitration whenosggd to traces of nitrogen
dioxide [Franze et al., 2005]; that may be impdrtas a trigger for adverse

immune reactions, such as allergies and asthmanmahs [Prather et al., 2008].
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1.6 Aerosol effect on visibility

Aerosol particles have a great effect on visibilitgng with their influence
on climate and health. The degradation of visipii& a well-known impact of air
pollution [Murray and Farber, 1988; Hyslop, 2008; Mlang et al., 2009; C. Lu et
al., 2010; Wen and Yeh, 2010; Deng et al., 201Mdgfaded visibility is well
correlated with an increase of aerosol number adraon [Noll et al., 1968;
Stjern et al., 2011; Han et al., 2012]. Visibilitgnges from 150 to 250 km in
unpolluted areas of North and South America whilési40 to 50 km in rural
Europe because of the high density of sources thir@mogenic aerosols [Horvath,

1995a; Horvath, 1995b].

The response of aerosol particles to chand®if) has a direct link to
visibility. Increasing RH decreases visibility continuously in the area ajhh

concentration of aerosol [Tsay.S.C et al., 1991rvHidn, 1995a].

1.7 Water and aerosol particles in the atmosphere, thenodynamics, and
previous laboratory studies

Water is present on earth in all three phasesd,shdjuid and vapor. The

varying amount of water vapor present in the atrhesp depends on regional and
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global conditions. Averag®H in atmosphere also has seasonal variations. The
percent relative humidityRH) is defined as the water vapor presséeat a given
temperature, divided by saturation water vaporuesPs, multiplied by a factor

of one hundred. Following equation 1.1 gives thatienship ofRH with vapor
pressure and saturation water vapor pressure. iBquai2 relates water activity

(ayw) with water vapor pressure and saturation vapssre.

RH = —x 100 (1.1)

a, =t (1.2)

Ps

As the ambient temperature increases, fitté decreases because of a strong
dependency between the saturation water vapor yeesand the ambient

temperature [Lawrence, 2005].

At low RH an aerosol particle can be dry and solid. A platan go into
solution when exposed BH equal to or greater than its deliquescertk Particle
hygroscopicity depends on chemical composition,cividan be divided into two
major groups: inorganic and organic. Inorganicstheemore soluble part of the

particle and mainly consist of salts such as amomansulfate (AS), ammonium

16



nitrate, ammonium bisulfate and sodium chloridee Tlygroscopicity of inorganic
aerosols has been investigated by numerous resesii¢h K. Chan et al., 1992; I.
N. Tang and Munkelwitz, 1994]. These researcheosotighly explain hydration
and dehydration patterns of various inorganic satid summarize information
about the solute mass fraction and the density péréicle at variou®RHs along

with crystallization and deliquescence points [l. Tang, 1980; I. N. Tang and
Munkelwitz, 1994]. We can use this information taloulate the hygroscopic

growth factor (HGF) of pure inorganic salts at sasRHs

Pure AS patrticles are solid and in the crystaltete at 10%RH, and they
remain solid untiRH reaches its deliquescence relative humiditiRi). A sudden
change in diameter takes place as a particle red2Rél and forms a saturated
agueous solution. THBRH is specific for each deliquescent compound atipec
temperature. ASRH is increased beyon®RH, particle size keeps increasing
smoothly until the thermodynamic equilibrium iscked, i.e., equilibrium of water
between the gaseous and aqueous phasBHAdecreases, water from the particle
evaporates to maintain the vapor equilibrium, sodtystallizationrRH is therefore

much lower than th®RH [Cohen et al., 1987; I. N. Tang and Munkelwitz94p
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Following figure 1.2 shows the hydration and delagiin curves of AS along with

deliqguescence and crystallizatiBits
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Figure 1.2: Ammonium sulfate particle growth and aporation pattern as a
function of relative humidity at room temperaturdrOm Tang and Munkelwitz
1996). [I. N. Tang, 1996]

Multicomponent aerosol particles show differenthdgor on hydration and
dehydration than do single-component particles. Whrilticomponent particles
are hydrated, they can show deliquescence in nrilsi@ps, and dehydration may

involve more than one step for crystallization ate place. A mixture of sodium
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chloride and potassium chloride, for example, shdelgquescence at 72.7%H,
i.e., different from the pure individual saliS8RH as given in table 1.1. Hydration
and dehydration curves depend solely on the cortiposif the aerosol particles

and become more complex with increasing composamnplexity.

Table 1.1: Atmospherically important inorganic salvith their deliquescence
relative humidity(DRH), crystallization relative humidityCRH), and density. [I.
N. Tang, 1996]

norganic DRH (%) CRH (%) pary (g T
Na,SOy 84.2 59-57 2.7
(NHg4)2SOy 79.9 40-37 1.77
NaCl 75.3 48-46 2.17
NaNG; 74.3 30-0.05 2.26
NH4NO; 61.8 32-25 1.73
NH4HSO, 40 22-0.05 1.78

In addition to the inorganic fraction of atmosphkgyarticles, the other main
part is carbonaceous material, which often presemt® than half of the mass of
submicron particles [Jimenez et al., 2009] and afddther complexity to the
hydration and dehydration pattern of the particl@atbonaceous materials can be

classified into elemental carbon (EC) and organarbon (OC). EC and
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hydrocarbons are nonhygroscopic under atmosphendittons, while oxygenated
organics, usually composed of thousands of indalidpecies such as oxalic acid,

are hygroscopic [Saxena and Hildemann, 1996].

Atmospheric particles are very complex in compositiwith contributions
from numerous classes of individual organic spe¢@sldstein and Galbally,
2007]. Hygroscopic properties of a few species a@uthousands of individual
species have been investigated [Duplissy et all,1ROVarious approaches were
used to determine the influence of these specieth@mverall hygroscopicity of
ambient aerosols under varioR$1 conditions. The initial laboratory studies were
done to investigate a simple system of internaliyemh aerosol particles of single
inorganic and single organic species [F. D. Popal.et2010] such as carboxylic
acid or dicarboxylic acids and multifunctional ongaacids or their salts [Choi and
Chan, 2002a] and also their mixture with inorgagatts [Cruz and Pandis, 2000a;

Hameri et al., 2002; Choi and Chan, 2002b].

The presence of organics alters the hygroscopiitynternally mixed
inorganic components, as organics are less hygpasaban pure individual
inorganic species. Internally mixed aerosol pagtdfinorganic + organic) pick up

water at a range &Hs less than thBRH of the individual inorganic component of
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the particle because of the organics [Dick et26lQ0; M. N. Chan and Chan, 2003;
Braban and Abbatt, 2004; Pant et al., 2004; Badyeal., 2006], while pure
inorganics remain solid or gradually start dissolviat theseRHs. Organics can
alter theDRH of inorganics as observed by Brooks et al 200D¢RBs et al., 2002]
and also observed from the study of internally miparticles of carboxylic acid
and AS [Braban and Abbatt, 2004; Pant et al., 2004 change ilDRH was
considered to be due to physical reasons insteatherhical change. The factors
behind the change IDRH are the amount and number of organic species along
with the type of species. An organic mole fractmnO.1 to 0.35 in the particle
[Braban and Abbatt, 2004; Pant et al., 2004] doets shift DRH substantially;
however, on increasing the mole fraction to morantt0.35 in the particle
decreasedRH of AS when a single-component system of partidengosition
(inorganic + organic) was studied. The hydratiord alehydration patterns of
internally mixed aerosols are more complex in noolponent atmospheric
particles than in a simple system of single-compbaerosol particles [Marcolli et

al., 2004].

Hygroscopic properties of mixed particles have beardied by several

research teams [Cruz and Pandis, 2000a; Peng, é208ll; Brooks et al., 2002;
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Choi and Chan, 2002b; Prenni et al., 2003; Wisal.e2003; Braban and Abbaitt,
2004; Marcolli and Krieger, 2006; Varutbangkul ét, 2006]. More complex

systems such as humic acids also drew the atteotiggsearchers [M. N. Chan and
Chan, 2003; Gysel et al., 2004; Pant et al., 20%sons et al., 2004]. Recent
research has shown that the hygroscopicity of acgparticles is low without a

clear phase transition [Prenni et al., 2001; Cimoi &han, 2002b; M. N. Chan and
Chan, 2003; Gysel et al., 2003] and that some acgare non-hygroscopic below

85% RH [Cruz and Pandis, 2000b; Peng et al., 2B6dnni et al., 2001].

Aerosols can be classified as internal or extemidtures [Winkler and
Junge, 1972; Lesins et al.,, 2002; J. Lu and Bown2&xi0] depending on their
chemical composition. Aerosols individually consigt of mixtures of different
components are referred to as internally mixed,levhixtures of aerosols each
comprising a different single component are refetoeas externally mixed. There
are varieties of intermediate states of internalyd externally mixed aerosol
particles present at ambient conditions [J. Lu aBdwman, 2010]. The
hygroscopicity of particles belonging to internally externally mixed shows
different patterns [Peckhaus et al., 2012]. Extéynaixed particles can show

different hygroscopic groups, while one hygroscopmmde could belong to
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internally mixed particles. Hygroscopic propert@®vide information about the
mixing state of particles and are important in emtion with direct and indirect
climate effects, visibility [Andreae and Rosenfe0)08; J. Wang et al., 2008;
Heintzenberg and Charlson, 2009] and human heBlkiflson et al., 2005; Pope

1l et al., 2009].

1.8 Relevant prior work

Many researchers used isoprene and selected mpeoés to produce
secondary organic aerosols (SOA) to parameterigehggroscopicity and CCN
activity. Following are previous studies in chrovgital order with some

resemblance however experimental conditions wéferdnt compared to ours.

The hygroscopic properties of ozonolysis produéts-pinene [Virkkula et
al., 1999; Cocker et al., 2001; Saathoff et al.030p-pinene and limonene
[Virkkula et al., 1999] were studied. Pure orgaagrosols and mixed (AS/SOA)
SOA were produced. Experimental results show thatgianic and organic pick up
water independently which is consistent to ourifigd Our experimental results of
pure organic SOA growth factor (GF) at 85% RH we#thin 7% to Virkkula’s

[Virkkula et al., 1999] finding for nucleated SO&ocker [Cocker et al., 2001] and
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Saathoff [Saathoff et al., 2003] found that depogiless hygroscopic ozonolysis
products on ammonium sulfate seed reduces GF ofoamm sulfate. GF of seed
aerosol decreases with increase in organic voluaeidn in the particle. Saathoff
[Saathoff et al., 2003] found that nucleated SOMdbshow any deliquescence on
increasing RH however seeded SOA shows deliquescn80% RH. Huff Hartz
[Huff Hartz et al., 2005] and VanReken [VanRekemlet2005] studied ozonolysis
products ofo-pinene,p-pinene,A°carene and limonene for their property if these
SOA can act as cloud condensation nuclei (CCN).oAling to VanReken
[VanReken et al., 2005] limonene SOA were most C&iftive however SOA
becomes less CCN active with time. According tofHHiuff Hartz et al., 2005]
findings monoterpenes SOA’'s are CCN active andvaidi like highly water
soluble organics at high RH. Varutbangkul [Varutipan et al., 2006] produced
SOA in humid chamber (~50% RH) by ozonolysis of wtenpenes. According to
experimental results SOA’s are slightly hygroscammpared to inorganic aerosol
substances. He also found that pure organic aetasoidogram shows smooth
water uptake (consistent to our finding withoutigieéscence and efflorescence).
Our experimental results of growth factor were wmtl¥% to Varutbangkul

[Varutbangkul et al., 2006].
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Meyer [N. K. Meyer, Duplissy, Gysel, Metzger, DonmeNeingartner, Alfarra,
Prevot, Fletcher, Good, McFiggans, Jonsson et28l09a] studied ozonolysis
products ofa-pinene and monitored GF changes at 75% and 85%HgHound
that on increasing soluble organic volume fractan/5% RH to seeded aerosol
particle partially help in dissolution of ammoniwsulfate (AS) however at higher
RH (85%) GF of ammonium sulfate seed decreases inttrease in organic
volume fraction. Satoshi [Takahama et al., 200dhtbthat adding dark ozonolysis
oxidation products of limonene ar-pinene to seed aerosol (AS) may have
negligible effect on efflorescence transition of .ASetters [Petters et al., 2009]
produced SOA by ozonolysis af-pinene and found that SOA were slightly
hygroscopic at or below 98% RH. Smit. L. Smith et al., 2011] produced mixed
(AS/SOA) aerosol particles by dark ozonolysisogbinene. Smith’s experimental
results shows shift in DRH of ammonium sulfate wettndensation of oxidation
products ofa-pinene. Bertram [Bertram et al., 2011] studieddation products of
a-pinene and its effect on efflorescence RH andgdebcence RH of the particles
and found that the oxidation products affected #fforescence RH and
deliquescence RH of the mixed (AS/SOA) aerosoligad. Tritscher [Tritscher et
al., 2011] produced SOA by ozonolysis wpinene and followed by aging with

OH radicals. He found that hygroscopicity of pdescinitially increased during O
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induced condensation but during later stages eWten @xposing to OH radicals
remained unchanged. Mostly researchers used ozsdly produce SOA under
humid conditions. We produced SOA under dry coodgi by OH radical

photooxidation to parameterize the hygroscopic gndactor of pure organic SOA

and mixed (AS/SOA) SOA.

1.9 Objective of this study

Atmospheric particles contain significant amount kofth organic and
inorganic material. The inorganic portion conslatgely of AS, while the organic
portion contains many individual, and largely umtied, compounds [Hallquist
et al., 2009]. The water uptake properties of aphescally important inorganic
salts are well known [l. N. Tang and Munkelwitz 989. Although it is known that
organics can alter the hygroscopic growth factanofganic particles, these effects
are still not fully characterized [Swietlicki et.al008]. Oxidation products of
VOCs form a significant fraction of the secondargamic aerosol (SOA) mass,
biogenic terpenes being especially important imlrand forested areas [Hallquist

et al., 2009].
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Because of the different hygroscopic behavior efittorganic and organic
components, field measurements of particles’ hygpgity have been used to
infer the relative amounts of these two componémtatmospheric particles [Y.
AkKlilu and Mozurkewich, 2004; M. N. Chan et al.,@) Zelenyuk et al., 2008].
These inferences are based on the volume addi{eityZSR) rule; this assumes
that the different components take up water inddpetly. The same assumption is
used to estimate the hygroscopic properties ofighest from measurements of
chemical composition. Although this assumption baen verified for particles
consisting of AS or sodium chloride and variousamig components [Y. AkKlilu
and Mozurkewich, 2004; Swietlicki et al., 2008Jnamber of tests have also been
done using actual oxidation products [N. K. MeyPuyplissy, Gysel, Metzger,
Dommen, Weingartner, Alfarra, Prevot, Fletcher, GadcFiggans, Jonsson et al.,

2009b].

Mixed (inorganic/organic) particles typically sh@radual deliquescence at
relative humidities below the deliquescence poihtthe salt. Although this is
widely understood as being due to the partial diggm of the salt, there has been
no readily applied method of analyzing this phenoomeor of applying the volume

additivity rule to this situation. We (Mozurkewigmnoup) tested such a method for
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particles consisting of AS and condensable prodoftssoprene and selected
terpenes ¢-pinene,p-pinene,A%carene and limonene). Initially we applied the test
for the simple system where an individual hydrooarlwas oxidized to produce
mixed particles (inorganic/organic). Further we laggb this method to more
complex situations where two or three hydrocarbeese oxidized to produce
condensable oxidation products that sequentialyexbthe surface of seed aerosols

to produce mixed particles.

Isoprene and terpenes are globally abundant reactyanic gases with the
formulas GHg and GgHsie respectively. They are emitted into the atmospbgra
variety of plants [Guenther et al., 1995]. Terpemes very reactive and form
particulate matter with high mass yields [T. Hoffmaet al., 1997; Bonn and
Moortgat, 2002; Hallquist et al., 2009; Jimenealet 2009]. To investigate water
uptake by secondary organic aerosol (SOA) formedhleyoxidation of isoprene
and selected terpenes-fiinene, p-pinene, A°carene and limonene), nucleation
experiments (pure SOA) and seeded experiments ¢hoxganic and inorganic)

were performed in the York University Smog Chamber.
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2 Instrumentation

2.1 Historical background of HTDMA

A tandem differential mobility analyzer (TDMA) tecigue was first introduced by
Liu [B. Y. H. Liu et al., 1978] to study the charsge particle size as a result of an
imposed aerosol processing [Swietlicki et al., 30&&der and McMurray [Rader
and McMurry, 1986] showed that TDMA data can beei@d to find out the size
changes and proved that diameter changes can bsuredawith a precision of
about 0.3%.

The TDMA technique is classified depending on tlypet of processing, as
humidification (HTDMA), volatility (VTDMA), chemicareaction (RTDMA) and
uptake of organic vapor (OTDMA). We used the HTDN&&hnique [Sekigawa, ;
Stolzenberg, M.R. and McMurray, P.H., 1988] to sgtutle hygroscopicity of
aerosol particles. An HTDMA system consists of tBh&As, a condensation
particle counter (CPC) and a humidification systénsimplified flow diagram of

the HTDMA instrument is shown in figure 2.1.
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Figure 2.1: Simplified diagram of the HTDMA systemo investigate hygroscopic
properties of particles (modified from Aklilu PhChesis 2005) [Y. Aklilu, 2005b]

The dry polydisperse aerosol sample flow was dréavibMALl using a
Gast diaphragm pump, which selects a narrow rarigpadicle sizes. Further
selected dry particles passed through a humidifioegystem and were scanned by
the second DMA to measure changes in particle dimeto particle processing by

the humidification system. HTDMA measurements aresented as a growth
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factor, i.e., the ratio of humidified to dry diaraetof the particle as a function of

relative humidity (RH).

2.2 Design and principle of the DMA

The differential mobility analyzer (DMA) is the @of the HTDMA system.
It can be used to select a narrow range of monedispparticles from the charged
population of polydisperse particles. The selectadow range of monodisperse
particle sizes depend on the fixed voltage apptedhe DMA, charge on the
particle and ratio of sample to sheath flow. Thetipla sizes can be sorted to
determine the particle size distribution if the DMyoltage is scanned in

conjunction with a suitable detector.

Figure 2.2 provides a detailed cross sectional \aétihe DMA, TSI model
3071 [Kinney et al., 1991]. It consists of an dleetly grounded outer housing, an
inner rod with negative DC voltage applied to itdawo inlet and two outlet flow

openings.
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Figure 2.2: Schematic diagram of differential molty analyzer (TSI Model
3071) (modified from Kinney et al., 1991 [Kinney at, 1991].

Inlet openings carry polydisperse aero$@l))(and sheath flow(sp) to the
DMA while outlet openings are for the exiting sasgpimonodisperse aeros@s|
and excess aiey). In our HTDMA system, the sheath flow was appnoaiely 10

times the aerosol flow. Polydisperse aerosol flawies charged particles into the
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DMA while sheath flow Qsp) flows axially down the central rod and pushehia t
layer of aerosol to move along the outer wall of BMA. Positively charged
aerosol particles migrate into the clean sheatthatause of the electrical field.
Particles under the influence of electrostatic ainag forces in the classifying
region gain radial velocity proportional to theleerical mobility ). Positively
charged particles with specific mobility are sedecby the DMA when a fixed
voltage is applied on the central rod. Particlethve larger diameter and lower
mobility are lost along with the sheath flow or aleposited below the exit slit,
while particles smaller than the selected diameteuld move toward the central
rod above the exit slit because of high mobilitgl amould be deposited there. The
electrical mobility Z,) of spherical particles is associated with diaméDg) and
charge €) as given in equation 2.1[Kinney et al., 19%3rticle size that is selected
by the above procedure is associated with a spesliictrical mobility that can be
calculated using equation 2.1 if we know the skyprection. Equation 2.2 can be

used to calculate the slip correction factor.

A Qsh+ Qex In (7_2) enc(Dp) (21)

P anvL rn/) D,

Here
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Q4= sheath air flow rate (175 émec?)

Qo= excess air flow rate (175 éraec?)

r; = outer radius of the centre rod (0.937 cm)

r, = inner radius of outer cylinder (1.958 cm)

e = elementary charge (1.6 x19C)

n = number of elementary charges on the particle

L = axial distance between the aerosol inlet apcettit slit (44.44 cm)
V' = voltage applied to the centre rod (volts)

D, = particle diameter (cm)

Cipyy = 1+ Ky[1.155 + 0.471 exp(— 0'%)] (2.2)

Cipp) = slip correction [Allen and Raabe, 1982], diamelkependent

HereK, is the Knudsen number, which is related defined by

K, == (2.3)
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Herel = mean free path of air molecules at a given teatpee and pressure; the
mean free path was corrected for operating comditiof the DMA as given in

equation 2.4 [Kinney et al., 1991].
_ T (Po) (1+1104/T,
A =2 (To) (P) (1+110.4/T) (24)

Herelo is the mean free path and has the value of 6.76 %cm:; at pressur@

(1.01 x 10 Pa) and temperatufig (296.15 K)

The main function of the DMA is to separate chargedticles based on
their different electrical mobility. Before enteginhe DMA, particles were charged
by passing through a bipolar charg&Kr or ?*%Po are bipolar charging materials
used in TDMA technology?Kr is an inert radioactive gas that enfitparticles,
while %o is a solid substance that emitparticles.o or p particles continuously
ionize the gas molecules inside the bipolar char@erpassing through the bipolar
charger, aerosol particles attain a negative oitipescharge when they collide
with negative or positive ions. The aerosol pagsctan attain single, double or
multiple positive or negative charges. The majatipo of charged aerosols attains
a single charge; however, 5% of aerosols may atmauitiple charges. For

simplification of data analysis it was assumed #ilgparticles were singly charged.
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In the HTDMA system &'%o bipolar charger was used to charge particles.
The charged particles carrying a positive chargeenradially toward the central
rod of the DMA under the influence of the electfield, while particles with a

negative charge were deposited on the inner sudbites outer cylinder.

Selection of any specific particle size from a pidperse population
depends on the electrode voltage and electricallityolt any specific central rod
voltage, the radial speed of the particle depemdasoelectrical mobility for given
flow rates, which in turn depends on the appliedtage, the flows and the
geometry of the DMA. Particles having the same tdled mobility that are
sampled by the DMA are not truly monodisperse bgedbey don’t follow a single

path to the exit slit at a given (fixed) voltagé,) at the central rod. Positively
charged particles possessing electrical mobilitythe range ofZ, + %Azp are

capable of passing through the exit slit at theelidsthe inner rod. Some particles
may follow a shorter or longer path to the exit ¢fiee figure 2.3); thus some
particles will exit at a lower or higher voltageathV,, as shown in figure 2.3.

Sampled aerosols will fall into a narrow range aftigle size. An upper and lower
limit of particle sizes with electrical mobilitg, and the transfer function together

governs their probability of passing through thé ekt for the given sample and
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sheath flow. The appearance of sampled particles fagction of the voltage can
be explained by the transfer functidl)(as “the probability that an aerosol particle
which enters the mobility analyzer via the aerostdt will leave via the sampling

flow, given that its mobility i<Z,” [Knutson and Whitby, 1975].

Aerosol Flow

Sheath flow

{_____
— {---

Center Rod

L e bl et 2t e

iz

Figure 2.3: Schematic presentation of possible pelg path within the DMA
(modified from Knutson and Whitby, 197%Knutson and Whitby, 1975]
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Several important features of the transfer functoe apparent from figure 2.4.
DMA flows are important in connection with the tsd@r function. A ratio of the
sample flow to the sheath flow)(determines the size range of sampled partigles.
is defined as the ratio of aerosol flow to sheddlwf so larger excess flowQ(,)
and sheath flow@s,) mean a smallef and a narrow size range of particles as

given by equation 2.5,

ﬁ — Qa+ QS 2.5
Qex+Qsh

Qsh and Qex are explained above, whil@, and Qs are aerosol and sample flow

respectively, ranging from 1.0 to 1.4 L riin

If the aerosol inlet flow @;) and monodisperse sampling floQs are equal,
Q.= Qs and the transfer function has a triangular shefth a sharp peak
corresponding to a probability of 1. This is the optimum condition for obtaining
an accurate particle size [Kinney et al., 1991DJ# Qs, then the transfer function
gains a trapezoidal shape because there will lamgerof voltages by the central
rod for which all the inlet aerosol particles witiobility Z, will be sampled by the

monodisperse outlet. This fact implies that thadfar function is unity for a range
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of voltages, which in turn leads to a flat-toppather than triangular peak (figure

2.4) [Kinney et al., 1991].

™

Wa(l-F) Vo Wa (1+E

Soltage W)

Figure 2.4: The differential mobility analyzer trasfer function. It determines for
any given voltage (Vo) the probability that a chadparticle 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 measused) a condensation
particle counter (CPC). In our HTDMA and scanninghility particle sizer
(SMPS), we used two CPCs, TSI models 7610 and 8&dgectively, to determine
particle concentration. A CPC is a single-partimbeinter that uses light scattering

to detect particles. The technique is sophisticaggobugh to measure the
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concentration of particles with a diameter from awf nanometers to

submicrometers depending on the model of the counte

The chronological historical development was exmdi by McMurray
[McMurry, 2000]. Figure 2.5 shows the cross-sectainthe CPC (TSI model
3010). The working principle of TSI models 3010 af@ll0 is the same. Before
passing through a detector, the particles mustrterged into droplets to make

them detectable, a process achieved by condensitendl vapors on them.

Exhaust to External Vacuum Source
o Critical Orifice
. | Flow conirol Collecting Lens
Focusing Lens JI . ;\i_'i._\ Photodetector
[ M”\ @
LaserDiode | || \\ RS S
 Electrical Pukes
Collimating | |* '
Lens . T
.. ~~+ Thermoelectric
Condenser > Heat ¥
Aerosol inlet N
Heated Saturator %
Natural Convection
Heat Sink

Alcohol reservoir

Figure 2.5: Schematic diagram of condensation paté counter (modified from
TSI Model 3010 manual, figure 1-2).
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The CPC sample flow of 1.4 Lihwas maintained by flow through a
critical orifice sustained by a Gast diaphragm pyipdel DOA-P104-AA) at the
exit of the CPC. The aerosol particles enter thiotlte aerosol inlet into the
saturator, located at the entrance of the CPC. siterator contains a butanol
reservoir that is kept above room temperature. Bilanol has a relatively low
saturation vapor pressure, so the gas flow is at@girwith butanol within the
compartment before entering the cooled condendiaghber downstream from the
saturator. The flow of heat toward the walls of teeled condenser is much faster
than the flow of alcohol vapor, because air molesure much lighter than the
alcohol. This creates supersaturation within theolew condenser. The
supersaturated alcohol vapors condense on thecsuofathe incoming particles,
allowing them to grow to more than a micrometedigmeter before they reach the

exit of the cooled condenser.

The grown particles pass through the exit nozzldager beam is set up
horizontally above the aerosol nozzle. The growtiglas scatter the laser beam on
passing through it. The scattered laser light iéected on a photoreceptor. The

photoreceptor produces an electrical pulse for @acticle. Those are counted and
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transmitted to the computer, which performs thedit counting. Incidents were
counted for 0.2 seconds for every reading. If thegtige concentration is higher
than 18 particles cri®, there are chances that the signals of two pestichay

overlap and count as one, so a coincidence casretti the counting should be
applied; however, particle concentrations duringolatory measurements were

lower than the threshold, so a coincidence cowaatias not required.

Using the information of flow rate and CPC countirigne, the
concentration of particles can be computed from dbe&ected signal. Buzorius
[Buzorius, 2001] shows a characteristic efficiefunyction for the CPC (TSI model
3010) which provides the probability of detectidraajiven particle diameter. Each
CPC model varies in its efficiency and threshol@nater. The technique is
considered 100% efficient above a particle diamet&5 nm and at a certain level
of particle concentration, i.e., 4@articles cri®. During our smog chamber study
the sampled diameter of the particle was alwayvals® 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 HTDMAmidification
system, which lies upstream from the second DMA faasl two main components:
a saturator and an equilibrator. These are usecdoimbination to regulate the
humidity of the sheath flow of the second DMA ar tsampled aerosol. A
saturator adds water to the sheath flow while tip@lérator makes sure that the

RH is the same in the aerosol and sheath flowsddhese enter the second DMA.
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Figure 2.6: Sample humidification system.

43



The saturator consists of nafion tubing encased polypropylene shell
(Perma Pure model MH-070-24P), and the equilibretmsists of an outer shell of
fluorocarbon (Perma Pure model MD-110-24F) and rinn&fion tubing. Both
nafion tubings (in the saturator and equilibratarg 58 cm long with an outer

diameter of 0.18 cm.

A saturator is a shell-and-tube moisture exchatigatr allows the transfer
of water vapor between a liquid water supply arfldaing gas stream. The sheath
flow was passed through the inner shell of therattu (nafion tubing) while
distilled water was circulated through the outeglisbounter-current to the sheath
flow. Circulation of water was regulated using aigtaltic pump. The sheath flow
of the second DMA was 10 Ipm. The sheath flow wesrculated repeatedly in a
closed loop through the inner shell of the satur&oachieve the required high
level of steady state RH. Water is absorbed ineowhlls of the nafion tube and
transferred to the dry gas stream. The transfdriv@n by the difference in partial
pressure of water vapor on opposite sides (Perma anual). Water diffusion
from the outer shell to the inner side of the maftabing resulted in evaporative

cooling; to compensate for this effect, the cirtola water was heated a few
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degrees above room temperature, using a heateedettlie peristaltic pump and

the saturator.

RH of the aerosol sample and DMA2 sheath flows veepalibrated before
the flows entered the second DMA. The humidifiedath flow passes through the
outer shell of the equilibrator while the aerosaimple passes through the inner
nafion tubing. The water concentration differentigtween the two gas streams
(sheath and aerosol flow) drives the process. Bsecat the difference of partial
pressures, water diffuses across the membrane nudliy the aerosol particles.
The water concentration differential between th® tgas streams (sheath and
aerosol flow) cause the moisture to passe quiaklyhe aerosol flow from the
sheath flow across the membrane. The process dftumeiexchange across the
nafion tube wall equilibrates the RH in the samguhel sheath flows. The RHs of
the sample and sheath flows were measured aftesmgathrough the equilibrator
and agreed within 2% [Y. Aklilu, 2005a]. The RHtbE sheath flow was regularly

monitored just before the flow entered DMAZ2.
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2.5 DMA2 relative humidity regulation

RH is the most important parameter in the HTDMA.cA@ate RH is
necessary for accurate hygroscopic growth factdBKHmeasurements because
inconsistent RH could result in uncertainty in deti@ing the water interaction of
particles, which would lead in turn to uncertaimyfinding the HGF. For accurate
HGF measurements, accuracy of determining the Rlgaisicularly important

above an RH of 80%.

To study the particle interaction with water atigas humidities, the RH of
the DMA2 flow had to change over time. To incretse RH, the sheath flow was
passed through the saturator, while to decreasBkhehe sheath flow was passed
around the saturator using a solenoid valve. Th®MA humidification system
allows us to gradually scan through various RHsqudfion 2.6 provides a
relationship of water vapor mass balance whilestheath flow passes through or

around the saturator.

RHppma2(Qsn + Qs) = RHgqQsp + RHQs (2.6)
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Qsh and Qs are sheath and sample flow respectivBlifbuwaz is the RH of DMAZ2,;
RHsa: is the RH of the sheath flow that exits the saturafter passing through it

and is assumed to be saturatRH; is the RH of sample before humidification.

Equation 2.6 can be rearranged to equation 2.7chwé¢an be used to calculate the

RH of the DMAZ2 sheath flow.

RHppiaz = (RHgqtQsn) + (RHsQs) 2.7)

(Qsnt Qs)

RHs was almost 5%; howeveRHss: = 100% on exiting the saturator. Sample flow
(Qs) is 1.0 Ipm, so alternating the sheath flow (1fh)ghrough the saturator and
around it provided steady state RHSs. Ideally theupeshould allow us to scan RH
values ranging between 1% and 92% in the HTDMA. ifiteal RH of the sample
was not exactly 5% in our experiment, dRies;; was less than 100% with the given
sheath flows. Because of the above-mentioned gian@es in RHs, the obtained
steady state RH was not quite as indicated abdwe r@-circulation of sheath flow
(10 alpm) through the saturator could provide aimam RH of 74% on exiting
the saturator without heating. The tubing and DMérevinsulated to minimize the
loss of heat. With the help of the above-mentiodeanges in the set-up we could

achieve steady state RH within DMA2 ranging from%8Go 86%. All lab
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experiments were performed under a controlled ¢mmiing system, so there were
no temperature fluctuations and we achieved fatdysistent steady state RH

within the HTDMA.

To achieve the upper level of RH takes 10 to 15uteis, while decreasing
the RH takes a much longer time, i.e., 90 to 10Bbuteis. RH data was collected
and recorded every 0.2 seconds. The average dfthand 98 percentiles of RH
measurements was calculated and recorded. Thewdegtato be rejected if the
spread between the L@nd 98 percentiles exceeded 3%. In our system the RH
measurement difference between th& aad 98' percentiles exceeded 3% when
RH was ramped up, so a few initial scans were t@&jecA scan was 1 minute in
duration, so a complete cycle of RH ramping produenost 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 HGReofparticles. A
simplified schematic diagram of the system is shamwrigure 2.7. The system
consists of %o bipolar charger, two DMAs, a conditioning systantd a CPC.

To measure the HGF of the particles, the dry sarfiple (1.2 Ipm) was first
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passed through &°%Po bipolar charger before entering DMA1. TH&Po bipolar
charger introduces a distribution of positive amegative charges on the particles.
DMA1 was used to select charged monodisperse [emrtichen a fixed voltage was
applied on the central rod. The fixed voltage aa ¢bntral rod of DMAL produces
a narrow range of sampled particle sizes for tipecty DMA sample-to-sheath-
flow ratio of 0.12, as discussed in section 2.2e Thajor portion of sampled
particles is single-charged; however, a minor portmay have multiple charges.
The probability of multiple charged particles cdmition at sampled particle sizes
depends on number of particles present at higlaenetier. For example if sampled
particles diameter is 200 nm it may have contrdoutfrom doubly charged
particles of 320 nm because the doubly chargedcfestwith 320 nm would have
the same electrical mobility as 200 nm sampledigast In our experiments
number of particles at higher diameter that maytrdaute to sampled patrticle sizes
or very few in numbers so their contribution to géed particle is negligible so we
assume that all particles are singly charged; hewea minority that contains
multiple charges would appear smaller than the saleulated by assuming a
single charge. The dry condition for sheath flonDdflA1 was maintained in order
to maintain a dry sample during size selections thias accomplished by

recirculating the sheath flow. The recirculationtloé sheath flow was maintained
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using a mass flow controller (MKS model 1259C) andiaphragm pump (Gast
model DOA-P10A-AA); the set-up was comparable te flokinen and Makela
(1997) [Jokinen and Makela, 1997]. In our HTDMA,uédprium between the

sample and sheath flows was achieved in almosahdtiour.
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Figure 2.7: Schematic diagram of humidification tatem differential mobility
analyzer (HTDMA).
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A fraction (0.3 Ipm) of the sampled flow from DMA4as sent through the
filter or it may be bypassed the filter before sagdt to the CPC. Fraction of the
sampled flow was bypassed the filter to determiree garticle size distribution if
SMPS is unavailable. The remainder of the sampted 1.1 Ipm) passed through
the humidification system, where it was equilibcatd a certain RH. On leaving
the equilibrator, the sample flow entered the sdc@MA. DMA2 captured
changes in particle sizes due to humidificatione Tdtal flow from both DMAs to

the CPC was 1.4 Ipm, almost 20% from DMA1 and tst from DMAZ2.

DMAL1 voltage ¥pma1) was cycled through two to three voltages from
experiment to experiment, which means two or thm@gal diameters were
sampled. DMA2 voltage\pma2) was a multiple ofVpuar and was scanned

exponentially through a range of voltages during sample period.

Vomaz = (fo X Vpmar)exp G) (2.8)

Heref, was equal to 0.5 andwas 90 seconds. If flows in both DMAs are equal
and particle size remains unchanged, then the pk#ie size distribution would

occur whenVpyaz is equal toVpuai. The full particle size distribution can be
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captured if we set thi value less than unity because monodisperse fEmtibat
exit DMA1 have a narrow size range. The upper liofitvoltage was set to about
2.5 to 3.5 timed/pua1. The range of the voltages applied was adequatepture
the complete distribution of pure ammonium sulfgt&) humidified from 80% to
90% RH. Figure 2.8 represents the voltage settilngisg three sample periods. To
determine the particle size distribution, DMA1 wast to scan mode (1 V-

10,000 V) while the second DMA was adjuste&/gmaz = O.

S
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Figure 2.8: Voltages applied to first and second [2gl

The aerosol sample flows into both DMAs were meaduusing the

pressure drop across laminar flow elements and torewdi using Magnehilic
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gauges (Dwyer series 2000-0 C). The reading froenghuges for the sampled
aerosol flows in a typical sample day was fairlyhstant. The relative standard
deviation of fluctuation of sample flow was not mdhan 2%. Flows from both
DMAs to the CPC were more critical for HGF calcidas, so they were measured
using laminar flow elements and monitored usingff@r@ntial pressure transducer
(Omega transducer (model XP277)). Readings of saiihplvs from both DMAs
were recorded using the computer data acquisiyistem; the sample flow average
for a sample period was used for data processihg.sheath flow of both DMAs
was measured and monitored using mass flow coaetsollThe computer data
acquisition system was set to read and record ldetrieal signal from the mass
flow controller and convert it to the calibratedwme. The volumetric flows from
DMAs were used in calculating particle size. Theaperature and pressure inside
the laboratory was well controlled, so calibratenmd sample flows were matched
fairly well from experiment to experiment. Because HTDMA results involve a
comparison of particle size at both DMAs, any fuation due to use of a mass
flow controller at both DMAs would be similar, st iuse didn't affect the results.
The mass flow controllers were calibrated usingubhte flow meter (Gilian
Gilibrator) and were set to read the flow at théibcation conditions. Vaisala

Humitter 50Y sensors were used to monitor and cetoe temperature and RH of
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the sheath flows of both DMAs. The sensors weribi@ked against an EG&G dew
point sensor (model 911 DEW-ALL) and were set tadrand record at calibration

conditions.

In our smog chamber experiments the concentratiminserosols for
HTDMA sampling remained relatively constant and eyated fairly consistent
data, so there were no complications for data @ng such as could occur during

ambient sampling.

2.7 Calibration and standardization of the HTDMA system

The performance of the HTDMA instrument can befietiusing inorganic
salts. For this purpose experiments were run ugmgus inorganic salts, and their
growth factors were measured at various RHs andpaoed with the calculated
growth factors. To perform tests with inorganidsaolutions were prepared using
analytical grade reagents (around 99% purity) agidrized water. Particles were
atomized using single jet collision nebulizecl, ] using pressurized air from a
pure air generator (AADCO-737-12). The particlegavdried using a multi-tube
nafion dryer before they entered the first DMA. Dnpnodisperse particles were

selected by the first DMA and equilibrated at aialsle RH, and the resulting size
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distribution was measured by the second DMA. Thaalbdity of RH during one

sample period was 3% or less.

HTDMA measurements results are reported as a grtagtbr. The growth
factor GF at a certain RH is defined as the ratio of themgier of the humidified
particle,D,, ... , to that of the dry classified particie, 4, .

Dpw
GF = Bwet (2.9)
Dp,ary

The literature values of water activity and denstysalt solutions [I. N.
Tang and Munkelwitz, 1994] were used to calculb&edxpected growth factor for
the inorganic salts used to test the HTDMA perfaroga The growth factor cubed
is proportional to the volume ratio of the humiddiparticle to the dry. The volume
of the particle can be calculated as mass divigeitsldensity, so the growth factor

can be calculated as follows.

MsolPdry 1/3
GFinorg = \7———— (2.10)

MdryPsol

GFinorg is the growth factor of pure inorganic salfy is the density of the

dry particle, whilepso is the density of the solution, ama,.,/ms,, is the solute
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mass fractior(my). ps, for various water activitieéa,,) and mass fractiong@ny)
was calculated using a polynomial relationship meteed by Tang (1997)[I. N.

Tang, 1997] and Tang and Munkelwitz (1994)[l. Nngjand Munkelwitz, 1994]:

Psor = 0.997 + ¥, Dym; (2.11)
ay =1—3;Am} (2.12)

The Kohler theory established the relationship mbeent RH with the HGF of a
spherical droplet as given in equation 2.13 [Séahfé. H. and Pandis, S.N., 2006;
Rose et al., 2008; Mikhailov et al., 2009; S. Metzgt al., 2011] RH has a direct
relation with water activity and Kelvin curvaturerecection factor(K,). The Kelvin
effect relates the equilibrium vapor pressure dlercurved surface of an aqueous
droplet to the corresponding vapor pressure oversidime solution with a flat
surface; the former is always larger. The relatrapor pressure increase over an
aqueous droplet of diamet®ris given in equation 2.13[Gysel et al., 2002; Gyte

al., 2004].

RH=a, X K, = a, Xexp (%) (2.13)
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HereM,, andp,, are the molar mass and density of water respégtive),
is the surface tension of the solutidR,is the ideal gas constant aidis the

temperature.

Thus using equations 2.9 through 2.13, expectedvtgrdactors were
calculated for various RHs. The deliquescence R#i agstallization RH can be
found from Tang (1997)[l. N. Tang, 1997] and Tang &unkelwitz (1994) [I. N.
Tang and Munkelwitz, 1994], to which readers aneded for further detail of
how to calculate the growth curves of inorganidssaDensities can be obtained

from CRC (2003) [CRC, 2003].

The growth factors were obtained from the HTDMAalasing TDMA-Fit
[Stolzenberg, M.R. and McMurray, P.H., 1988]. Ammon sulfate ((NH)>,SOy)
and Sodium chloride (NaCl) were used to evaluageitistrument performance;
good agreement with known curves was obtainedha@srsin figures 2.9 and 2.10;
for NaCl, the dry particles were assumed to begdm dynamic shape factor for a
cube (1.08) was used to correct the HGF resultrevtiee expected growth factor

was reduced by the factor of 1.08.
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Figure 2.9: Comparison of measured growth factor ammonium sulfate to the
calculated factor (based on Tang and Munkelwitz, 94 [I. N. Tang and
Munkelwitz, 1994].
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Figure 2.10: Comparison of measured growth factof sodium chloride to the
calculated value (based on Tang and Munkelwitz, 499l. N. Tang and
Munkelwitz, 1994]. The calculated growth factor waserrected for shape.
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2.8 Scanning mobility particle sizer (SMPS)

A scanning mobility particle sizer (SMPS) is usedntonitor the particle
size distribution during nucleation and polydisperseeded experiments. The
instrument consists of a DMA (TSI model 3071); aCGCH'SI model 3010); and a

system for data acquisition, reading and recording.

The DMA structure and detailed working principle aliscussed in section
2.1. In short, before entering the DMA, particlesrgvcharged in the SMPS using
%Kr as a radioactive source. The polydisperse sarfple and sheath flow were
drawn into the system by a diaphragm pump (ModelABR104-AA). The
scanning voltage ranged from 10 to 10,000 V, wlgolhresponds to a diameter
between 8 and 600 nm. The aerosol fl@y,(i.e., 1.0 alpm) and sheath flo@(,
l.e., 5.0 alpm) were balanced by sample flo@)@nd excess flow {.y)
respectively to achieve equilibrium in the syst&alanced input and output flows
provided optimum operating conditions for the SMi&8l reliable data on particle

size changes during the experiments.
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The instrument was controlled by the programmetaniby Prof. Michael
Mozurkewich (Centre for Atmospheric Chemistry, Yddkiversity) in software
Igor Pro. 6.0 WaveMatrics. The programme sendg@asito scan voltages on the
central rod of the DMA. It takes 5 minutes to coetplone scan. First of all it scans
down exponentially from 10,000 to 10 V in 10 secyrahd then stays at 10 V for
10 seconds before it starts to scan exponentialtypul 0,000 V within 4.5 minutes.
Between two consecutive scans it stays at 10,000r\10 seconds. During the
scanning process the CPC counts every 0.1 seconcdléct raw data. The raw
data were summed up after every 2 seconds ancefuctinverted to a frequency
reading for every 5 minutes’ scan. Frequency regglwere converted to a mobility
distribution during data processing. To calculatee tmobility distribution,
important corrections were applied to the SMPS.dE@ data were corrected for
the system time delay, particle counting efficientyhe CPC, charging efficiency
of the radioactive source and estimation of the lmemconcentration with the
transfer function. The programme accounts for altassary corrections before
recording and displaying the data for mobility dimition and particle size
distribution. Details of corrections are discussedChan’s thesis [2005] [T. W.

Chan, 2005].
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The mobility distribution on applying all applic&btorrections is converted
to a particle size distribution and describedi#dIinD, with 32 size bins. The total
number concentration of particles can be estimdigdintegrating the entire
measured size distribution. Figure 2.11 providégpacal particle size distribution
obtained during a sequential nucleation experinmBm. SMPS data on patrticle size
distribution can be used to calculate mass peahthoverall mass of the particles

at a given diameter.
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Figure 2.11: Typical particle size distributions rasured by the DMA-CPC
system during a sequential nucleation experimentend hydrocarbons (isoprene,
p-pinene andA>carene) were sequentially introduced and oxidized produce

pure organic particles in the chamber.
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2.9 Production of monodisperse seed aerosol

In our monodisperse seeded experiments, the osidatioducts of selected
hydrocarbons were deposited on monodisperse seedoddo produce mixed
(AS/SOA) particles. The mixed particles (AS/SOA)revsampled to parameterize
the hygroscopicity of these particles. The volumaetion of inorganic and organic
material in the particle can be determined fromgtepled particle size and initial
seed aerosol size. The determination was made derstand the relationship of

hygroscopicity with the composition of the part&le

To produce mixed (AS/SOA) particles, we first imtueed monodisperse
seed aerosol in the clean, dry and particle-freniter using the DMA, and then
selected hydrocarbons were oxidized to depositadiid products of hydrocarbons
on the surface of seed aerosols. To introduce fecigut number of monodisperse
seed aerosol particles in an 8 chamber was very challenging. The first limitation

or challenge was DMA sample input flow (1.0 alpmhich can’t be increased.

To introduce monodisperse seed aerosols initialyused a similar set-up
to that to generate polydisperse seed aerosolclegtiTo generate polydisperse

seed aerosols, the double jet atomizer (BGI, 200th) 0.5% AS solution, 10 alpm
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(Aadco) air flows was used to atomize the seedsatsoPrimarily we used the
same parameters to generate seed aerosol as dd@s®s/e except for the Aadco
air flow. The Aadco air flow was reduced to 1.0malfp match the DMA input for
the sample flow. The effort to introduce adequaiecentration of monodisperse
seed aerosol particles in the chamber to performdest experiments was
unsuccessful. Later we worked out that a 2.0% Aftiem in a double jet atomizer
(BGI, 2001)[Bal, ] with 10 alpm clean (Aadco) air flow can producsudficient
concentration of seed aerosol. Due to the limitetiof the DMA intake of the
sample flow, 9.0 alpm was bypassed and 1.0 alpmdivasted toward the DMA.
The monodisperse seed aerosols were selected byrapp fixed voltage on the
DMA. Before entering the chamber, the selected rdmperse seed aerosols were
neutralized using &°Po neutralizer. The neutralization was necessaryrévent
them from being lost on the teflon surface of tharnber because its surface can
quickly absorb charged particles. For the abovdagx@d reason, stainless steel
tubing was used for the transportation of seedsatsado the DMA and from the

DMA to the chamber.

The detailed layout of monodisperse seeded expetime given in Figure

2.12. The double jet atomizer produces small dieptbe major portion of which
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impacted on the internal wall of its container amdshed back to the solution,
leaving only less than 1% to survive out of thetaorer with the air flow [May,
1973]. The particles generated by the process dmged using a silica drier before
they were passed through'dPo source for charging. The charged particles enter
the DMA, which selects narrow quasi-monodispersed gearticles. The selected
monodisperse seed particles were neutralized befotering the chamber. The
process of filling the chamber with monodispersedsaerosol particles takes

almost 2.5 hours.

The set up used to select narrow size range of theperse seed aerosols.
The median diameter of the monodisperse seed dgemas 100 nm. HTDMA was
used to measure size distribution because SMPSmebsvailable. A Typical
particle size distribution of monodisperse seedsas introduced in the chamber

is given figure 2.13.
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Figure 2.12: Schematic of sorting of monodisperssed aerosol (via DMA) to fill
the chamber to perform monodisperse seeded exparime The collision
nebulizer is modified from that in the BGI manuald®1
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Figure 2.13: A Typical particle size distributionfanonodisperse seed aerosols
introduced in the chamber measured using HTDMA. Y¥ia labeled with
frequency because SMPS was not available for sisgridhution measurements.

2.10 The smog chamber

The York University Smog Chamber was used to perftre experiments.
The chamber consists of a tube of teflon film mednbetween teflon coated end
plates, with a volume of 8 inBetween experiments, the chamber was flushed with

dry, clean, particle-free air from an AADCO 737 @wir Generator. The air was
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not humidified, so the RH was less than 5%. Thentd& is surrounded by twelve
UV lamps (Philips F40 BL, 40 Watt) used to initiggeotochemical reactions; it is
enclosed so that when the lights are off, no phwoustry occurs. Temperature
and RH were measured and monitored using an Omeghb#1311 humidity

temperature meter. All the reactants were introdwred sampled through the inlet

and outlet openings at the end plates of the cytaichamber on either side.
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3 Fully Organic Particles

3.1 General Overview of Nucleation Experiments

The main purpose of nucleation experiments wasrédyce pure organic
particles rather than to study nucleation. Nucteatexperiments are categorized
into three main groups: simple, mixed and sequentra simple nucleation
experiments an individual hydrocarbon (isopref¥ejnene, limoneneA®carene or
a-pinene) is oxidized, while several combinationshase hydrocarbons were used
to produce SOA in the mixed and sequential nu@eatixperiments. Two or three
hydrocarbons are oxidized either at the same timsequentially to produce SOA

in mixed hydrocarbon or sequential nucleation expents respectively.

All of our experiments were performed in a dry,arie(i.e., particle-free)
chamber, so the resulting aerosols produced byeatich were purely organic. To
perform nucleation experiments, measured volumesebected hydrocarbons,
isopropyl nitrite (IPN) and nitric oxide (NO) wergroduced into the chamber. The
hydrocarbons and reactants were given sufficiené ior mixing and evaporation
before photooxidation was initiated by turning oW light. IPN photooxidation in
the presence of NO produced OH radicals, whichipgidhe hydrocarbons. To

ensure that hydrocarbon photooxidation was goveswely by OH radicals, an
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excess of NO was introduced to scavenge any ozeoduged during the

photooxidation of hydrocarbons.

The main challenge in performing nucleation experits successfully was
to keep particle sizes within the HTDMA samplingga. In this regard, the simple
and mixed hydrocarbon nucleation experiments weasee than the sequential

nucleation experiments.

To overcome the challenge, rapid oxidation thatsocomes all of the
hydrocarbon was performed. For this, a high comaéioh of OH radicals was
needed, so IPN was introduced at five to ten titheshydrocarbon mixing ratio.
The rapid oxidation of the hydrocarbons produceldigh concentration of low-
volatility oxidation products in a short span ahé. The low-volatility oxidation
products saturated quickly and partitioned from ties phase (nucleated) to
produce SOA, with limited condensational growth daelimited supply of the
oxidation products. The limited supply of the protuwas controlled using brief
UV exposures and hydrocarbon at the threshold cdret@n, 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 famross the particle
size distribution. Sampling of particles was donestly while the chamber was
dark, except for some experiments where UV was kapt Further, relative
humidity (RH) was cycled by the HTDMA to capture terauptake properties of
aerosols; a full cycle took 2.5 hours. The RH wgded one to three times at each
stage, sometimes with additional periods of UVniloation between the cycles.
This was done to investigate whether aging or didaof the particles altered the
aerosol’'s hygroscopic properties. The particle slizributions remained nearly
constant during the dark portions of the experimesicept for a slow

concentration decrease due to dilution, coagulamhwall loss.

Table 3.1 provides an overview of the experimemstmnations in each

category of nucleation experiments.
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Table 3.1: Overview of hydrocarbons used in nucleation expenis.

Hydrocarbon-l  Hydrocarbon-l1l  Hydrocarbon-lllL  Comments
B-pinent - - Simple
a-pinene - - Simple
A’carene - - Simple
Limonene - - Simple
Isoprene - - Simple
B-pinene Limonene - Mixed HC
a-pinene B-pinene A’carene Mixed HC
B-pinene Acarene - Sequential
Isoprene B-pinene - Sequential
Isoprene A’carene B-pinene Sequential
Isoprene B-pinene A%carene Sequential

3.1.1 Hygroscopic growth factor of pure organic material

A humidogram of the pure organic aerosols was usguarameterize the
hygroscopic growth factor (HGF). A two-parametendtion to describe the HGF
of pure organic aerosols was developed and thivatem follows Aklilu and
Mozurkewich [Y. Aklilu and Mozurkewich, 2004 The humidified particle volume was
determined on the basis of partial molar volumetkiffs, 1994] assuming additive
volumes as given in equation 3.1.

3
nDPwet

= nsVs + n,V, (3.1)
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HereD, . is wet diameter of the particlg, andVj, are molar volume of solute and

water, anchg andn,, are the number of moles of solute and water resde

The dry particle volume is

3
nDp dry

PR nVs (3-2)

and Dpdryis dry diameter of the particle. Assuming that molalumes of the

solute remain the same in dry and humidified pkegicthe HGF of the patrticles is

as follows in equation 3.3:

ns Vs+ ny, VW]1/3 (3 3)

ng Vs

GF.. _ Dpwet _ [

Simplified, this yields equation 3.4,

Dpyet _ Ny Vi 1/3
s = |1+ )] (3.4)

GForg=

ng Vs

The ratio of solute to solvent is related to eheby the osmotic coefficient

[Mortimer, 2000],

iQng

nw

—In(a,,) = (3.5)
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Herei is the van't Hoff factor, which for nonionizing Isite is unity, andp is the
osmotic coefficient. The ratio of solvent to soluteequation 3.4 is replaced using

equation 3.5, yielding equation 3.6:

Dper [ B iov,, ]1/3 _ [ B b ]1/3
GForg= Doy -Gy =11~ Gy (3.6)
The term22 s equated to the fitted parameberWe also assumed that the

components that make up the fitted parameter arstaot and are independent of
the composition of the solution. The variation immponents that make up the
fitted parameter may have a second-order effedetarmining the change in size

of the particle. If the osmotic coefficient and getto-water density ratiéfﬁ are

near unity then the hygroscopicity parameter shaglccomparable to the ratio of
the molar volume of water to the molar volume of golute; it might be much
smaller than that ratio if a significant portion thife organic material does not

dissolve.

Equation 3.6, given by Aklilu and Mozurkewich [Yki#u and Mozurkewich,

2004]was modified to equation 3.7 (which was used taipaterize the HGF):
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b

In(ay)

)

]1/3 37

GForg :g*[l—(
Hereg allows for the offset between the two DMAs (sectb?2). The offset

parametely was not directly applied to the data however is wecluded in the fits.

Equation 3.7 is similar to the expression used d&tyel’s and Kreidenweis [Koehler
et al., 2006; Petters and Kreidenweis, 2007] amines identical to it at RH near
100%. The difference is that the equation of Petterd Kreidenweis uses dilute
solution standard states while equation 3.7 uses lquid standard states. As a
result, equation 3.7 gives good fits to empiricaliadover a wider range of RH; this
gives values of b that are somewhat smaller thanktivalues of Petters and

Kreidenweis.

3.2 Simple Nucleation Experiments

In these experiments only single hydrocarbon isliard.

3.2.1 p-pinene Nucleation Experiments
Table 3.2 summarizes the experimental conditions tfte B-pinene

nucleation experiments. The UV durations givenahle 3.2 were for exposures
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prior to each scan except for the second scanpererents 8 and 9, during which

the UV was left on.

Table 3.2:Experimental conditions ¢¥-pinene nucleation experiments.

Experiment B-pinene IPN No. of UV Duration
number (ppbv) (ppbv) Scans  (minutes)
1 16C 45¢ 1 10
2 160 458 1 10
3 160 458 1 9
4 160 458 2 15,0
5 160 458 3 15, 13,0
6 240 458 3 10,0, 0
7 240 458 3 8,50
8 64 436 2 9, continuous
9 64 220 2 9, continuous
10 32 1100 1 9
11 32 1100 3 4,0,0

Figure 3.1 shows a typical particle size distribntbbtained in @-pinene

nucleation experiment. The distributions remainedrly constant during dark

portions of the experiment except for slow concaian decreases due to dilution

and wall loss. The HTDMA was set to sample threzessifrom across the

distribution.
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Figure 3.1: Particle size distribution of a typicgpinene simple nucleation
experiment. The particle sizes sampled by the HTDs##& indicated

Figure 3.2 shows the humidogram of the sampledigest during a
nucleation experiment. All dry sizes behaved ongime qualitative manner. The
particles were found to be slightly hygroscopic amcked up water smoothly, with
no indication of deliguescence, as RH increasenh f20% to 90%. This suggests
that no phase transition is needed to allow forewaiptake; in other words, it
suggests that a significant portion of the orgamiaterial is either liquid or an
amorphous solid [Mikhailov et al., 2009] even ae thery low RH inside the

chamber.

76



1.02

1.02

U T I T T I [T T[T T [T T[T T T [T T [T T T [T I [T T [ TT T T[T I T T [TT T T[T TTT[]
Lot r  Measured HGF of 3 Lot
b Oxidation products of 3-pinene 4
5 o ® Scanl O ScanIl X Scanlll 3
w 1.00 — —1 1.00
13 r ]
g L .
§ .99:— —:.99
s> 98| — .98
by » ]
o u .
97 = —1.97
'-;ﬁx .
96 ””II'III””III”I'”'III”IIIIII'”'III'II"“IIIIII'”'I“”“'”'—.96
20 30 40 50 60 70 80 90

Relative Humidity (%)

Figure 3.2: Humidograms of 174 nm dry diameter pmies for the same
nucleation experiment as in Figure 1. Results arbosvn for three successive
humidity scans. The solid lines (red, green and pla) are fitted (for scan-I, -l
and -l respectively) to the data using equation73

Equation 3.7 was used to fit (non-weighted) the idagrams. Each
experiment yielded multiple humidograms, since tméhree scans were taken at
each of several particle sizes; a total of 69 hwgidms were collected and

analyzed.
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Table 3.3:Results of humidogram fits for the particles produed by oxidation of-pinene.
When multiple scans were done, the offset parametgg, was the same for all scans.

Dry Diameter b Scan-I b Scan-II b Scan-lll g
Experiment 1
72 nm 0.0215 + 0.0027 - - 1.005 +0.0024
114 nm 0.0172 +0.0009 - - 1.005 +0.0010
179 nm 0.0237 £ 0.0012 - - 0.995 + 0.0010
201 nm 0.0230 + 0.0006 - - 1.001 + 0.0005
Experiment 2
146 nm 0.0108 + 0.0002 - - 0.998 + 0.0002
240 nm 0.0125 + 0.0005 - - 1.008 +0.0003
188 nm 0.0112 + 0.0004 - - 1.001 +0.0003
215 nm 0.0109 + 0.0005 - - 1.011 +0.0004
240 nm 0.0107 £ 0.0005 - - 1.012 +£0.0003
Experiment 3
188 nm 0.0223 + 0.0005 - - 0.998 + 0.0006
214 nm 0.0258 + 0.0006 - - 1.011 £ 0.0005
240 nn 0.0260 + 0.000 - - 1.014 +0.000
Experiment 4
188 nm 0.0092 + 0.0003 0.0098 + 0.0004 - 0.978 +0.0003
215 nn 0.0093 + 0.000 0.0101 + 0.000 - 0.989 + 0.000
240 nm 0.0091 + 0.0002 0.0104 + 0.0004 - 0.986 + 0.0002
Experiment 5
218 nn 0.0116 + 0.000 0.0107 + 0.00z 0.0157 + 0.000 0.983 +0.000
215 nm 0.0115 + 0.0003 0.0110 + 0.0002 0.0143 £ 0.0010 0.989 + 0.0002
218 nm 0.0118 + 0.0005 0.0109 + 0.0003 0.0166 + 0.0012 0.992 +0.0002
Experiment 6
188 nm 0.0133 £ 0.0005 0.0083 + 0.0002 0.0102 + 0.0003 0.971 +0.0003
215 nm 0.0127 +0.0005 0.0093 + 0.0001 0.0105 + 0.0002 0.973 + 0.0006
240 nm 0.0134 £ 0.0005 0.0092 + 0.0002 0.0110 + 0.0005 0.974 +0.0004
Experiment 7
188 nm 0.0218 + 0.0005 0.0113 + 0.0002 0.0120 + 0.0002 0.963 + 0.0003
215 nm 0.0206 + 0.0008 0.0127 + 0.0003 0.0119 + 0.0003 0.973 +0.0004
240 nm 0.0221 + 0.0005 0.0121 + 0.0002 0.0119 + 0.0002 0.976 + 0.0006
Experiment 8
188 nm 0.0100 * 0.0002 0.0100 + 0.0004 - 0.970 +0.0003
215 nm 0.0110 + 0.0003 0.0100 + 0.0003 - 0.980 + 0.0004
240 nm 0.0120 + 0.0003 0.0100 + 0.0003 - 0.980 + 0.0002
Experiment 9
188 nm 0.0200 + 0.0006 0.0200 + 0.0007 - 0.970 +0.0003
215 nn 0.0200 + 0.000 0.0190 + 0.000 - 0.980 + 0.000
240 nm 0.0210 + 0.0009 0.0200 + 0.0006 - 0.970 + 0.0002
Experiment 10
114 nn 0.0220 + 0.000 - - 0.970 + 0.000
160 nm 0.0230 + 0.0003 - - 0.960 + 0.0003
240 nm 0.0250 + 0.0004 - - 0.980 + 0.0003
Experiment 11
114 nm 0.0224 +0.0003 0.0177 + 0.0003 0.0210 + 0.0007 0.968 + 0.0003
174 nm 0.0236 + 0.0001 0.0198 + 0.0002 0.0218 + 0.0009 0.964 + 0.0003
227 nm 0.0252 + 0.0004 0.0220 + 0.0003 0.0236 + 0.0008 0.972 +0.0005

78




The error estimates for individual valuesbodre based on the scatter about
the fitted lines; these estimates were much smtikan the scatter between among
values ofb from a different humidogram. Otherwise, these expents gave
consistent results, with an average hygroscoppinameter£ one standard error)
of 0.0154+ 0.0014 forB-pinene. Here the uncertainty is twice the standardr
based on the scatter between the humidogram. IBag@ng, with or without

additional illumination, did not affect hygroscoyc

The hygroscopicity parametep, can be used to estimate the molecular
weight of the organic molecules in the particle ggh# it is assumed that all the
organic material is in the liquid phase and thaivag coefficients are of the order
of unity. For an ideal solutioty, equals the molar volume ratio of water to solifte;
the organic material has a density of 1.2 gtfiostenidou et al., 2007], this
implies a molecular weight of about 1400 f&pinene oxidation products. The
estimation of large molecular weight may be dudotmation of dimers, trimers,
oligomers or polymers that is close to the findirmgsKalberer [Kalberer et al.,
2004; Kalberer et al., 2006; Reinhardt et al., 200The other reason of large
estimation of molecular weight might be due to egdaportion of the organic

material being in the solid phase (amorphous, s®ijscrystalline, rubber or
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glass) [Angell, 1995; Zobrist et al., 2008; Miklmilet al., 2009; Virtanen et al.,

2010; Bones et al., 2012].

We observed a sampling artifact in the dry partgiee that was described
by the offset parameteg, in equation 3.7. The dry diameter measured by the
second DMA was typically offset by 1% to 3% fromathselected by the first
DMA. This offset was in the direction of the modeximum and was likely due to

the slope of the size distribution biasing the gele size.

3.2.2 A%arene Nucleation Experiments

The procedure of performing>carene nucleation experiments was the
same as fof-pinene nucleation experiments, and conditionsttier experiments
are summarized in table 3.4. Briefly, the IPN mgiatio was kept almost five to
ten times higher than tha’carene mixing ratio. In experiments 1 and 2, UV
exposures were kept brief while experiments 3 andetl continuous UV exposure

during their second stage.
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Table 3.4:Overview ofA%carene simple nucleation experiments.

Experiment A’carene IPN No. of UV Duration
number (ppbv) (ppbv) Scans (minutes)
1 178 1840 2 20
2 266 1226 2 17
3 178 1595 3 22, continuous
4 142 1595 4 25, continuous

Figure 3.3 shows the particle size distributiorexperiment 3, a nucleation
experiment using\’carene as precursor. Here red and dotted blueitidésate the
particle size distribution after first and contiusoUV exposure, respectively. The
particle size distribution stayed nearly constaatirdy the dark portion of the
experiments except for minor changes due to wak land dilution. During the
continuous, second UV exposure, particles were grimabigger sizes due either to
further partitioning of oxidation products of unsmmedA3carene from the gas
phase to the particle phase or due to the secomeactions in the gas phase.
Figure 3.4 shows the time series of the volume gasrafter first and continuous
UV exposure. First UV exposure was given at 10:68 and it was around 22
minutes and continuous UV exposure was given a4 ®rh. The figure shows

increase in volume of particulate matter at each éXgosure. Particulate matter
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volume increase points toward the photoxidatiorunfeactedA®carene. Three

sampled patrticle sizes are indicated across ttetdison.
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Figure 3.3: Particle size distributions in experime 3, a A°carene simple
nucleation experiment. The red line represents pele size distribution after the
first UV exposure; the blue line, during the secondontinuous UV exposure.
The particle sizes sampled by the HTDMA are indeatat both stages of the
experiment.
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experiment 3. The vertical black solid lines repees time of UV initiation and
dotted black vertical lines indicate the time whe}v was turned off
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Figure 3.5: Humidogram of 160 nm dry diameter pactes for the same

nucleation experiment 3 as in Figure 3.3. Resulteahown for three successive
humidity scans at two stages of the experiment. Tda#a solid lines (red, cyan
and maroon) are fitted (scan-l, 1l and -lll respdively) to the data using

equation 3.7.

Figure 3.5 shows the humidograms from experimenfli3e first two
humidogram scans were taken during the dark phmatigeichamber after the first
UV exposure. The third humidogram scan was takernngucontinuous UV
exposure. The humidograms showed an offset bettfeetwo DMAS, an offset
resulting in HGFs less than unity at lower RH. Otilg first of the humidograms

scan showed shrinking behavior in diameter until iReiched 60%. At higher RH,
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particles started picking up water smoothly withoahy indication of
deliquescence. The shrinking behavior of the pagicmay be due to
rearrangements of the oxidation products [N. K. &teyuplissy, Gysel, Metzger,
Dommen, Weingartner, Alfarra, Prevot, Fletcher, GddcFiggans, Jonsson et al.,
2009b; Tritscher et al., 2011], to compaction ofdveolume in the particle, or to
oligomerization.

The fitted results are presented in table 3.5 eigpental results were fitted

using equation 3.7.
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Table 3.5:Result of humidogram fits (non-weighted) for thetgées produced by
oxidation ofA3carene. When multiple scans were done, the offssinpeterg, was
the same in experiment 1 and 2 for all scans howevexperiment 3 and 4 it
slightly changed with the slope of the particleesilistribution biasing selected size.

Dry Diameter b Scan-I b Scan-II b Scan-llI b ScanlV g
Experiment 1
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
Experiment 2
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
Experiment 3*
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
Experiment 4*
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

*The data of scans Il and IV was collected duraaglitional UV exposure. The
fitted results of humidograms show that particlggrbscopicity slightly increased.

Our experimental fit (hon-weighted) results showleat the particles were
slightly hygroscopicA®careneoxidation products may bepmposed of two phases,
liquid and solid-like similar ag-pinene SOA. Most likely the liquid phase interacts
with water, resulting in slightly hygroscopic bef@vof the particles. The pure
organic aerosols show a slight increase in thegrdscopicity during continuous

UV exposure as in experiments 3 and 4. The aerasaisfurther oxidize during
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extended and continuous UV exposure. Oxidatiohaphrticle level may enhance

the uptake of water.

As in the case op-pinene, each experiment gave multiple humidograms
since several scans were taken at each of sevantatle sizes. The fitted results
gave an average of dl values £ one standard error) of 0.00420.0005 for

Ascarene.

Molecular weight was estimated by using hygrosdbpiparameter as
discussed in section 3.2.1. The estimated molecwdght of A*careneoxidation
products was 5000. As wifBtpinene, the estimate was large, this suggestedtha
large portion of the organic material was in thédsand hydrophobic phase. The
solid and hydrophobic phase may contain stickypeu, plastic, gelatinous and
gooey material. The physical character of the gagi would make them very
resistive toward uptake of water. This would leadow hygroscopicity parameter
and a high approximation of the molecular weighte Tadditional UV exposure
increased the water uptake capabilities of theighast Oxidation at particle level
might be the reason behind improved hygroscopi@eh as in experiment 3 and

4.
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3.2.3 a-pinene Nucleation Experiments

Table 3.6 summarizes experimental conditions fore th-pinene
experiments. These experiments were also perfoimadclean, dry and particle-
free chamber. The procedure for generating aerogadsthe same as discussed in

section 3.2.1.

Table 3.6:Overview ofa-pinene nucleation experiments.

Experiment a-pinene IPN No. of UV Duration
number (ppbv) (ppbv) Scans (minutes)
1 130 1227 2 7
2 120 859 3 8
3 120 613 2 6
4 120 490 2 6

Figure 3.6 shows a typical particle size distribati obtained by
photooxidation of a-pinene. UV exposures were kept brief during these
experiments to keep patrticle size distribution witthe HTDMA sampling range.
During the dark portion of all experiments, thetjgde size distribution remained
constant except for wall loss and dilution.dpinene nucleation experiments we
couldn’t study the effect of extended or additiond exposures on particle
hygroscopicity because of difficulty in keeping tiae sizes within the HTDMA

sampling range.
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Figure 3.6: Particle size distributions in a typitaz-pinene simple nucleation

experiment 1. UV was turned off after particle foation. The two particle sizes
were sampled by the HTDMA while the chamber wasldar

Figure 3.7 shows typical humidograms of oxidatisndocts ofa-pinene.

Experimental results were fitted (non-weightedngsquation 3.7.
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Figure 3.7: Humidogram of 227 nm dry diameter pastes for the same
nucleation experiment as in Figure 3.5. Results ashown for humidity scans.
The solid lines (red and blue) are fitted (scan-hé Il respectively) to the data
using equation 3.7.
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Table 3.7 summarizes these fit results.

Table 3.7Result of humidogram fits for the particles producel by oxidation of
a pinene. When multiple scans were done, the offsgarameter, g, was the
same for all scans.

Dry Diameter b Scan-I b Scan-II b Scan-lli g
Experiment 1

227 nm 0.0018 + 0.0003  0.0019 + 0.0003 - 0.98 + 0.0003
240 nm 0.0017 +0.0003  0.0018 + 0.0003 - 0.98 + 0.0004
Experiment 2

227 nm 0.0038 + 0.0005 0.0039 +0.0003 0.0038 +0.0005 0.98 + 0.0005
240 nm 0.0039 + 0.0004 0.0038 +0.0003 0.0038 + 0.0004 0.98 + 0.0004
Experiment 3

227 nm 0.0031 +0.0003  0.0032 + 0.0002 - 0.98 + 0.0004
240 nm 0.0031 + 0.0002 0.0032 + 0.0003 - 0.98 + 0.0004
Experiment 4

227 nm 0.0041 + 0.0003  0.0042 + 0.0002 - 0.95 +0.0003
240 nm 0.0043 + 0.0003 0.0041 + 0.0003 - 0.95 + 0.0003

The fitted gave an average hygroscopicity paran{etene standard error)
of 0.0031+ 0.0002 fora-pinene. The estimated molecular weight (secti@il}.of
a-pinene oxidation products was around 7000. Thgelastimation of molecular
weight might be due to the same reasons discussedection 3.2.1. The
hygroscopicity parameter was consistent within xgpeement; however, it showed

some inconsistencies in consecutive experimengsvas in table 3.7.
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Hygroscopicity parameters show that-pinene SOA was slightly
hygroscopic. Aging did not alter the water intei@ctof the particles as shown by

the fit results in table 3.7.

3.2.4 Limonene Nucleation Experiments

The procedure for generating pure organic aerosging limonene
nucleation experiments was same as discussed resgi@ion 3.2.1; Table 3.8

summarizes reactant concentrations and durati€hVa$pans in these experiments.

Table 3.8:Overview of limonene nucleation experiments.

Experiment Limonene IPN No. of UV Duration
number (ppbv) (ppbv) Scans (minutes)
1 186 1840 1 6
2 167 1840 2 6
3 167 1840 2 6

Figure 3.8 shows RH dependence of pure organicsalsragenerated in
limonene nucleation experiments. To parameterize HGF of the particles

experimental results were fitted (non-weightedphgsin empirical equation 3.7.

90



1.01 _Illll|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||I|||||||||L

[ Measured HGF of ]

1.00 & Oxidation products of Limonene B

5 » ® Scanl x Scanll 3
s .99 3
= r ]
=1 - ]
= - .
< .98: .
= E .
& 97 X - —
F = ° ]

r ) ]

96 - °® =
SETETIREERI RARRIRRATI RN RRRRA AR RRARR RN RRRRE RRRNI RRRRURRRRA RRRRARRERI ARRRARRR1 RARRE RRRTE =

10 20 30 40 50 60 70 80 920 100
Relative Humidity (% )

Figure 3.8: Humidogram of 253 nm dry diameter pactes for the simple
nucleation experiment 3. The data solid lines (gregnd red) are fitted (scan-I
and |l respectively) to the data using equatiorvy3.

Table 3.9 summarizes these fit results.

Table 3.9: Result of humidogram fits for the particles prodiidsy oxidation of
limonene. When two scans were done for each sampégticle size except
experiment 1, the offset parametgrwas the same for all scans.

Dry Diameter b Scan-I b Scan-II g

Experiment 1

253 nm 0.0071 + 0.0004 - 0.97 + 0.0005
277 nm 0.0068 + 0.0003 - 0.96 + 0.0005
Experiment 2

265 nm 0.0079 + 0.0004 0.0075 + 0.0003 0.97 + 0.0005
277 nm 0.0078 + 0.0004 0.0072 + 0.0003 0.97 + 0.0004
Experiment 3

253 nm 0.0081 + 0.0005 0.0082 + 0.0003 0.97 + 0.0004
277 nm 0.0082 + 0.0004 0.0083 + 0.0004 0.97 + 0.0004
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The fitted results gave an average hygroscopi@arameter£ one standard
error) of 0.007% 0.0002 for limonene SOA. We found the limonene S& 50%
less hygroscopic than the SOA @#pinene, almost 80% and 150% more
hygroscopic than tha®carene and-pinene SOA respectively. We also found that

aging didn’t alter the hygroscopicity of the pae&

The average hygroscopicity parametéx, was used to estimate the
molecular weight of the organic molecules in thetiple phase, as discussed in
section 3.2.1. The estimated molecular weightrabhene oxidation products was
around 2800. The reason for a high approximatiomoliecular weight and a low
hygroscopicity parameter was most likely the saseliacussed earlier in section

3.2.1.

3.2.5 Isoprene Nucleation Experiments

Concentrations of reactants and UV duration use@raducing isoprene
SOA are given in Table 3.10. We used similar redst@oncentration except in
experiment 2, here it was 50% more compared torgrpat 1 and 3. To produce

SOA, UV duration was intentionally varied to invgste its effect on the
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hygroscopic behavior of the particles. The SOA wereduced to quantify RH

dependence of isoprene oxidation products.

Table 3.10:Overview of isoprene nucleation experiments.

Experiment Isoprene IPN No. of UV Duration
number (ppbv) (ppbv) Scans (minutes)
1 21C 615 2 40
2 315 920 1 23
3 210 613 4 90

The procedure for isoprene nucleation experimengs \the same as
discussed in section 3.2.1; however, we faced sadwtional challenges. The
main challenge was that the volatility of isopremade it very problematic to
introduce the exact amount of isoprene into thendd&. To introduce a threshold
concentration of isoprene added an additional leveldifficulty because it
evaporates quickly from the tip of the syringetHé mixing ratio of isoprene is
below the threshold concentration, the substancesrdb generate particles on
oxidation. Introducing an exact amount of isopren@ecessary to generate pure
organic aerosol by photooxidation. The isoprenetaioer and syringe should be
refrigerated and handled in an insulated contamewoid direct hand contact with

the bottle during filling of the syringe. Direct itich contact may warm the bottle,
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resulting in evaporation of isoprene. As a precaary measure, a proper mask
and gloves should be worn to avoid excessive itioal@and absorption through the
skin during handling of isoprene. After the syringdilled, it should immediately

be injected in the chamber to avoid loss due tpenaion.

Figure 3.9 shows a particle size distribution operxment 3, a nucleation
experiment using isoprene as precursor. In thigexent UV was exposed for 90
minutes so photochemical reactions continued anderhcondensation growth as
shown in figure 3.9 until all of the isoprene wamsumed. The isoprene SOA
slowly kept growing to bigger sizes due to coadgataeven in the dark period of
the experiment. The concentration of particulatetenslowly decreased because
of wall loss, coagulation and dilution. Two samplealticle sizes are indicated

across the distribution.
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Figure 3.9*: Particles size distributions for expenent 3. The two particle sizes
sampled by the HTDMA are indicated. The concentrats of reactants and the
UV duration are given in table 3.10. Blue dashedds indicate particle size
distribution at the beginning of the experiment, vid black solid lines indicate
particle size distribution at the end of the exp@ent. The reactants were exposed
to UV for an extended time. *HTDMA was used to detene particle size
distribution due to unavailability of SMPS so y-axin the graph is labeled with
“Frequency” instead of “dN/dInDp” (gives concentradn in each size bins on
using SMPS).

Figure 3.10 shows the humidogram of oxidation potslwf isoprene. The
humidograms initially didn’t show a positive or aige effect on particle HGF
when RH was increased; however, the HGF startstiriok gradually around 30%
RH. The particles started to pick up water as thpgroached 40% RH and, as
happens with known pure organic particles, smootkdpt picking up water

without any deliquescence behavior [Bahreini et 2005; Varutbangkul et al.,
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2006]. Humidograms obtained from isoprene nucleag@periments were fitted
(non-weighted) with an empirical equation 3.7 togpaeterize the hygroscopicity
of these particles. We fitted these humidograms/al®% RH because after this

RH point the patrticles pick up water smoothly.
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Figure 3.10: Humidogram of 43 nm dry diameter pactes for experiment 3, the
same nucleation experiment as in Figure 3.8. Thetaasolid lines (red, blue,
brown and green) are fitted (scan-I, I, 1ll andIV 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 proeld by the oxidation
of isoprene. The offset parametgr,was in the direction of the mode maximum
and was likely due to the slope of the size distidn biasing the selected size and
remained consistent for multiple scans during eegperiment for the same
sampled particle size.

Dry Diameter b Scan-I b Scan-II b Scan-lll b Scan-IV g
Experiment 1
40 nm 0.0409 + 0.0002 - - - 0.98 + 0.0002
52 nm 0.0358 + 0.0004 - - - 0.99 + 0.0009
72 nm 0.0438+0.0009 0.0358 + 0.0004 - - 0.97 + 0.0004
96.4 nm 0.0436+0.0011  0.0349 + 0.0003 - - 0.95 +0.0011
Experiment 2
58 nm 0.0329 + 0.0006 - - - 0.99 + 0.0005
72 nm 0.0341 + 0.0007 - - - 0.96 + 0.0004
96 nm 0.0344 + 0.0003 - - - 0.95 + 0.0005
130 nm 0.0338 + 0.0006 - - - 0.93 + 0.0005
Experiment 3
32 nm 0.0441+0.0018 0.0446 +0.0022 0.0445+0.0010 0.0468 +0.0017 0.98 + 0.0012
43 nm 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 hygroscopipgyameter (+ one
standard error) of 0.0401+0.0011. We compared tfggdscopicity parameter of
oxidation products of isoprene to those of terpeiés found that isoprene SOA
were 60% more hygroscopic thfspinene and almost up to 90% more than those
of the limoneneA3carene andi-pinene SOA. Particle aging did not affect water

uptake by these patrticles.
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The molecular weight of the isoprene oxidation jpicid estimated on the
basis of its hygroscopicity parametds, as discussed in section 3.2.1. The
estimated molecular weight is almost 600. The |gmgeliction of molecular weight
suggests that a) particles (organic material) mayxdmposed of solid and liquid
portions and that only the liquid phase was resiptmgor the interaction with
water, or b) there may be an activity coefficientfedent from unity. Here
polymerization is not out of the question and maythe second reason for a high

estimate of molecular weight.

3.3 Three-component (Mixed Hydrocarbon) Nucleation Expements

Table 3.12 summarizes experimental conditions faketh nucleation
experiments.

Table 3.12:Overview of mixed hydrocarbon nucleation experirsent

Experiment a-pinene p-pinene A’carene  IPN No. of UV Duration
Number (ppbv) (ppbv) (ppbv)  (ppmv) Scans (minutes)

1 78 53 48 9.6 1 5
2 78 53 48 9.8 2 5
3 39 27 23 4.9 2 6
4 37 55 34 7.4 3 6

The procedure for oxidation to produce SOA was lsintb that discussed

in section 3.2.1 foB-pinene. The concentration of hydrocarbon and as#istwas
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comparable in experiments 1 and 2 and was reducéalt for experiment 3. In
experiment 4 th@-pinene concentration was almost doubled compardtat of
other hydrocarbons. This was done to find out initkes any difference to the
hygroscopicity of the particles. In these experitaghree selected hydrocarbons

were oxidized at the same time to produce SOA.

Figure 3.11 shows the humidograms of mixed hydimmar@-pinene,

B-pinene and\’carene) oxidation products.
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Figure 3.11: Humidogram of 252 nm dry diameter dfe particles for experiment
4. The mixed hydrocarbonsz(pinene, f-pinene and43carene) were oxidized to
produce pure organic SOA. Results are shown for @lrsuccessive humidity
scans. The solid lines are fitted using equatiof7 3.
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The first humidogram showed a size decrease oreasorg RH that is

comparable to the humidogram stfcarene oxidation products as shown in figure

3.5. The humidograms of later scans did not shopawicle size decrease on

increasing RH.

Table 3.13 summarizes the fitted (non-weightedyltef the humidogram

for the mixed hydrocarbon nucleation experiments.

Table 3.13:Result of humidogram fits for the particles prodiibg oxidation of
mixed hydrocarbons. When one to three scans were fdo each sampled particle
size, the offset parameter,, was the same for all scans.

Dry Diameter

b Scan-I

b Scan-ll

b Scan-lll

9

Experiment 1
227 nm

240 nm
Experiment 2
227 nm
240 nm
Experiment 3
227 nm
240 nm
Experiment 4
227 nm
240 nm

0.0013 +0.0003
0.0015 +0.0004

0.0008 + 0.0002
0.0009 + 0.0002

0.0015 + 0.0003
0.0016 +0.0002

0.0019 +0.0002
0.0016 + 0.0003

0.0008 + 0.0002
0.0010 + 0.0002

0.0009 + 0.0005
0.0008 + 0.0005

0.0016 +0.0002 0.0011 +0.0002
0.0016 + 0.0002 0.0011 +0.0001

0.98 £ 0.0004
0.98 + 0.0005

0.98 + 0.0002
0.98 +0.0003

0.98 +0.0004
0.98 £ 0.0004

0.98 + 0.0003
0.98 +0.0003
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The humidograms collected for all the experimentsrenfitted using
equation 3.7 and gave a hygroscopicity paramet@ng standard error) of 0.0013
+ 0.0004 for mixed SOA of-pinene +p-pinene +A3carene oxidation products.

The results show that SOA are very slightly hygopsc or almost nonhygroscopic.

We compared the hygroscopicity parameter of mixedijene +p3-pinene
+ A%arene oxidation products) SOA with individual hycarbon ¢-pinene, p-
pinene and\*carene) SOA and found that the mixed results desémble any of
the individual SOA results. The individual hydrdoan SOA gave a hygroscopicity
parameter£ one standard error) of 0.00310.0002, 0.0154 0.0014 and 0.0042
0.0005 fora-pinene,f-pinene andv’carene respectively. The reason for the low or
almost non-hygroscopic behavior of mixed (org/o®PA could be due to
polymerization, co-polymerization or generation sdlid, plastic-like material
having minimal interaction with water. Aging didnfhprove the water interaction
of these SOA; however, in experiments 3 and 4 gartiygroscopicity shows a
decreasing trend that may be due to compactionagihg. The other possibility is

of cross-polymerization among the oxidation prodwftthe mixed hydrocarbon.

The estimated molecular weight (calculation methieztussed in section

3.2.1) of mixed SOA by using the hygroscopicity graeter is 15,000, which is
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very high and supports the view related to physstale of SOA in the particle as

discussed eatrlier.

3.4 Sequential Nucleation Experiments

3.4.1 Two-Component Sequential Nucleation Experiments

The two-component sequential nucleation experimentsre those
experiments where we usgdpinene andA®carene sequentiallip produce pure
secondary organic aerosols (SOA). We used onlyteypenes in the sequential
nucleation experiments because of the challengesmiain one being to keep the
particle sizes within the HTDMA sampling range dugyi the sequential

photooxidation stages.

The typical mixing ratios of hydrocarbons, IPN, alimn of photooxidation
and number of scans at each sequential stage & @i table 3.14. In these
experiments the-pinene concentration was maintained at an almasiching
level; however, the\*carene concentration was almost doubled in comparis
that in experiment 1. The IPN mixing ratio was kepty high compared to the

ratio for hydrocarbons. The main purpose was tdoper rapid oxidation of
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hydrocarbons. The IPN was introduced at each titnagawith hydrocarbons

except in experiment 3.

Table 3.14:Overview of two-component sequential nucleationegxpents.

Experiment B-pinene A’carene IPN No. of UV Duration
Number (ppbv) (ppbv) (ppbv) Scans (minutes)
1 71 53 1840, 122 2,z 10, 1t
2 62 89 2453, 1226 2,2 6, 6

3 78 89 2453, 0.000 2,2 11,10

To produce SOA, UV was turned on briefly to inéigthotochemistry, in
the course of which the OH radicals rapidly oxidipepinene. After the production
of SOA, UV was turned off and RH was ramped twiegneen the values of 20%
and 90% to evaluate the hygroscopicity of the S@#ter RH was ramped,
A%carene and IPN were introduced while the chambers vedll dark.
Photochemistry was initiated once more to produ€@A Safter mixing and
evaporation. The oxidation products&fcarene partitioned from the gas phase to
the pure organic SOA di-pinene. The mixed (org/org) pure organic SOA were
produced and RH (20% to 90%) was ramped to evathat&ygroscopic behavior

while the chamber was dark.
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Figure 3.12 presents a typical particle size distron generated during
experiment 1, a two-component sequential nucleatigreriment. In this figure red
and blue lines represent particle size distribtiafter the UV exposure along with
particle sizes sampled for HTDMA. According to expental results, the particle
size distributions stayed constant during the daoktion of the experiment;

however, wall loss and dilution produced minor daes in particle number

concentration.
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Figure 3.12: Particle size distributions of two-cgunent @-pinene and
A3carene) sequential nucleation experiment 1. Theatpde sizes sampled by the
HTDMA are indicated.

Figure 3.13 presents the humidogram obtained irm@xent 1. The mixed

(B-pinene + A°carene oxidation products) SOA hygroscopicity mayt e
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representative of its contributors because of @etsaof interactions and due to
possibility of complex chemistry. The nature antkiactions of the products may
lead them to behave like rubbery, gooey, stickyastt-like material or
hydrophobic solids. The above-discussed factorsviohaally or in combination
play an important role in the hygroscopic behawdrthe particles. There are
chances of changes due to complex chemistry atptrécle level too, and
oxidation products may undergo oligomerization ollymerization.

Based on the above-mentioned chemical and phyfsictdrs, the estimated
and experimentally determined hygroscopicity patamemay deviate. The
comparison of experimentally determined and esBdhahygroscopicity is

discussed in detail in section 3.6.
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Figure 3.13: Humidograms of 240 nm dry diameter pates for nucleation
experiment 1g-pinene and4>carene were oxidized sequentially to produce SOA
in the chamber. Results are shown for three suceesfiumidity scans. The solid
lines are fitted to the data using equation 3.7.

The humidograms were fitted (non-weighted) with eanpirical equation
3.7 to determine the hygroscopicity parameter o tharticles. Table 3.15
summarizes the fitted results of the humidogranttiertwo component sequential
nucleation experiment, where scan-l and -Il wer&kena after the first
photooxidation. Scan-lll and -IV were taken aftbe tsecond photooxidation, in

which p-pinene oxidation products were coated wifearene oxidation products.
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Table 3.15: Result of humidogram fits for the particles prodiidey sequential
oxidation hydrocarbons in a two-component sequkemtigcleation experiment.
When one to four scans were done for each sampdeticlp size, the offset

parameterg, slightly changed however rounded remained theedamall scans.

Dry Diameter b Scan-l b Scan-ll b Scan-lll b Scan-IV g
Experiment 1

227 nm 0.0117 £0.0003 0.0108 + 0.0005 0.98 + 0.0003
240 nm 0.0112 +0.0004 0.0101 +0.0002 0.0091 +0.0005 0.0089 + 0.0003  0.98 + 0.0003
254 nm 0.0086 £0.0004 0.0085 +0.0002  0.98 +0.0003
Experiment 2

227 nm 0.0118 +0.0002 0.0117 +0.0004 0.98 +0.0003
240 nm 0.0110 £0.0002 0.0119 +0.0005 0.0090 +0.0004 0.0085 +0.0005  0.98 + 0.0002
254 nm 0.0095 +0.0006 0.0091 +0.0004  0.98 +0.0004
Experiment 3

227 nm 0.0119 +0.0004 0.0101 + 0.0004 0.98 + 0.0003
240 nm 0.0109 +0.0004 0.0102 +0.0003 0.0080 +0.0008 0.0080 + 0.0004  0.98 + 0.0004
254 nm 0.0085 £0.0004 0.0082 +0.0008  0.98 + 0.0006

The fitted results gave an average hygroscopparameter£ one standard

error) of 0.0111+ 0.0002 forp-pinene SOA and 0.008% 0.0001 forp-pinene +

A’carene SOA. The results correspond to diameter tgrdactors of 1.022 and
1.018 at 85% RH. The multiple RH scans at eachesd@l stage served to probe
the effect of aging on the particles’ hygroscopiciThe fitted results of the
humidograms show that there was slight decreaseter uptake properties with

age.
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The HGF off-pinene SOA apparently decreased on condensingiiod
products ofA®carene. To evaluate the experimental results wéeapp volume

additivity approach this will be discussed in seatB.5.

The molecular weight of the organic moleculeshe particle phase was
estimated as discussed in section 3.2.1. The eadclimolecular weight was of
about 2000 and 2500 for oxidation productsgfinene and-pinene +A3carene
respectively. The estimate of molecular weights Veage 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 aoahtomposition and
physical properties, which are extremely challeggio understand. The physical
state and chemical composition determine the pestichygroscopicity. The
physical state of the particles could be solidyiigor mixed (solid + liquid). In
consideration of the complexity of ambient aerosals designed our experiments
from simple to gradually more complex, with thetdatbeing more relevant to
atmospheric conditions. For this purpose we perdarnsequential nucleation
experiments, in which selected hydrocarbons wegeeially introduced into the
chamber and oxidized to produce SOA. The experisngrdvided insight into pure
SOA at various sequential evolutionary stages anccoavenient way to

parameterize the particles’ hygroscopicity.

As discussed previously, the sequential nucleagxperiments were more
challenging than simple nucleation experiments bseaf the difficulty of keeping
particle sizes within the HTDMA sampling range &rsequential stages. This was
achieved by performing rapid and brief photooxioiatof threshold concentration

of hydrocarbons at each sequential stage.
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Table 3.16 summarizes information regarding comeéons of
hydrocarbons and IPN along with duration of UV esqo@s and number of scans at

each sequential stage of the experiments.

Table 3.16: Overview of three-component sequentialucleation experiments.

Experiment Isoprene p-pinene A’carene IPN No. of UV Duration
Number (ppbv) (ppbv) (ppbv) (ppbv) Scans (minutes)
1A 140 (1) 35.5(2) 89(3) 613,613,613 1,1,2 46, 10, 129
2B 140 (1) 35.5(3) 54 (2) 613,613,613 1,1,2 65, 20, 41
3B 140 (1) 35.0(3) 89 (2) 613,490,490 1,1,2 116, 25, 23

A) Experiment 1A: Hydrocarbons (isoprerfepinene andi’carene) were
introduced in the chamber according to the numbged in the
brackets.

B) Experiments 2B and 3B: The sequence of introdutheghydrocarbons
(B-pinene andA®carene) was reversed compared to experiment 1A as
listed.

In these experiments, hydrocarbons were sequgntaitlized to produce
SOA. At the first oxidation stage, SOA were prodiies a result of nucleation, and
subsequent sequential oxidations resulted in caademal growth of the nucleated
pure organic SOA. The three-component sequentialleation experiments
deployed isoprene as the starting hydrocarbonddyme SOA, which was further
coated sequentially with the oxidation productg-pinene andvcarene. The main

reason behind the choice of isoprene as the gjahyarocarbon was its unique
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property to produce SOA with a median diameter @frBn + 5 nm on rapid
oxidation at its threshold mixing ratio. Particlekthis size are ideal for further
employment as organic seed aerosols to condendatmxi products of two more

hydrocarbons.

Here we discuss experiment 1 as an example of sggueucleation
experiments. In the experiment, isoprene was oadlip produced SOA at the first
sequential stage. There was a gap of almost hatioan between the initiation of
photochemistry and emergence of SOA. The delayaiigbe formation suggests
that the second-generation oxidation products migiwe contributed to the
particles’ formation.

The UV was turned off after particle formation aRH (20% to 90%) was
ramped in our HTDMA in order to evaluate hygroscdyi of the oxidation
products of isoprene. After ramping the RH, we ddtrced f-pinene into the
chamber along with excess IPN as measured voluAtethe second sequential
stage of the experiment, the reactants were giverugh time for mixing and
evaporation before we initiated photochemistry todpice oxidation products of
B-pinene. The oxidation products pfpinene partitioned from the gas phase onto

the isoprene SOA. Once the mixed SOA (isopreffiepinene oxidation products)
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were formed, UV was turned off and RH (20% to 90&&s ramped again to
evaluate hygroscopicity of the particles (isoprenf-pinene oxidation products).
In the third sequential stage of the experimarfcarene and IPN were introduced
into the system. The reactants were again givehcmuft time for mixing and
evaporation before we initiated photochemistry. THearene oxidation products
condensed on the mixed (isopreng-pinene oxidation products) SOA. The RH
was ramped to evaluate the hygroscopicity of theedhi(isoprene #8-pinene +
A®carene oxidation products) SOA.

Figure 3.14 represents typical particle size dstions produced in
experiment 1. The particle size distributions sthgearly constant during the dark
portions of the experiments; however, wall loss atidition produced minor
changes in particle number concentrations. Proldrig¥ exposure at the third
stage didn’t show any further condensational graowgbause all hydrocarbons had

already been consumed during the sequential oridatiocesses.

112



160 —— —y
C 76.5 nm
140 - 96.4 nm
C 58 nm 180 nm
w 120
E : 40 nm 2
“s 100 F -\
T = S|t I
80— s B 1
2 C 3 Y b 2271m
= 60 B _ 2 I )
gt 3 ! '
5 . 3 Py
g alF 3 2 '
Sk 1 '
20[ I, '
C R I ’a,'
oL FORTTPPPTTTY N IS KT ~
8 9 2 3 4 5 6 7 8 9 2 3 4
100

Diameter (nm)

Figure 3.14: Particle size distributions in experent 1, a typical sequential
nucleation experiment (the same as in table 3.16}ile isoprene g-pinene and
A°carene were used as precursor hydrocarbons in segeeto produce pure
organic aerosols. In figure 3.14 green solid linebJue dotted lines and red
broken lines represent particle size distributionfter each UV exposure
respectively. The two particle sizes sampled by HIEDMA at each stage are

indicated.

Humidograms of sampled particles at three sequestges are shown in
Figure 3.15. The humidogram of isoprene SOA iseaspnted by green spheres,
while double blue triangles show the humidogranmisoprene +3-pinene SOA.

The humidogram obtained after the third sequerdtabe, represented by red

113



squares, is of isoprenep+pinene and\*carene SOA. Green, blue and red lines are

fitted using equation 3.7.
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Figure 3.15: Humidogram of 58 nm (SOA of isopren&)6 nm (SOA of isoprene
+ p-pinene) and 180 nm (SOA of isopreneg+pinene and4>carene) dry diameter
particles for the same nucleation experiment as kigure 3.14. Results are
shown for one humidity scan of each size at eacagst of experiment. The data
(solid lines) are fitted (non-weighted) using equat 3.7.

SOA produced from isoprene oxidation products shlibva@ apparent
diameter decrease of up to 5% as RH was raise®@% 4he humidogram was
fitted above 40% RH because isoprene oxidation ymrizdstart picking up water

smoothly above 40% RH.
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Table 3.17 summarizes the fitted results of humidiog after the first,

second and third sequential stages of the expetimen

Table 3.17: Result of humidogram fits for the particles proedidy sequential
oxidation of hydrocarbons. Scan-I and 1l were takéer the first and second UV

exposure, while scan-Ill and

IV were taken aftez third UV exposure. When

multiple scans were done, the offset paramegtenas in the direction of the mode
maximum and was likely due to the slope of the gmdribution biasing the

selected size and remained consistent for mulsgéas during each experiment for
the same particle size.

Dry bScan-l bScan-ll  bScan-lll b Scan-IV g
Diameter
Experiment 1
40 nn 0.0356 + 0.0004 - - - 0.97 £ 0.0005
58 nn 0.0402 + 0.0005 - - - 0.96 % 0.0007]
76 nn - 0.0108 + 0.0002 - - 0.95 + 0.0002
96 nn - 0.0106 + 0.0002 - - 0.93 £ 0.0005
180 nn - - 0.0085 +0.0002 0.0115+0.0002  0.98 +0.00Q
227 nn - - 0.0090 + 0.0002  0.0121 +0.0004  0.97 +0.00Q
Experiment 2
40 nn 0.0354 + 0.0005 - - - 0.98 + 0.0006
58 nn 0.0401 + 0.0006 - - - 0.92 + 0.0005
96 nn - 0.0118 + 0.0002 - - 0.96 + 0.0005
114 nn - 0.0119 + 0.0002 0.96 + 0.0006
180 nn - - 0.0087 +0.0005 0.0091 +0.0005  0.98 +0.00Q
227 nn - - 0.0086 + 0.0006  0.0085 +0.0006  0.97 +0.00Q
Experiment 3
40 nm 0.0546 + 0.0005 - - - 0.97 £ 0.0003
58 nnr 0.0654 + 0.0008 - - - 0.94 + 0.0002
76 nnr - 0.0117 +0.0002 - - 0.97 £ 0.0002
96 nnr - 0.0116 + 0.0002 - - 0.98 + 0.0003
180 nm - - 0.0085 +0.0004 0.0087 £0.0004  0.97 +0.00Q
227 nn - - 0.0087 +0.0002  0.0085 +0.0002  0.97 +0.00Q
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The humidograms fitted results of all experimentsvey averages of
hygroscopicity parameters ne standard error) of 0.04520.0045 for isoprene
SOA, 0.0107+ 0.0001 for isoprene f-pinene SOA, 0.0118 0.0001 for isoprene
+ AScarene SOA and 0.0092 0.0004 for isoprene $-pinene +A3carene SOA.
These correspond to diameter growth factors of5.,.08021, 1.024 and 1.019 at
85% RH. The hygroscopicity of these particles degeon the composition and
nature of their constituents. Experimental resudgparently show that the
hygroscopicity of SOA decreased substantially aftersecond sequential stage of

the experiments and slightly after the third.

We performed multiple RH scans in our HTDMA alonghaan additional
period of UV illumination to find out the relatiomg of hygroscopicity of the
particle to aging and potential oxidation at thetipke level. In experiments 1A and
3B, SOA were given prolonged UV exposure at thedtaind first sequential stage
of the experiments respectively to find out theeptial effect of oxidation and
aging. According to our experimental results, tlygrbscopicity of the particles
was not altered by aging in the dark, it howevighsly increased by prolonged UV

exposure as in experiment 1A and almost 30% in raxpeat 3B. We applied a
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volume additivity approach to understand the hygppgity of the particles at

three sequential stages, discussed in section 3.5.
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Figure 3.16: Time series of particulate matter foation in a three-component
sequential nucleation experiment. Isoprengpinene and43carene were used in
sequence as precursor hydrocarbons in the chamlzeundergo photooxidation.
The injection times of hydrocarbons in the chambir undergo photooxidation.
The injection time of hydrocarbons and duration dfV exposures are also
shown in the figure.

Figure 3.16 presents experiment 1A, time profile garticulate matter
formation at each sequential stage of the expetim&nh the first sequential

photooxidation, isoprene produced high concenmatof fine SOA (average
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diameter of 50 nm £ 5 nm). The SOA concentratiomtvalwn quickly because of
coagulation, dilution and wall loss; however, partate matter remained almost
constant because of a small effect of loss. After $econd photooxidatioffs-
pinene oxidation products partitioned from the ghase to the isoprene SOA. The
mixed (isoprene $-pinene oxidation products) SOA were produced e=salt of
condensational growth. During the second photodiidaprocess, particulate
matter increased twofold. The third photooxidatistage involvedA3carene
photooxidation. The oxidation products &fcarene partitioned from the gas phase
to mixed (isoprene $-pinene) SOA, and the particulate matter volumenta up
to 118ugm 3. The final volume fractions of isoprerfepinene and\*carene SOA
after third sequential oxidation were calculatedhe particle and found to be 6%,
12% and 82% respectively. Extended UV exposure giaen at the third
sequential stage of the experiment to find out @ffect on the aging and
hygroscopicity of the particles. During the extethddV exposure no further
condensational growth of the particles was seer dlbservation suggests that
hydrocarbons were completely consumed and that ore nnreacted hydrocarbon
was available for the formation of particulate reaatHowever, a slow decrease in

particulate matter was due to wall loss and diluas in figure 3.16.
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3.5 Hygroscopicity Parameter and Volume Additivity

The hygroscopicity parameteb’‘of mixed pure organic particles (as in
sequential nucleation experiments) can be estimatedg the hygroscopicity
parameter of the individual components and thapeetive volume fractions in the
particle, by applying the ZSR relation (Stokes aRabinson, 1966); the

hygroscopicity parameter can be calculated asuatsan 3.9.

_ b;V;
btotal - Z

(3.9

Viotal

Hereb; is the SOA hygroscopicity of an individual compon&hile V; is
the volume fraction of the individual componentttbanstitutes the mixed patrticle,
and Viorar IS the total volume of the SOA at each sequestafie. Here th¥; of
each component can be calculated using SMPS dakandwying that during the
dark portion of the experiments the particle sidridhution stays nearly constant
except for some wall loss and dilution. A relativetable particle size distribution
enabled us to calculate the volume fraction of eahponent and the total volume
produced at each sequential stage.

According to the assumption of the ZSR relatiopshihich is simplified

from that of thermodynamic models, there is no elolute interaction; i.e., the
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water uptake by individual components in the mikad)/org) pure organic particle
is equal to the sum of the individual water uptaklle also assumed that particles
are spherical and exhibit no volume change on rgixin

The sequential nucleation experiments were peddrio probe the effect
of sequentially adding oxidation products of seddcterpenes pfpinene and
Acarene) on the isoprene oxidation products. Setglignadding and altering
sequence of HC oxidation enabled us to quantifefiisct on the hygroscopicity of
mixed (org/org) SOA.

Table 3.18 summarizes the hygroscopicity parameker,of simple
nucleation experiments, estimated and experimgntalétermined at each
sequential stage of the sequential nucleation @xpeats. The estimated
hygroscopicity parameter is calculated by using ithiermation of individual
volume fractions in the particle and average hygopgity of individual HC

oxidation products.
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Table 3.18:Summary of estimated and experimental values olfiyigeoscopicity
parameterb.

Experiment % Volume Simple This Study
# fraction Nucleation Estimated Pure organic
(Vy) Experiments SOA
SOA'S of Bavg +65p Dest  *6sp  Dexp +c
1
Isoprene 10C - - 0.040:  0.004¢ 0.040: 0.004¢ 0.037¢ 0.000¢
+f-pinene 35 65 - 0.015¢ 0.005¢ 0.024: 0.005: 0.0107 0.000:
+ A’carene 6 12 82 0.004: 0.003¢ 0.007° 0.003¢ 0.010:{ 0.000:
2
isoprene 10C - - 0.040:  0.004¢ 0.040: 0.004¢ 0.037¢ 0.000:
+ A’carene 25 75 - 0.004: 0.003¢ 0.013: 0.003¢ 0.011¢ 0.000:
+ B-pinene 4 11 85 0.015¢ 0.005¢ 0.015: 0.005¢ 0.008: 0.000%
3
isoprene 10C - - 0.040:  0.004¢ 0.040: 0.004¢ 0.060( 0.000:
+ A’carene 19 81 - 0.004: 0.003¢ 0.011: 0.003¢ 0.011: 0.000:

+ B-pinene 2 10 88 0.015¢ 0.005¢ 0.014¢ 0.005: 0.008¢ 0.000¢

osp = Standard deviation

b.yg = average hygroscopicity parameter determined durucleation
experiments

b.s: = estimated hygroscopicity parameter, determineghel sequential oxidation
stage

bexp = experimental hygroscopicity parameter of pure seaoyndrganic aerosols
at each sequential oxidation stage

On comparing estimated hygroscopicity paraméey) of the particle to

experimentally(bexy) determined we reached following conclusions. Rsoprene
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SOA hygroscopicity parameter (except in experim@nat first sequential stage
was within the 12% to the estimated that is witthia scatter (determined during
individual isoprene nucleation experiments).

Adding B-pinene andA’carene oxidation products to the pure isoprene
oxidation products have no effect on the overaljrbgcopicity of the particle.
According to the experimental results (table 3.48kecond sequential stage the
water uptake is solely governed by isoprene SOAthid sequential stage the
overall particle hygroscopicity is contributed ®pprene an@-pinene SOA while
A%carene SOA has minimal or negligible effect.

The estimatedbfs) and experimental by, hygroscopicity parameter

matched up within experimental uncertainties.

3.6 Pure organic SOA produced during sequential monodigerse seeded
experiments (Section 4.3)

Additional pure organic sequential oxidation prasguleygroscopicity data
collected during sequential monodisperse seedeceriexpnts. Experimental
conditions and reactants concentration is givetabte 4.1. The HGF of the pure
organic along with mixed (AS/SOA) aerosol particledetermined. Figure 3.17

shows the humidograms of pure organic particleddymed at three sequential
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stages in experiment 6. The humidogram of isoprerglation products is
presented in green squares. Red diamonds reprdeeiiGF of isoprene $-

pinene oxidation products. Blue circles representidograms of oxidation

products of isoprene p-pinene +A°carene.
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Figure 3.17: Presents typical humidograms of purgganic particles produced at
three sequential stages of experiment 6 (chapter@jeen squares, red diamonds
and blue pentagons represent the humidogram of 4F and 114 nm dry
diameter particles for the above experiment as ingles 4.3 through 4.5
(section 4.3). Results are shown for one humiditas of each size at each stage
of the experiment. The data (solid lines) are fittesing equation 3.7.

The humidograms were fitted with equation 3.7 taap®eterize the

hygroscopicity of the particles. The fitted resalte summarized in table 3.19.
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Table 3.19: Fitting results of the humidogram of pure organgcasols produced
during monodisperse sequential experiments.

Dry Diameter
Experiment 6 b Scan-I b Scan-II b Scan-lll g
40 nn 0.0494 + 0.0004 - - 0.93 + 0.0004
58 nn - 0.0240 = 0.0006 - 0.94 + 0.0006
76 nnr - - 0.0133£0.0007 0.94 +0.0008
Experiment 7
32 nn 0.0450 + 0.0006 - - 0.95 + 0.0006
96 nn - 0.0118 + 0.0004 - 0.96 + 0.0005
Experiment 8 -
60 nn 0.0482 = 0.0005 - - 0.96 = 0.0005
89 nn 0.0194 = 0.0004 - - 0.97 £ 0.0004
89 nn - 0.0191 + 0.0003 - 0.96 + 0.0014
Experiment 9
28 nn 0.0399 * 0.0006 - - 0.91 £ 0.0006
93 nn - 0.0138 = 0.0005 - 0.96 = 0.0005
Scan-l, -1l and -III are after the first, secondldhird UV exposure respectively.

Theg is the offset parameter for each scan.

Apparently the fitted results show that partichgtoscopicity gradually

decreased after the second and third sequentgdssta

Table 3.20 summarizes HGF results of pure orga@é $om sequential
nucleation and sequential monodisperse seededimgues along with estimated

(procedure discussed in section 3.5).
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Table 3.20: compares and summarizes the pure organic SOA hyapasty
parameterb of sequential nucleation, sequential monodispezsded experiments
and estimated.

Sequential Sequential
Experiment Monodisperse| Experiment Nucleation
# seeded # Experiments
Estimated | €xperiments Estimated
SOA'S Pure Organic SOA'S Pure organic
of SOA of SOA
6 best65D Dsexgto 1 Deset0sD BPnexpto
Isoprene 0.0401+0.0048 0.0494+0.0004 Isoprene 0.0401+0.0048 | 0.0379+0.0004
+ B-pinene | 0.0201+0.0056 0.0240%0.0006 + B-pinene | 0.0241+0.0053 0.0107+0.0002
+ AScarene | 0.0093+0.0036 0.0133+0.0007 + A’carene | 0.0077+0.0039 0.0103+0.0002
7 2
Isoprene 0.0401+0.0048 0.0450+0.0006 Isoprene 0.0401+0.0048 | 0.0378+0.0005
+ B-pinene | 0.0159+0.0056 0.0118+0.0004 + A’carene | 0.0133+0.0039 | 0.0118+0.0002
+ B-pinene | 0.0151+0.0054 | 0.0087+0.0005
8 3
Isoprene 0.0401+0.0048 0.0482+0.0005 Isoprene 0.0401+0.0048 0.0600£0.0005
+ AScarene | 0.0158+0.0034 0.0194+0.0004 + A’carene | 0.0112+0.0038 0.0117+0.0002
0.0158+0.0034 0.0191+0.0012 + B-pinene | 0.0149+0.0054 | 0.0085+0.0004
9
Isoprene 0.0401+0.0048 0.0400£0.0006
+a-pinene | 0.0080+0.0010 0.0138+0.000%

bsexp = Hygroscopicity parameter of pure organic SOA deieed during sequential
monodisperse seeded experiments (section 4.3).
bnexp = Experimental hygroscopicity parameter of pure oigaerosols produced during
sequential nucleation experiments (section 3.4.2).

b.s: = Estimated hygroscopicity parameter determinedaath sequential stage for both

type of experiments discussed in section 3.4.24aBd

osp = Standard deviation.
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We compared estimated hygroscopicity parametdi®s) with
experimentally determinefbeyx,). The estimated and experimental hygroscopicity
parameters are in close agreement. The resultsvithien (+ standard deviation)
except in the case of pure isoprene oxidation prtsd{experiments3, 6 and 8). The
pure organic aerosols produced during the sequesgeed experiments were in
the presence of seed aerosols so the physical hedhical conditions were
dissimilar as compared to individual hydrocarboncleation and sequential
nucleation experiments. The conditions and enviemmmay impact the
mechanism of aerosol formation. The various roates mechanisms of aerosol
formation can alter the physical behavior of thertipes. The formation
mechanism may affect the morphology, shape andctates of aerosols. The
difference in hygroscopicity parameter of pure oigafrom nucleation
experiments to the seeded experiments might be tnbhghdue to the above-
mentioned affects. Table 3.21 summarizes the ptagendifference between the
hygroscopicity parameter of pure organic from ddfg environment as discussed

above.

126



Table 3.21:compares the average hygroscopicity parameter redusasequential
combinations of sequential nucleation experimewntsséquential monodisperse
seeded experiments.

_ Sequential Sequential
Experiment Monodisperse | Nucleation
seeded Experiments
experiments
SOA’S Pure Organic |  pyre organic | % difference
of SOA SOA
bsexp'to' bnexp'tc (bsexp' bnexp)
Isoprene 0.0457 £ 0.0005 0.0452 £ 0.0004 1

Isoprene + g-pinene | 0.0179 +0.0005 0.0107 £ 0.0004 40
Isoprene +Acarene | 0.0193 + 0.0008 0.0118 £ 0.0004 39
Isoprene + g-pinene | 0.0133 +0.0007 0.0103 £ 0.0004 23
+ AScarene
Isoprene +A°carene | 0.0086 + 0.0005 - -
+ B-pinene

Isoprene +a-pinene

0.0138+0.0005

bsexp = Average hygroscopicity parameter of pure org&@aA determined during
sequential monodisperse seeded experiments (séc8hn

bnexp = Average hygroscopicity parameter of pure orgaerosols produced
during sequential nucleation experiments (sectid2}.

We found that isoprene hygroscopicity parametensost matching from
both sequential systems (seeded and unseeded) &oweding p-pinene or
Acarene SOA to isoprene oxidation products prodwaesst 40% difference
while addingA®carene SOA to the isoprene3+pinene SOA produces around 25%

difference. The hygroscopicity parameter from sefjuential systems (seeded and
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unseeded) show significant difference comparedatth ether 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 b sample (pure
organic aerosols) equilibrium time with variable RHHTDMA is adequate. To
perform these experiments instrument was modifieinfthat previously used
section 2.6. In the modified instrument; humidifis@imple can either be directed
towards the twenty feet quarter inch stainless|sigige before it reaches to
scanning DMA or it can be directly send towardsnsoag DMA. To maintain
laminar flow of humidified sample during the enhasi@quilibrium interval coiled

stainless steel tubing was used.

To find out effect of extended equilibrium time &IGF of pure organic
aerosols, p-pinene was used to produce pure organic aerosoticlpa.
Experimental procedure to produ@epinene SOA was similar as discussed in
section 3.6. After the production of pure organ@ASin the chamber, sample was

drawn to the HTDMA system where its growth factoaswcharacterized with
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normal and extended equilibrium time. Normal andeeded equilibrium times

were 2.73 and 14 seconds respectively.

Experimental results of pure organic aerosols withmal and extended
equilibrium time showed that there was no signifiadifference in the hygroscopic
growth factor. According to preliminary experimdntasults time required for

sample to equilibrate with variable RH was adequatair HTDMA system.
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4  Mixed (inorganic/organic) particles

4.1 General overview and experimental procedure

Atmospheric aerosols are composed of inorganicagédnic compounds.
The inorganic portion of the atmospheric partiadessists mainly of ammonium
sulfate (AS), except in a marine environment. Organaterial in the particles is
contributed from anthropogenic and biogenic sourddse relative amount of
inorganic and organic species in the particlesrdetes the hygroscopic behavior
of mixed particles. To parameterize the hygrosdppiof mixed particles, we

performed seeded experiments.

To perform the seeded experiments, monodispersee®f aerosols were
introduced in the clean, particle-free chamber. Hygroscopic growth factor
(HGF) of the pure AS seed aerosols was monitorea fated RH. We compared
calculated values of HGF of seed aerosols (seeiore@.4.1) against the
experimental values. The results agreed within exm@ntal uncertainties. The
HGF measurements of the seed aerosols providedunmsint calibration and
ensured reliability of the data. After we monitothe HGF of the seed aerosols, a

threshold concentration of selected hydrocarbossp(ene,p-pinene, a-pinene,
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A3carene or limonene), along with an excess of igmpraitrite (IPN) and nitric
oxide (NO) was introduced in the chamber. The ar@stwere given sufficient
time for evaporation and mixing before photochemistvas initiated. Upon
photoxidation, the hydrocarbons produced low-vbtatioxygenated products.
Some of the oxygenated products partitioned froen dhs phase to the particle
phase (seed aerosols) and condensational growthecsThe process produced

mixed (AS/SOA) patrticles.

The reactants were briefly exposed to UV for pheidation. The UV
exposures were kept brief to stop photooxidati@actiens and as a result particle
size distribution remained nearly constant duriragkdportion of experiments
except some minor changes due to wall loss andiahluParticles composition
also stays constant during dark portion of expemimend also if condensable

material is unavailable during photooxidation.

The HTDMA was used to measure the hygroscopiditynixed particles.
Humidograms of mixed (AS/SOA) particles were obgdirby ramping RH from
20% to 90% in our HTDMA. Humidograms obtained frameded experiments
were fitted using a model created by Kristina Zeskiene; the model is capable of

retrieving particle composition (inorganic and ariga volume fractions) and
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parameterizing hygroscopicity by analyzing humidogs generated by the
HTDMA. One of the benefits of performing monodispeeseeded experiments was
to verify our model and to relate particle compositto the hygroscopicity. The
experiments were used to evaluate the applicalmftthe model. The amount of
inorganic and organic species in the particle cacdiculated by using information
on the initial monodisperse seed aerosol size whaat introduced in the chamber
and the sampled particle size. The hygroscopicayameter,b, of oxidation
products of individual hydrocarbons was determidedng unseeded experiments.
We compared experimental results with the fittesliitefrom the model and found

excellent agreement within the experimental unasres.

The monodisperse seeded smog chamber experimentsasggorized into the

following groups.
1. Simple monodisperse seeded experiments (Experirheb)s

In these experiments mixed (AS/SOA) particles waneduced by depositing
oxidation products of-pinene on monodisperse seed aerosols (AS).

2. Sequential monodisperse seeded experiments (Exgesri—9)
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In these experiments two or three hydrocarbonp(eswe and selected terpenes)
were sequentially oxidized to deposit oxidationduats on monodisperse seed
aerosols (AS) to produce mixed (AS/SOA) particles.

3. Mixed hydrocarbon monodisperse seeded experimErfge(iments 10-11)

In these experiments mixed (AS/SOA) particles wemdduced by
depositing oxidation products of three hydrocarbats the same time on
monodisperse seed aerosols (AS).

Table 4.1 provides an overview of monodisperse extezkperiments of
each category. The table summarizes mixing ratiosgtion of UV and number of

RH scans to measure HGF in each experiment.
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Table 4.1:Hydrocarbon combinations, concentrations, IPN amaitibn of UV
exposure in seeded experiments with seed aeroszl)@s04.

Experiments Hydrocarbons HC IPN  No. of uv Comments

# (HC) (ppbv) (ppbv) RH  Duration
Scans (minutes
1 B-pinene 17 73 3 7 Simple
2 B-pinene 36 73 3 8 Simple
3 B-pinene 36 123 3 10 Simple
4 B-pinene 53 123 3 22 Simple
5 B-pinene 72 147 3 15 Simple
6 Isoprene 210 1226 2 44 Sequentid
B-pinene 53 613 2 15
A%carene 89 2 11
7 Isoprene 210 1840 2 50 Sequentid
B-pinene 53 2 11
8 Isoprene 210 613 2 41 Sequentidl
A%carene 89 490 2 16
9 Isoprene 210 1717 2 29 Sequentidl
a-pinene 88 2 24
10 B-pinene 26 1226 2 5 Mixed HC
A%carene 23
a-pinene 39
11 B-pinene 26 1226 2 5 Mixed HC
A%carene 23
a-pinene 39

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

134



4.2 Simple monodisperse seeded experiments

In simple monodisperse seeded experim@rpinene was oxidized in the
chamber to produce condensable material. Aftelaimg photochemistry, the seed
aerosols underwent condensational growth as owidagroducts ofp-pinene
partitioned from the gas phase to the particle @raagl produced mixed (ABf
pinene SOA) particles as shown by dotted red lineSgure 4.1. During these
experiments only mixed (ASB-pinene SOA) particles were produced because

there was no nucleation.
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Figure 4.1: Particle size distribution in simple nmodisperse seeded chamber
experiment. The black line shows the particle siistribution of monodisperse
seed particles ((NH4)2S04). The red line shows plagticle size distribution after
the condensation of oxidation products @kpinene on the monodisperse seed
aerosols. Particle sizes sampled for the HTDMA andicated.

The UV exposure was varied from 5 to 25 minutesnfrexperiment to
experiment. The relative humidity was ramped twidth the UV off to investigate
particle hygroscopicity and to determine if the loggopicity changed as the
particles aged. Condensation of the oxidation prtxlonto seed aerosols altered
the growth factor, also reported by previous redears [Sjogren et al., 2007;

Hallquist et al., 2009]; an example is shown inuf&g4.2.
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Figure 4.2: Typical humidogram for a seeded expegnt. The sampled particle
size was 180 nm in diameter and the seed particte svas 100 nm. The curve is
fit using the model described in the section 4.2Green circles are typical
humidogram of g-pinene SOA. The red dotted line is fit to the datsing
equation 3.7. Black broken line is calculated [I..N'ang and Munkelwitz, 1994]
HGF of pure ammonium sulfate. Pure organicp{pinene SOA) HGF and
calculated ammonium sulfate curves are given fomgparison.

There is both gradual uptake of water below 70% B${pbserved for the
pure organic particles, and a gradual deliguescbaegening somewhat below the
deliguescence point (80% RH) of (MWpBO.. At higher RH, there is good
agreement with the volume additivity (ZSR) approaiion. A more detailed
analysis requires a model for water uptake in thgion in which (NH),SO,

gradually dissolves.
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To parameterize the HGF and particle compositiomixied organic and inorganic

species, the following model was developed.

4.2.1 Model for water uptake

The model was developed by Kristina Zeromeskieri@FRozurkewich
group) and presented here for completeness. ldeasloped to obtain an equation
to fit growth factors as a function of relative hdity. The model assumes three
components: organic material, AS and water. The &sgumption is volume

additivity; thus the dry particle volum¥/ , is given by
Vp = nps Vus + Norg vorg 4.1)

wheren is molesy is molar volume, and the subscripts indicate amuomorsulfate
and organic material. The total wet particle volunve, is the sum of three

volumes: undissolved AS, AS solution, and organatemal, including the water

associated with it. Thus,

Vr = (1= fg) Nas Vast falas Vas GFis + Norg Vorg GForg (4.2)
- -
Undissolved AS AS Solution Org + Water
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wheref, (which must be in the range of O to 1) is the faactof dissolved AS,
GF,s is the diameter growth factor of AS (obtained frtime empirical pure AS
growth curve [I. N. Tang and Munkelwitz, 1994], a6, is the diameter growth

factor of pure organic material from equation 3.7.

We replace moles with the organic dry volume fiact,,, defined by

Eorg = Morg Vorg/Vp (4.3)
and the dry volume fraction of A8, defined by

€as = Mas Vas/Vp (4.4)

From equation 4.1, these two fractions clearly sddnity. Dividing equation 4.2
by Vp (equation 4.1) and using these quantities yieldsegpression for the

diameter growth factor:

_ _ 3 _
GF3 _r (1_fd)nASVAS+fdnASVASGFAS+norgVorgGF3rg
tot = o= 7 (4.5)

Replacing quantities in equation 4.5 from equatibi3sand 4.4 yields:
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GFe = f = (1~ fdeas + fueasGFis + eorgGFirg (4.6)
Then using,s = 1 — &,-4 and rearranging terms gives,

GFioe = = (1~ eorg) (1~ fu + faGFs) + €orgGFig (4.7)
The value olGF,, is replaced using equation 3.1:

V; Eorgb
GFior = 5= = fa(1— €0rg) (GFjs = 1) + (1 — -25) (4.8)

Equation 4.8 is used to fit the humidograms, witjandb (equation 3.7) as the fit

parameters while,, is the water activity explained in section 1.7 (Qtea 1).

For pure ASf,changes abruptly from zero to unity at the deligeese

point. When organic material is present, it takpswater at low RH; this allows

some AS to dissolve so thitincreases gradually, reaching unity at a RH below

the deliquescence point of the pure salt. The melallenge in the model is to

calculatef,; as a function of RH.
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To do this, we determine the concentration of A$hia solution from the
equilibrium expression when solid AS is presente Byuilibrium between solid

and dissolved AS is described by
[NHf1?[S0? 1= K (4.9)

where activities are indicated by the square bracked Kis an equilibrium
constant. We assume that the activity coefficiemesthe same as in the saturated
binary solution so that the activities can be repthwith concentrations; this, along
with equation 4.9, amounts to taking the standdadesfor the ions to be the

saturated solution.

The concentrations in equation 4.9 are taken tmdbles per unit volume of
agueous solution; the aqueous volume is assumdxt tihe volume of solution
associated with the dissolved A$;nus Vas GF3s) plus the volume of water

associated with the organic matexia},, Vr4 (GFs, — 1). Thus,

[NH}] = [S027] = faas (4.10)

Vas (fd(l_gorg)GFj’s"' gorg(GFgrg_l))

N R

The equilibrium constank, is evaluated to give the observed growth factor

for pure AS at its deliqguescence RH. Usigg=0, f;=1, GFas=1.48 [I. N. Tang and
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Munkelwitz, 1994; I. N. Tang, 1996], als= 0.0747 L mol™! yields [S0Z™] =
413mol L™t in the saturated solution. Substituting this indgguation 4.9
yieldsK = 282 mol3L™3. Equations 4.9 and 4.10 are used to iterativelyutate
the fraction dissolved at a given RH, with the ¢omiat thatf;<1. Then equation

4.8 is used to calculate the growth factor.

The model successfully fits the gradual deliqueseeas shown in Figure
4.2. Since the time allowed for particles to eduéie at the higher RH was short,
about 0.26 seconds, the data indicate that depgsitiless hygroscopic organic
phase onto inorganic particles did not significantihibit the mass transport of
water to the inorganic material. One possible exgian for this would be that the
organic material might not “wet” the salt surfade;that case it would not be
uniformly distributed over the surface so that sahée salt was always exposed
to the air. A second possibility is that the orgacnating may be permeable so that
even if it uniformly coats the particle it does moevent water molecules from
reaching the more hygroscopic AS core. This wowddbnsistent 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 simlg monodisperse
seeded experiments

Since the seeded chamber experiments began witlodisperse particles
of a known size, we know the volume of inorganidemal in each of the sampled
particle sizes; therefore, the amount of inorgamd organic species in the particle
can be calculated from the initial monodispersedseaerosol size that was
introduced in the chamber, along with the sampladige size.The calculated
results along with the fitted results for the huagchms (mixed particles) are
presented in Table 4.2 for single HC experimentseré& is excellent agreement
between the fitted and calculated organic fractidie hygroscopicity parameters
as given in Table 4.2 give an average value of @b0Odith a standard error of
0.0018. This is in good agreement with the valued @154 obtained from the
nucleation experiments. The uncertainty in the Wdatedeyg is propagated from
estimated systematic error of £3% in the particke sleterminationsThe model
successfully fit the gradual deliquescence andesstd organic volume fractions
and hygroscopicity parameters in keeping with thdependently determined

values. This supports both the validity of the wvo&iadditivity approximation and
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the use of the HTDMA data for estimating organid amorganic volume fractions

in the particle.

Table 4.2: Comparison of calculated and fitted results of mix@S/SOA)
particles in simple monodisperse seeded experiments

Exp. Scan DD | Calculated Fitted Results
# # nm
€org ¥6 | éog *O b 6 g tc
1 | 180 | 0.83 0.022| 0.84 0.002 0.017 0.001 0.96 0.0010

I 180 | 0.83 0.022 | 0.86 0.002 0.012 0.001 0.94 0.0006

2 I 209 | 0.89 0.014| 0.89 0.004 0.018 0.003 0.97 0.0026
I 209 | 0.89 0.014| 0.89 0.002 0.010 0.001 0.96 0.0008

3 I 180 | 0.85 0.019| 0.84 0.002 0.017 0.001 0.96 0.0010
I 180 | 0.85 0.019| 0.86 0.002 0.012 0.001 0.94 0.0006

4 I 151 | 0.82 0.023| 0.85 0.004 0.021 0.002 0.99 0.0021
I 151 | 0.82 0.023| 0.82 0.004 0.025 0.002 0.97 0.0015

5 I 121 | 0.44 0.072| 0.52 0.001 0.015 0.002 1.00 0.0090
I 127 | 0.51 0.062| 0.56 0.013 0.020 0.000 0.99 0.0040
I 127 | 0.51 0.062| 0.57 0.001 0.017 0.007 0.98 0.0030
I 140 | 0.64 0.046| 0.62 0.006 0.016 0.006 0.96 0.0020

DD is the dry diameter of the particle.g andéyq are the calculated and fitted
organic volume fraction respectively in the padjcandb is the hygroscopicity
parameter. The uncertainty in the calculatgd is propagated from estimated
systematic error of +3% in the particle size deteations. Calculated values are
from size measurements, while fitted values amnftioe model.
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4.3 Sequential monodisperse seeded experiments

In these experiments mixed (AS/SOA) particles wemduced by
sequentially depositing oxidation products of swdc hydrocarbons on
monodisperse seed aerosols. For this purpose, ¢dgrihans at the threshold mixing
ratio were sequentially introduced and oxidizedthe chamber. Low-volatility
organic oxidation products were produced duringheaequential oxidation
process. The low-volatility oxidation products aarfgtioning from the gas phase to
the particle phase resulted in condensational droWwbe process produced mixed
(AS/SOA) particles. The subsequent sequential piaation of selected
hydrocarbons gradually increased the organic volumaetion in the mixed
particles. Each photoxidation process involvededéht hydrocarbons, so along
with the composition of the particles, their phgsi@and chemical nature also
changed. We studied the impact of gradual changedmparticles by examining
their hygroscopicity using HTDMA data collecteddhghout the experiment. The
HTDMA data collected during the dark were used étedmine hygroscopicity of
the aerosol particles. The HGF data collected betweonsecutive sequential
photooxidation stages provided a relevance andeclgltmpse into complex

systems such as ambient particles.
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We used isoprene as the starting hydrocarbon inofalthe sequential
experiments. The main reason behind the choiceitwasmpability of producing a
large number of tiny particles on rapid oxidatiofhe oxidation products of
isoprene produced a thin layer on the surface afadisperse seed aerosols. The
thickness of the layer depends on various variaiplemy particular experiments,
e.g., duration and amount of UV exposure, mixingoraf OH radicals produced
and chamber conditions. The organic volume fractiothe mixed (AS/isoprene
SOA) particles varied between 35% and 60% in theegeeriments at the first
sequential stage. The subsequent sequential ammdati hydrocarbons raised the
organic volume fraction of the particles to 85%pEsiments were performed under
controlled conditions and parameters (reactantshgddbcarbon mixing ratios, and
UV duration, etc.). The appropriate use of the peters enabled us to control the
condensational growth of the particles and to kdegm within the HTDMA

sampling range.

In both phases of the sequential monodisperse deexigeriments, pure
organic and mixed (AS/SOA) particles were produaethe same time. This was

observed when isoprene was used as the startingodartion in sequential
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experiments. The two modes — pure organic and mMASISOA) particles — each

undergo condensational growth during sequentialaiion stages.

Experiment 6 is a typical example of sequential eexpents. In the
experiment three hydrocarbons (isopréhpinene andvcarene) were sequentially
introduced and oxidized to coat seed aerosols.cbheentration of hydrocarbons,
IPN and duration of sequential UV exposures aremgiv table 4.2. In Figure 4.3
brown dotted lines indicate the particle size distiion of monodisperse AS seed
aerosols, while green broken lines indicate thdiglarsize distribution after the
first UV exposure. The two modes — pure organiopiisne SOA) and mixed
(AS/isoprene SOA) particles — are distinctly evidand separated from each other.
Upward arrows are labeled with the sampled parsdes from each mode. Here
the organic mode consists of pure organic oxidapiooducts of isoprene, while

mixed particles are of AS and the oxidation prodwgtisoprene.
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Figure 4.3: Step | and Il. Particle size distribudns during a typical sequential
monodisperse seeded experiment. The brown dottezlepresents monodisperse
seed aerosols. The green line represents the pladiafter the first photoxidation.
Two particle modes are produced as a result of mixidation: Pure organic

(isoprene SOA) and Mixed (AS/ isoprene SOA). Thetjuées sampled from each
mode are indicated.

Figure 4.4 presents the particle size distribufaiowing the second UV
exposure and sequential oxidation step. Here rekebrlines represent the entire
particle size distribution, which has two distimobdes: pure organic (isoprene
SOA + B-pinene SOA) and mixed particles (AS/isoprene SOP-pinene SOA).
Pure organic particles are oxidation products gpisne ang-pinene, while mixed

particles are ammonium sulfate + oxidation produaftdsoprene andg-pinene,
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respectively. In Figure 4.4 the upward arrows iatBcsampled particle sizes from

each mode.

Particle Size distribution after 2nd UV exposure
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Figure 4.4: Step Ill. The red dotted line representhe particle size distribution
after the 2nd UV exposure. The two particle modes atill evident: pure organic
(isoprene SOA +f-pinene SOA) and mixed (AS/isoprene SOAB-+pinene SOA)
particles. The particles sampled from each mode aralicated. Seed =
ammonium sulfate (NH),SO..

The particle size distribution after third UV exqowe is presented in figure
4.5. The blue broken lines represent the entirg¢igkarsize distributions, which
have two distinct modes: pure organic (isoprene SQ¥pinene SOA +Acarene
SOA) and mixed (AS/ isoprene SOApB+pinene SOA +A°carene SOA) particles

separately. Both modes increased in their orgamédlihg after condensational
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growth due to the third sequential photoxidatioogeiss. The pure organic particles
are contributed by oxidation products of isopreng-pinene +A%carene, while
mixed particles contain ammonium sulfate + isopren@-pinene +A°carene

oxidation products. Upward arrows indicate the dadhparticle sizes from each

mode.
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Figure 4.5: Step IV. The blue dotted line repressrgarticle size distribution after
the 3rd UV exposure. The two particle modes are iagavident, pure organic
(isoprene SOA 48-pinene SOA +4°carene SOA) and mixed (AS/ isoprene SOA

+ B-pinene SOA +4°carene SOA) particles. The particles sampled fromcle
mode are indicated.

Seed = ammonium sulfate (NHLSO,.
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The production of pure organic particles along witlixed (AS/SOA)
particles might be due to unavailability of enowsgted aerosol surface or of the
relatively clean chamber. At the second and théguential oxidation stage of the
experiment, both modes had undergone condensatijomath. The hygroscopicity
of sampled particle sizes (indicated in figures th®ugh 4.5) was measured at

each sequential stage from both modes (pure orgawienixed).

Mixed particles were produced by sequentially dépas the oxidation
products of isoprene3-pinene andA®carene on monodisperse seed particles of
ammonium sulfate (AS). Figure 4.6 shows the humiadegof mixed (AS/SOA)
particles. The HGF of the pure seed particles sulbisily decreased on depositing
the oxidation products of hydrocarbons. The HGEhefmixed particles decreased,
with a gradual increase in the organic volume foacin the particles as shown by

three humidograms in figure 4.6 after three seqakoxidation stages.

In Figure 4.6 humidogram of mixed (AS/isoprene S@Aijticles presented
in green squares are observed after the first sgigliexidation stage while in red
diamonds and blue circles are of (AS/isopreng@Rinene SOA mixed) and (AS/
isoprene +-Pinene SOA +A%carene SOA) after the second and third sequential

photooxidation stages respectively. The humidogedtar first sequential stage
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shows shrinking behavior below 40% RH and smoottk-pp of water and
deliquescence above 40% RH. The humidogram aftrgl sequential stage also
show shrinking behavior with much-diminished featuhowever the shrinking
behavior of the particles after third sequentialgst is almost leveled off below
40% RH compared to the humidograms after first eptial stage. The
humidograms (all sequential stages) show both gladptake of water at and
below 74% RH and a gradual deliquescence beginmiognd 75% RH, which is

much below the deliquescence point (80% RH) of amuro sulfate

The mixed particles gradual uptake of water andgdekcence (at all
sequential stages) means that the organic coaitimy ¢iinder or block water from
reaching the inorganic core or it didn’t wet therganic particles completely or

may have a preference for attachment on the sudieseed aerosol.
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Figure 4.6: Typical humidograms of a sequential maodisperse seeded
experiment. The sampled particle size was 130 nme€g squares), 154 nm (red
diamonds) and 191 nm (blue circles) in diameterthtee different stages of the
experiment, and the seed particle size was 100 mhe curve is fitted using the
model (Section 4.2.1).

The humidograms of mixed (AS/SOA) particles wetéedi by using the

numerical model from Section 4.2.1, and the resukssummarized in Table 4.3.
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Table 4.3: Comparison of calculated and fitted results of mMix@S/SOA)
particles of sequential monodisperse seeded expptim

Experiment DD Calculated Fitted Results
# nm
Sorqg 16  €oq 10 b +c g +6
6 130 0.55 0.057 0.59 0.040 0.037 0.001 0.94 0.007
15C 0.71 0.037 0.77 0.01¢ 0.017 0.00: 0.9¢ 0.00¢
190 0.85 0.019 0.89 0.003 0.005 0.001 0.97 0.002
7 13z 0.5¢ 0.05¢ 0.51 0.021 0.037 0.00: 0.97 0.00¢
18¢ 0.84 0.02( 0.8¢ 0.0l 0.01¢ 0.00: 1.0C 0.00¢
8 117 0.3¢ 0.07¢ 0.4¢ 0.04t 0.04t 0.00¢ 0.9¢5 0.00¢
124 0.47 0.067 0.4¢ 0.021 0.04: 0.00: 0.91 0.00¢
152 0.71 0.037 0.7¢ 0.00¢ 0.01¢ 0.001 0.9¢ 0.00:
157 0.74 0.032 0.77 0.026 0.016 0.001 0.99 0.008
9 130 0.55 0.058 0.48 0.030 0.036 0.002 0.90 0.004
187 0.84 0.021 0.8z 0.00¢ 0.00¢ 0.00¢ 1.0C 0.00]

DD is the dry diameter of the particle.q andéyg are the calculated and fitted
organic volume fraction respectively in the padj@ndb is the hygroscopicity

parameter. The uncertainty in the calculatgglis propagated from the estimated
systematic error of +3% in the particle size deteations. Calculated values are
from size measurements, while fitted values amnftioe model.

The model can predict the volume fraction of inmigaand organic species

in the particle. When the calculated and fittediltsswere compared, we found that

they were in close agreement. The humidograms’ inestenated results of all

experiments gave averages of hygroscopicity paemsidh + osp) of 0.0396+

0.0024 for AS + isoprene SOA, 0.01%50.0025 for AS + isoprene f-pinene

SOA, 0.0175t 0.0010 for AS + isoprene A°carene SOA, 0.008 0.0040 for AS
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+ isoprene +a-pinene SOA and 0.005€ 0.001 for AS + isoprene f-pinene +

AScarene SOA.

The model-estimated hygroscopicity parameter of ehix(AS/SOA)
particles and pure organic particles (results feattion 3.6) of the same sequential
experiments are compared to the estimated paraamadeio the SOA of single HCs

in table 4.4.
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Table 4.4: Compares and summarizes the hygroscopicity pararbetietermined
in individual HC nucleation experiments with thetimated and experimental
hygroscopicity parameter (pure organic and mixe§/@0OA) particles) determined
in sequential experiments.

Experiment Seeded Experiments
# % Volume Simple Estimated
Fraction Nucleation Pure Organic Mixed
SOA'S of (V1) Experiments SOA (AS/SOA)
l’Javg'—"(FSD DesttGsp borgio' Bmodeto
6
Isoprenn  10C - - 0.0401+0.04€ 0.0401+0.048 0.0494:0.000¢ 0.03740.001
+ B-pinene 18 83 - 0.0154+0.05€  0.0201+0.056 0.0240:0.000¢ 0.01740.00:
+A°carenr 6 26 68 0.0042+0.027 0.0093+0.036 0.0133:0.0007 0.005:0.001
7
Isoprenn  10C - - 0.0401+0.004  0.040:£0.0(48 0.0450:0.000¢ 0.03740.00:
+pB-pinene 2 98 - 0.0154+0.005 0.0159+0.056 0.0118:0.000¢ 0.01440.00:
8
Isoprenn  10C - - 0.0401+0.004  0.0401+0.048 0.0482:0.000¢ 0.04440.00¢
+A’careni 32 68 - 0.0042+0.002  0.0158+0.034 0.0194:0.000¢ 0.01940.001
32 68 - 0.0042+0.002  0.0158+0.034 0.0191:0.001: 0.01640.00]
9
Isoprenn  10C - - 0.0401+0.004  0.0401+0.048 0.0400:0.000¢ 0.03640.00:
+o-pinent 2 9 - 0.0033+0.00(9  0.0080+0.000 0.0138:0.000¢ 0.00840.001

osp = Standard deviation

bavg =

Average hygroscopicity parameter

determined durimucleation

experiments.

b,y = Estimated hygroscopicity parameter of organicder@ined at each
sequential stage.

borg = Experimental hygroscopicity parameter of pure oiga®erosols produced
during sequential monodisperse seeded experiment.

bmoder = Experimental model-estimated hygroscopicity paramef organics in
mixed (AS/SOA) particles during sequential monodisp seeded experiment.
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The hygroscopicity parameters of pure organic andedn (AS/SOA)
particles show significant differences compare@ach other and to the estimated
values. To understand the effect of sequentialtaadof individual HCs’ SOA to

the isoprene SOA we further simplified experimengsllts to table 4.5.

Table 4.5:compares the average hygroscopicity parambterf, pure organics and
mixed organics produced during sequential seedpdra®ents with the estimated
values.

Seeded Experiments
SOA’S Pure Organic Mixed Estimated
of SOA (AS/ISOA)
borg to Dmodelx ¢ Dest* 6sp
Isoprene 0.0457 £ 0.0005 0.0385 £ 0.002 0.0401 £ 0.0048
Isoprene + B-pinene 0.0179 £ 0.0005 0.0155 £ 0.003 0.0180 + 0.00%46
Isoprene +A°carene 0.0193 £ 0.0008 0.0175 £0.001 0.0158 £ 0.0034
'S°prf“§ ‘B-pinene | 5 5133+0.0007|  0.0050 +0.001 0.0093 + 0.0036
A°carene
Isoprene +a-pinene 0.0138 £ 0.0005 0.0080 £ 0.001 0.0080 £ 0.0030

b,rg = Average hygroscopicity parameter of pure organiASfboduced during
seeded experiments.
bmodel = Average hygroscopicity parameter of organics eataldi using model
during monodisperse seeded sequential experiments.
b.s: = Estimated hygroscopicity parameter calculatedherbasis of volume
fraction and individual HC hygroscopicity.
osp = Standard deviation

On comparing the average hygroscopicity paramétsioprene SOA in the

pure organic state and in mixed (AS/SOA) statesonad almost 16% differences.

157



Adding p-pinene orAcarene SOA to isoprene SOA in the pure organie statl in
the mixed (AS/SOA) state reduces the differenc&0%. The addition ofi-pinene
SOA to isoprene SOA antfcarene SOA to isoprenep+pinene SOA in both pure
organic and mixed state increases the differentledrhygroscopicity parameter to
40% and 60% respectively. Despite the differenoe hygroscopicity parameter in
both states is within the scatter around the estichaalue. The results are given in
table 4.5. The difference in hygroscopicity paranat both states might be due to
dissimilarity in physical and chemical conditions the particles. Pure organic
particles possess only organic-organic interactidrile mixed (AS/SOA) particles
may have organic-organic and organic-inorganicrauions. The physical and
chemical difference as discussed above may haveacimgp the morphology
[Woods 1l et al.,, 2007]; hence the interaction twilvater that may lead to a
significant difference in hygroscopicity betweee tivo phases. Inorganic material
might act as a catalyst to facilitate oligomeriaati or co-oligomerization
[Reinhardt et al., 2007] and as a result fewerssiteuld be available for water

interaction.

The overall hygroscopicity parameter of pure orgamd mixed (AS/SOA)

particles at each sequential stage is within erpamtal scatter. Overall we found
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that the model can retrieve particles’ compositma hygroscopicity successfully

by using a humidogram obtained from the HTDMA data.

4.4 Mixed (hydrocarbon) monodisperse seeded experiments

In mixed hydrocarbon monodisperse seeded experimetitree
hydrocarbons were oxidized at the same time inctihember to produce mixed
(AS/SOA) particles. Experiments 10 and 11 are typiexamples of such
experiments. The mixing ratio of individual hydrdeans and other reactants is

given in table 4.1.

The mixed particles were produced by depositingdatkdon products of
B-pinene,Acarene, and-pinene at the same time on the seed aerosolsieFigu
shows the particle size distributions before andrdflV exposure in experiment
11. The red and blue broken lines show particle digtributions of seed aerosols
and of mixed (ASPB-pinene +A3carene +u-pinene SOA) particles respectively.

The upward arrows in the figure are labeled witngled particle sizes.
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Figure 4.7: Particle size distributions in a typitamixed seeded experiment,
experiment 11. Red lines indicate the particle sdstribution of monodisperse
seeded particles, while blue lines are AS/mixed SOAe particle sizes sampled

by the HTDMA are indicated.

The relative humidity was ramped twice with the W¥f to investigate
particle hygroscopicity. Figure 4.8 shows a typiealample of a humidogram

obtained on ramping RH.
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Figure 4.8: A typical humidogram of mixed monodisge seeded experiment.

The sampled particle diameter was 155 nm. The cuivditted using the model
(Section 4.2.1).

The humidogram shows both a gradual but slight kgptaf water at and
below 76% RH, similar to that of the pure organirtigles, and a gradual
deliquescence beginning around 77% RH, which isvbehe deliquescence point
(80% RH) of pure ammonium sulfate. We compared dogram of mixed
(AS/mixed HC SOA) SOA with pure ammonium sulfatesee any resemblance
because pure ammonium sulfate humidogram (figi@eshows pre-deliquescence
due to evaporation of ammonia from ammonium suléaté during calibration of

HTDMA. We found that both humidograms are quitdedé#nt from each other as
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shown in figure 4.9 and expected there is no iaterfce in the fitted results due to

pre-deliquescence of ammonium sulfate salt.

Measured HGF
—X— ——Pure ammonium sulfate
® AS/Mixed SOA

—1.10

-~ 1.05

Growth Factor
10J08,] (IMOID)

-~ 1.00

- 0.95

LA L I L L L B L

| L L L ) I L L L L | L L L s |
70 75 80 85

Relative Humidity (%)
Figure 4.9: Comparison of pure ammonium sulfate hundogram with mixed

(AS/*Mixed SOA)
*Mixed SOA = (AS/B-pinene +A%carene +o-pinene SOA)

The humidograms of mixed (AS/mixed HC SOA) wereefit using the

model (section 4.2.1).

The modeled and calculated results are summarnzé&dble 4.6.
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Table 4.6:Comparison of calculated and fitted results of rdik&S/SOA)
particles of Mixed HC monodisperse seeded expetisnen

Dry
Experiment Diameter Calculated Fitted Results
# nm
€org ¥6 | €orq  *O6 b +c g +6
10 227 0.94 0.00¢ | 0.95 0.00¢ 0.00¢ 0.00: 0.9¢ 0.001
221 0.94 0.00¢ | 0.9¢ 0.00. 0.00¢ 0.00: 0.9¢ 0.001
11 155 0.78 0.028 0.78 0.007 0.008 0.003 0.94 0.002
15E 0.7¢ 0.02¢ | 0.7€ 0.01¢ 0.00¢ 0.00¢ 0.95 0.00:

gorg aNdéorg are the calculated and fitted organic volume foactespectively in the

particle, andb is the hygroscopicity parameter. The uncertaintyhie calculated

gorg IS propagated from the estimated systematic @frar3% in the particle size
determinations. Calculated values are from sizesorements, while fitted values
are from the model.

The humidograms’ model-estimated results of all eexpents gave
averaged hygroscopicity parametbrH{osp) of 0.0068+ 0.0021 for seeded mixed
hydrocarbon SOA. The average hygroscopicity parameft unseeded mixed
hydrocarbon SOA (section 3.3) gave an averagedevai0.0013 tosp 0.0004.
The averaged value of the hygroscopicity paramafteeeded mixed hydrocarbon
SOA is low compared to that of unseeded mixed hgahtmon SOA. The reason
behind the lower water uptake by seeded SOA of dhikgdrocarbon may be
linked to multiple and enhanced organic-organic andjanic-inorganic
interactions. The interactions may affect the molpgy of the particles [Woods IlI

et al., 2007]. Morphology, shape and physical statecombination play an
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important role in water uptake properties of thetiple. The other possibility of
reduced hygroscopicity might be due to formation dimers, trimers and

oligomerization [Reinhardt et al., 2007].

The deliqguescence point of mixed (AS/SOA of mixedd)H aerosol
particles was slightly shifted to lower RH compatedpure AS because mixed
hydrocarbons oxidation products are very slightlygrescopic. The less
hygroscopic organic coating may not be helpful fiicient gradual dissolution of
AS and produces a slight shift of the AS deliquaseepoint. The hygroscopicity,
physical state and relative volume fractions (immig/organic) of organic material
in combination play important roles in determinihg behavior and pattern of the

particles’ water uptake properties.

The model retrieved particles’ composition and leggopicity successfully
by using a humidogram obtained from the HTDMA d&tae estimated and fitted
results for the organic volume fraction matcheddgsely within experimental
uncertainties. A less hygroscopic organic coatingy mot be helpful in partial
dissolution of AS at lower RH. The partial dissauat of AS at lower RH may
contribute to water uptake, and the modeled fite=dilts may have discrepancies in

estimating organic volume fractions and the hygopgzty parameter.
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5 Summary, Conclusions and Future Directions

5.1 Summary and Conclusions

Hygroscopic properties of pure organic and mixe®&/@0OA) particles were
measured using the HTDMA. To produce pure orga@é @and mixed (AS/SOA)
particles, isoprene and selected terpengir(ene, a-pinene, A’carene and
limonene) were photo-oxidation under controlleddibans. The aerosol particles
produced with or without ammonium sulfate seed sm@soare categorized into two

groups:

)] pure organic aerosol particles (nucleation [unseéeeleperiments)
1)) mixed particles (AS/SOA) (seeded experiments).

The nucleation and seeded experiments are subdiud® three main groups:

a) unseeded/seeded SOA from single HCs
b) unseeded/seeded SOA from mixed HCs (two or threg) HC
c) unseeded/seeded SOA from sequential oxidation di¥igdual HCs (two or

three HCs)

The humidograms of pure organic SOA were obtainedamping RH from

10% to 90% in the HTDMA. The humidograms of pureAS@f individual HCs
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were evaluated against an empirical equation, &@d gave an average
hygroscopicity parameter (£ one standard error.6401 + 0.0011 for isoprene,
0.0154 £ 0.0014 fop-pinene, 0.0033 £ 0.0002 forpinene, 0.0042 + 0.0005 for
A%carene and 0.0077 + 0.0002 for limonene. Accordimg@xperimental results,
isoprene SOA are almost three times more hygrosdbginf-pinene SOA while
five to ten times more hygroscopic than SOAugdinene,A%carene and limonene.
B-pinene SOA are almost 50% more hygroscopic tharitmonene SOA and 70%
to 80% more than SOA af’carene and--pinene. The hygroscopicity parameters
of designated terpenes SOA are dissimilar, soptadable that their chemical and
physical characteristics are also dissimilar. Otxastaproducts may form dimers,
trimers, oligomers and polymers, which may leathtformation of glass, rubber
or aggregates of amorphous solids. The physicde std an SOA and its
hygroscopicity parameter are interrelated. The jghystate of the major portion
may be solid or a mixture of liquid and hydrophobdalids at room temperature.
The major portion of the particle may be resistiveinteraction with water, and

only a small portion may be responsible for theipla’s water uptake.

The SOA from mixedf-pinene,o-pinene, and\*carene) HCs are very slightly

hygroscopic (section 3.3). The hygroscopicity pargen of mixed HCs’ SOA
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doesn’t resemble the hygroscopicity of the SOAingle HCs f-pinene,a-pinene,
or A%carene). To interpret the hygroscopicity of mixegbiocarbon SOA was
impracticable because the experiments provided pootrol over the condensing
species during SOA formation. To have better codntb the experimental
parameters, the sequential nucleation experimeetsion 3.4.2) were performed.
For this purpose we sequentially oxidized sever@sHo deposit oxidation
products of selected HC$-pinene,Acarene) on isoprene SOA. We found that
sequentially adding oxidation products of desigdaterpenes to isoprene SOA
apparently reduced the overall uptake of water @eg to that of pure isoprene
SOA. To understand water uptake by such systerasydlume additivity principle
(section 3.5) was applied to estimate the growttofaof the particle. With some
discrepancies, the expected growth factors andriemeetal results were found to

be within experimental uncertainties.

The humidogram of mixed (AS/SOA) particles (chap#@rpresented two
distinct features: gradual pick-up of water andiqledscence. As the RH was
increased, gradual pick-up of water appeared tgdverned mainly by organics in
the particle before the deliquescence RH was rehcla@d by inorganics

afterwards. Organics may be liquid, viscous anddsdlamorphous, glass, rubber,
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plasticizer, etc.). The liquid organics may helgtotially dissolve seed aerosol at
lower than deliqguescence RH because in the presehawganics the mixed

particles pick up water at low RH and also allownsoAS to dissolve, so the
dissolved fraction increases gradually, and coreptetissolves before reaching the
deliquescence point of pure salt. The more hyggsc@rganics in mixed

(AS/SOA) particles may result in much early delisgence compared to the
deliqguescence RH of pure inorganics, while lessrég@ppic organics may not
affect the deliquescence point of inorganics; havethey can reduce water uptake
remarkably. The highly hygroscopic organics in tinéxed (AS/SOA) aerosol

particles may quicken the process of AS dissolytemd particles might show

smooth pick-up of water without deliquescence.

The deliguescence of mixed particles (AS/SOA) satgéhat organics don't
completely hinder or block uptake of water by irarigs. The overall growth
factors of mixed (AS/SOA) particles are contributgdinorganics and organics in
the particle. The relative contribution to the alergrowth factor of mixed
(AS/SOA) particles depends on relative volume foad (inorganic and organic)

and their hygroscopicity.
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The mixed (AS/SOA) particles’ humidograms were aagdd using the model
(section 4.2.1). The model uses the ZSR and volawhditivity approach to
parameterize humidograms. The applicability of Z8R®l volume additivity at the
scanning range of RHs supports the conjecture sbhtte-solute interaction is
negligible for mixed (AS/SOA) particles. The modelkccessfully fitted the gradual
deliquescence and retrieved organic volume frasticand hygroscopicity
parameters. The model-estimated organic volumeidragvas within experimental
uncertainties of the estimated volume fraction tiees 4.2.2 and 4.3), while the
hygroscopicity parameter shows some inconsistenaigls the independently
determined values. The inconsistencies could baauariation in the morphology
of mixed particles. Overall the results (section8.2 and 4.3) support both the
validity of the volume additivity approximation attie use of the HTDMA data for
estimating organic and inorganic volume fractionsfield data. Also, if full
humidograms are measured, it may be possible &robygroscopicity parameters
for the unknown organic phase in mixed organicgamic atmospheric particles.
At a minimum, the model provides a convenient amgsgally meaningful method
for parameterization of water uptake. As such, aynbe useful for summarizing
field data obtained with HTDMA instruments. The gaeterization could also be

used in atmospheric models of aerosol life cyctesenvironmental effects.
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5.2 Future Directions

The applicability of the model was tested agaiasblatory-generated mixed
(inorganic/SOA) aerosol particles, the inorganaxcfron of which was ammonium
sulfate (AS). Ambient particles’ inorganic fractiomay be contributed by
ammonium nitrate, sodium chloride, etc., with otheut the contribution of AS,
depending on the environment where they are forniée. applicability of the

model to such systems has not been tested.

The HTDMA is an established technique that can esgfally reproduce the
growth factor of well-known inorganic salts as adtion of RH. Inorganic salts are
capable of equilibrating rapidly at the higher RE&ince the time allowed for
particles to equilibrate at the higher RH was madasout 2.7 seconds (including
one half the time spent in the size selection regibthe DMA), but this may not
be adequate for pure organic and mixed (inorga@Aa)S aerosol particles
[Duplissy et al., 2009]. To support that, HTDMA rseeements of pure organic
and mixed (Inorganic/organic) aerosol particles amade under equilibrium
conditions. It is recommended that the numerouspBag equilibrium intervals
with RH should be tested to find out if it produ@sy impact in growth factor of

pure organic and mixed (inorganic/organic) aergsoticles.
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Almost all of atmospherically important inorganialts deliquesced around
90% RH. Hygroscopicity measurements of organiciggebelow 90% RH do not
necessarily reflect the water content at higher (B8%0—99.6%), or at the point of
CCN activation (>99.6%) [Petters et al., 2009]. Fomore in-depth study of
hygroscopic behavior of pure organic and mixed r@iaaic/organic) aerosol
particles, it is recommended that if possible thd &anning range should be

extended to saturation.
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