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Abstract. Cloud formation characteristics of the water-
soluble organic fraction (WSOC) of secondary organic
aerosol (SOA) formed from the ozonolysis of alkene hydro-
carbons (terpinolene, 1-methlycycloheptene and cyclohep-
tene) are studied. Based on size-resolved measurements of
CCN activity (of the pure and salted WSOC samples) we es-
timate the average molar volume and surface tension depres-
sion associated with the WSOC using Köhler Theory Analy-
sis (KTA). Consistent with known speciation, the results sug-
gest that the WSOC are composed of low molecular weight
species, with an effective molar mass below 200 g mol−1.
The water-soluble carbon is also surface-active, depressing
surface tension 10–15% from that of pure water (at CCN-
relevant concentrations). The inherent hygroscopicity pa-
rameter,κ, of the WSOC ranges between 0.17 and 0.25; if
surface tension depression and molar volume effects are con-
sidered inκ, a remarkably constant “apparent” hygroscopic-
ity ∼0.3 emerges for all samples considered. This implies
that the volume fraction of soluble material in the parent
aerosol is the key composition parameter required for pre-
diction of the SOA hygroscopicity, as shifts in molar volume
across samples are compensated by changes in surface ten-
sion. Finally, using “threshold droplet growth analysis”, the
water-soluble organics in all samples considered do not af-
fect CCN activation kinetics.

Correspondence to:A. Nenes
(athanasios.nenes@gatech.edu)

1 Introduction

Aerosols, by acting as cloud condensation nuclei (CCN),
have a profound impact on the hydrological cycle and cli-
mate. Carbonaceous material (organic carbon, OC) can com-
prise up to 90% of aerosol mass (Andreae and Crutzen, 1997;
Cachier et al., 1995; Yamasoe et al., 2000), 10–70% of
which may be water-soluble (WSOC). Studies have shown
that WSOC can influence aerosol hygroscopicity and sur-
face tension (Decesari et al., 2003; Saxena and Hildemann,
1996; Shulman et al., 1996) and must be characterized to
quantify the impact of these aerosols on cloud droplet for-
mation. WSOC can be present in primary organic carbon
but also formed during the oxidation of volatile organic car-
bon (VOC) to secondary organic aerosol (SOA) (Kanakidou
et al., 2005; Robinson et al., 2007; Saxena and Hildemann,
1996).

Natural VOC emissions (e.g., monoterpernes, sesquiter-
penes), estimated to be 1150 Tg yr−1 (Guenther et al., 1995),
are a major source of SOA. Alkene ozonolysis is well es-
tablished as a source of SOA (e.g., Alfarra et al., 2006; As-
chmann et al., 2002; Baltensperger et al., 2005; Claeys et
al., 2004; Dommen et al., 2006; Forstner et al., 1997; Gao
et al., 2004a; Hamilton et al., 2006; Huff-Hartz et al., 2005;
Kalberer et al., 2006; Kanakidou et al., 2005; Keywood et al.,
2004; Kroll et al., 2006; Limbeck et al., 2003; Shilling et al.,
2007; Varutbangkul et al., 2006). Attempts to speciate SOA
(Alfarra et al., 2006; Aschmann et al., 2002; Dommen et al.,
2006; Gao et al., 2004a; Kalberer et al., 2006) have been
met with limited success, as 80 to 90% of the aerosol mass
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can remain uncharacterized (Kalberer et al., 2006; Rogge
et al., 1993; Seinfeld and Pandis, 1998). The potential for
forming oligomeric or polymeric structures (Baltensperger
et al., 2005; Gao et al., 2004a; Gao et al., 2004b; Kalberer et
al., 2004) has been suggested to explain the uncharacterized
SOA fraction. Oligomers have the potential to exhibit char-
acteristics similar to humic-like substances (HULIS) (Bal-
tensperger et al., 2005), which strongly depress surface ten-
sion (Asa-Awuku et al., 2008; Dinar et al., 2007; Graber and
Rudich, 2006; Kiss et al., 2005; Salma et al., 2006) and po-
tentially, droplet growth kinetics. All of these can have im-
portant impacts on CCN activity. Adding electrolytes (par-
ticularly the bivalent SO2−

4 ion) to surfactant-rich solutions
can enhance partitioning to the surface layer (Asa-Awuku et
al., 2008; Kiss et al., 2005), and further facilitate droplet for-
mation. Limited organic mass within the CCN may reduce
the extent of surface tension depression (Li et al., 1998; Sor-
jamaa and Laaksonen, 2006; Sorjamaa et al., 2004), but de-
pression is still required to reconcile the different hygroscop-
icites seen in subsaturated and supersaturated conditions for
SOA aerosol (e.g., Jurányi et al., 2009; King et al., 2009;
Wex et al., 2009).

Numerous studies quantifying and parameterizing the
cloud droplet formation potential of SOA has increasingly
appeared in the literature (e.g., but not limited to Prenni et
al., 2007; Duplissy et al., 2008; Jurányi et al., 2009; King et
al., 2009; Wex et al., 2009). The properties of the water-
soluble fraction of the aerosol, which is by definition its
dominant source of hygroscopicity, has received less atten-
tion. Engelhart et al. (2008), Asa-Awuku et al. (2009) ex-
tracted the water-soluble fraction from SOA generated from
dark ozonolysis of biogenic VOC, and found that when con-
sidering surface tension depression, the water-soluble frac-
tion had fairly constant molar mass that was consistent with
known speciation, and within the limits where molecular size
strongly correlates with CCN activity (Petters et al., 2009).
However discrepancies have been observed for larger molec-
ular weight compounds inferred from growth factor mea-
surements (Brooks et al., 2004; Gysel et al., 2004; Bal-
tensperger et al., 2005). Asa-Awuku et al. (2008) and Car-
rico et al. (2008) performed similar analysis to water-soluble
organics extracted from biomass burning aerosol and found
that most of its hygroscopicity can be attributed to low
molecular weight compounds, with an inferred molar mass
of ∼250 g mol−1. Moore et al. (2008) also studied dissolved
marine organic matter isolated from the surface ocean; as ex-
pected, the matter exhibited very little hygroscopicity, but
still could affect CCN activity by reducing surface tension
by ∼10%. Finally, Padŕo et al. (2010) studied water-soluble
organics extracted from Mexico City aerosol, and found that
the material exhibited remarkably constant hygroscopicity,
regardless of location or time of day; this invariance was
attributed to shifts in molar mass being compensated for
changes in surface tension depression. All these studies also
found that the water-soluble organic matter studied does not

impede activation kinetics; in fact, Asa-Awuku et al. (2009)
found evidence where the insoluble fraction was correlated
with delayed activation kinetics.

In this study we report the experimental investigation of
the CCN activity of the water soluble fraction of SOA gen-
erated in laboratory chamber ozonolysis of alkenes; these
measurements are then used to constrain the hygroscopic-
ity of the water-soluble organic fraction, usingκ-Köhler the-
ory (Petters and Kreidenweis, 2007). Measurements are also
used to infer average thermodynamic properties (molar mass
and surface tension depression), using Köhler Theory Analy-
sis (KTA) (Asa-Awuku et al., 2008; Padró et al., 2007; Engel-
hart et al., 2008; Moore et al., 2008; Asa-Awuku et al., 2009).
The first method,κ-Köhler theory, is used to parameterize the
hygroscopicity of the aerosol for use in atmospheric models,
and the latter, KTA, is employed to understand the sources of
hygrosocopicity (solute versus surface tension effects) and
their influence on the hygroscopicity parameter. Finally, we
characterize the droplet activation kinetics by comparing ac-
tivated droplet sizes from WSOC CCN against those formed
from (NH4)2SO4 calibration aerosol.

2 Experimental methods and theoretical analysis

2.1 Filter extraction and chemical composition

Secondary organic aerosol is generated from the seedless
dark ozonolysis of three parent alkenes (cycloheptene, 1-
methylcycloheptene and terpinolene) and collected upon
Teflon filters. The ozonolysis experiments were performed
in the Caltech dual 28 m3 teflon chambers under dry con-
ditions (>5% relative humidity), a detailed description of
which can be found in Keywood et al. (2004). The ozone
mixing ratio was three times that of the reactant concen-
tration (Table 1) to ensure adequate oxidation (Gao et al.,
2004a). SOA chemical speciation information measured by
liquid chromatography/mass-spectrometry (LC-MS) and ion
trap mass spectrometry are available for the cycloheptene and
1-methylcycloheptene precursors from Gao et al. (2004a)
(Table 1). The LC-MS analysis from methanol extracts are
compared to atomized water extracts presented in this study;
although the exact speciation may differ between extracts,
the species cited by Gao et al. (2004a) are hydrophilic and
are expected to be present in the aqueous phase. No chemi-
cal speciation data are available for SOA generated from ter-
pinolene. The presented analysis is the first study to charac-
terize the CCN-relevant properties of WSOC from cyclohep-
tene and 1-methylcycloheptene ozonolysis. Table 1 presents
the estimated average (mole fraction weighted) molar mass
and carbon to organic carbon mass ratio for the speciated or-
ganics.

Following the protocols specified for filter extraction out-
lined in Sullivan and Weber (2006), the WSOC in the fil-
ter samples was extracted in pure water (18 M Ohms) during
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Table 1. Characteristics of parent hydrocarbons and water-soluble fraction of SOA. Information obtained from Gao et al. (2004a).

Hydrocarbon precursor Cycloheptene 1-methyl cycloheptene Terpinolene

Structure
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Table 1: Characteristics of parent hydrocarbons and water-soluble fraction of SOA  

Hydrocarbon precursor Cycloheptene 1-methyl cycloheptene Terpinolene 

Structure 

   

Reactant concentration 
(ppb) 200 171 188 

Major Type of 
Compounds Identified 

Low Molecular Weight 
Compounds 
 (<250 g mol-1) 

Low Molecular Weight 
Compounds 
(<250 g mol-1)a 

Not Available 

Classes speciated 

diacids, carbonyl-
containing acids,  
diacid alkyl esters and 
hydroxy diacids 

 
diacids, carbonyl-
containing acids,  
diacid alkyl esters and 
hydroxy diacidsa 
 

Not Available 

 
Major slightly soluble 
organic components 
identified 
(< 0.1 g/100 g H2O) 

 
2 Hydroxy Pimelic Acid 
[176 g mol-1] 
 
Pimelic Acid 
[160 g mol-1] 
 
Adipic Acid 
[146 g mol-1] 
 

Adipic Acida 
[146 g mol -1] 
 
Pimelic Acida 
[160 g mol-1] 
 
Adipic Acid  
Monomethyl Estera 
[160 g mol-1] 
 
6,7-dioxoheptanoic Acida 
[158 g mol-1] 

Not Available 

Major soluble organic 
component 
(> 0.1 g/100 g H2O) 

Glutaric Acid 
[132 g mol-1] 

Glutaric Acida 
[132 g mol-1] Not Available 

% Low Molecular weight 
species from total SOA 
mass derived from DMA 
measurements  

34 44a Not Available 

Number Averaged 
molecular weight of the 
speciated components 

150 147a Not Available 

Average mass ratio of 
carbon to organic carbon 
from speciated 
components 

0.50 0.50a Not Available 

Obtained from Gao et. al. (2004a) 
a Information obtained from 1-methylcyclohexene ozonolysis due to its structural similarity  
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a 1.25 h sonication process with heat (water bath temper-
ature ∼60◦C). WSOC concentration was then measured
with a Total Organic Carbon (TOC) Turbo Siever ana-
lyzer (Sullivan and Weber, 2006). Anion concentrations
(SO2−

4 , Cl− and NO−

3 ) of the extracted sample were mea-
sured with the Dionex DX-500 ion chromatograph with
Na2CO3/NaHCO3 eluent and Metrosep A Supp 5-100 an-
alytical column (Metrohm, Switzerland). Table 2 provides
a summary of the offline WSOC chemical composition
measurements and nominal anion concentrations (less than
2.55×10−5 mg L−1) in the extracted samples. It is possible
that some carbon loss and chemical alterations of the sample
may have occurred during aerosol collection, dissolution, at-
omization, and subsequent drying. Application of this tech-
nique however to aerosol collected from chamber SOA ex-
periments (Engelhart et al., 2008; Asa-Awuku et al., 2009)
provided properties for the WSOC that is consistent with
known speciation. This suggests that water extraction may
not substantially alter the properties of the WSOC.

Table 2. Summary of WSOC and ion concentrations,α andβ pa-
rameters of the Szyszkowski-Langmuir isotherm for all SOA con-
sidered. Measured Cl−, SO2−

4 and NO−

3 concentrations were all

below 2.55×10−5 mg L−1.

Parent WSOC αa β

Hydrocarbon (mg C L−1) (mN m−1 K−1) (L mg−1)

Cycloheptene 13 2.59 1×10−6

1-methyl- 6 4.82×10−5 4.63×10−19

cycloheptene
Terpinolene 10 92.5 1×10−13

aMeasurements are taken at room temperature between 296 and
299 K.
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2.2 CCN activity of SOA

The instruments and experimental set-up used to measure
WSOC CCN activity are identical to those described in Asa-
Awuku et al. (2008, 2009), Engelhart et al. (2008), Moore et
al. (2008) and Padró et al. (2007). 3–5 ml of extracted sample
is atomized in a collision type atomizer (University of Min-
nesota), dried with two diffusional driers and subsequently
classified with a scanning mobility particle sizer (TSI SMPS
3080). A 0.71 cm impactor is placed on the aerosol inlet and
aerosol are charged with a Kr-85 neutralizer (TSI 3077A).
The sheath to flow ratio within the differential mobility ana-
lyzer (TSI DMA 3081) is kept at a constant 10 L min−1 to 1
L min−1. Scanning Mobility CCN Analysis (SMCA; Nenes
et al., 2010), is used to obtain fast size-resolved CCN activity
(which is particularly important, given the small amount of
aerosol mass available). As with “stepping” mode measure-
ments, the classified aerosol is split to be counted by a con-
densation particle counter (TSI 3010) and also activated into
droplets using a DMT Continuous Flow Stream-wise Ther-
mal Gradient Chamber (Roberts and Nenes, 2005; Lance et
al., 2006; Rose et al., 2008). The CCN instrument was op-
erated at a 10:1 sheath-to-aerosol ratio, with a sample flow
of 0.5 L min−1 and a top-bottom column difference,1T, be-
tween 4 and 15K. The total concentration (CN) of sized par-
ticles measured by the CPC is used to determine the ratio
of CCN to CN. The process is repeated for different particle
sizes. For each supersaturation,s, the cut-off diameter,d,
(defined as the point at which the normalized distribution of
CCN/CN = 0.5, i.e., the particle diameter with a critical su-
persaturation is equal to the instrument supersaturation) pro-
vides a quantitative characterization of the SOA CCN activ-
ity (i.e., thes−d relationship). The experiments are repeated
a minimum of four times for each supersaturation and any
influence of doubly charged particles is neglected, as dis-
cussed by Moore et al. (2008), Engelhart et al. (2008) and
Asa-Awuku et al. (2009).

Calibration of the instrument supersaturation was deter-
mined by the minimum diameter of classified (NH4)2SO4
aerosol that activated at given chamber flow rate and1T.
(NH4)2SO4 aerosol was generated by atomizing an aque-
ous solution and subsequently drying the droplet stream with
silica-gel diffusional driers (operating at∼5% RH). The re-
sulting polydisperse dry aerosol was then charged using a
Kr-85 neutralizer (TSI 3077A), and classified using a TSI
3080 SMPS with a TSI 3081 DMA operating under a sheath-
to-aerosol ratio of 10:1. The classified aerosol flow was
split and introduced into the CPC and the CCN instrument;
the concentration of total particles (or condensation nuclei,
CN) and CCN were measured, and the activation fraction
(CCN/CN) was computed. This process was repeated over
many classified particle sizes (between 10 and 200 nm), so
that an “activation curve” (i.e., CCN/CN as a function of
mobility diameter) was obtained. The activation curve ex-
hibits a characteristic sigmoidal shape. The characteristic

cut-off diameter,d, for the (NH4)2SO4 aerosol for which
half of the classified aerosol activates (i.e., CCN/CN = 0.5)
have a critical supersaturation,sc, that characterizes the in-
strument supersaturation. Köhler theory is then used to com-
putesc from d, assuming that the density of (NH4)2SO4 is
equal to 1760 kg m−3, surface tension of water and a molar
mass of 0.132 kg mol−1. Following the suggestions of Rose
et al. (2008), the effective van’t Hoff factor,vs , was assumed
to be 2.5 (additional subsequent analysis with comprehensive
thermodynamic theory, gave negligible differences; Bougia-
tioti et al., 2009) The supersaturation uncertainty was ob-
tained from the standard deviation in observedd and never
exceeded 3% (relative uncertainty).

2.3 Addition of inorganic salts

The impact of adding electrolytes to the CCN activity of
the WSOC is explored by mixing a pre-calculated amount
of (NH4)2SO4 to the dissolved SOA sample (so that the salt
mass fraction in the atomized aerosol is known). The mass
of organic carbon,mo, in the extracted sample is determined
by multiplying the measured WSOC carbon concentration by
an organic carbon-to-carbon ratio of 2, estimated from speci-
ation information provided in Gao et al. (2004a) and its sub-
sequent supplemental material (Table 1). For each identified
compound, the carbon to organic carbon ratio is determined
from its molecular formula and weighted by its abundance in
the speciated compounds. The inorganic mass to be added,
mi , to obtain the resulting inorganic mass fraction,α, is com-
puted as,

mi =
α

(1−α)
mo (1)

wheremo = 2[WSOC]Vsample, [WSOC] is the WSOC con-
centration (mg C L−1), and Vsample is the sample volume
(ml). As previously mentioned, filtered ultrapure (18 MOhm)
water was used to extract the WSOC during sonication, con-
firmed by the negligible ions present in the filter extracts (Ta-
ble 2).

2.4 Measuring and inferring surface tension of the CCN

A CAM 200 pendant drop method goniometer is used to di-
rectly measure surface tension. A description of the method
and procedure can be found in Asa-Awuku et al. (2008).
Since the surface tension depression strongly depends on
WSOC (Decesari et al., 2003; Henning et al., 2005; Kiss
et al., 2005), surface tension,σ , is measured at numer-
ous concentrations. The measurements are then fit to the
Szyskowski-Langmuir isotherm (Asa-Awuku et al., 2008;
Langmuir, 1917),

σ = σw −αT ln(1+βc) (2)

whereσw is the surface tension of pure water at temperature,
T , (obtained by infinitely diluting our sample with deion-
ized ultra-filtered water), andα, β are empirical constants

Atmos. Chem. Phys., 10, 1585–1597, 2010 www.atmos-chem-phys.net/10/1585/2010/



A. Asa-Awuku et al.: Water-soluble SOA from Alkene ozonolysis 1589

obtained from the fit. Unfortunately, direct measurement of
σ of WSOC solutions at concentrations relevant for CCN ac-
tivation (103 ppm and above) requires significant amount of
mass (103µg and above) which was not available in the filter
sample. Ifα, β are based on using dilute samples, extrapo-
lation of Eq. (2) to higher concentrations is often subject to
substantial uncertainty.

If the salt mass fraction exceeds 50%, the majority of dis-
solved solute,ns , in the aerosol is from the inorganic salt,
and any surface tension depression at the droplet layer could
be attributed to the presence of organics. Hence, one could
then infer the droplet surface tension,σ , at the point of ac-
tivation using a combination of CCN activation experiments
and Köhler theory, as follows. For particles composed of sol-
uble and insoluble fractions, the critical supersaturation,sc,
is (Köhler, 1936; Seinfeld and Pandis, 1998),

sc =

(
4A3

27B

)1/2

(3)

whereA =

(
4Mwσ
RTρw

)
, B =

(
6nsMw

πρw

)
, R is the universal gas

constant,T is droplet temperature,ns are the moles of dis-
solved solute.Mw andρw are the molecular weight and den-
sity of water, respectively, andσ is the surface tension of the
droplet at the point of activation. The assumption that the in-
organic salt contributes the dominant solute implies it is the
only component that contributes toB,

B =
Mw

Mi

ρi

ρw

d3εiυi (4)

whereMi , νi is the average molecular weight and effective
van’t Hoff factor of the inorganic constituent “i”, respec-
tively. εi is volume fraction of the inorganic in the aerosol,
calculated from the mass fraction,m, and density,ρ, of each
component as

εi =
mi

/
ρi

mi

/
ρi +mo

/
ρo

(5)

where “i” and “o” subscripts refer to inorganic and organic
components, respectively. If the organic is not a strong sur-
factant, then the critical supersaturations∗

c for the dry diam-
eterd and volume fractionεi , should be given by

s∗
c =

2

3

(
4Mwσw

RTρw

)3/2(
3
Mw

Mi

ρi

ρw

d3εiυi

)−1/2

(6)

whereσw corresponds to the surface tension of pure water.
However, if the organic depresses surface tension toσ (less
thanσw), then the critical supersaturation is given by

sc =
2

3

(
4Mwσ

RTρw

)3/2(
3
Mw

Mi

ρi

ρw

d3εiνi

)−1/2

(7)

If sc, σw, εi andd are known from the CCN activity and
chemical composition measurements, Eqs. (6) and (7) can be
combined to giveσ :

σ = σw

(
sc

sc∗

)2/3

(8)

Equation (8) represents the extension of Köhler Theory Anal-
ysis (Sect. 2.5) to infer surface tension from activation exper-
iments. The value ofσ obtained from Eq. (8) corresponds to
the concentration of dissolved carbon at the critical wet di-
ameter of the CCN (i.e. at the point of activation), which can
also be computed from K̈ohler theory (Padŕo et al., 2007;
Moore et al., 2008). If the organic contribution to the Raoult
term (Eq. 4) is not negligible, then it must be accounted for
in Eqs. (6–8), using the procedure of Moore et al. (2008).

Whenσ is inferred over a range of supersaturations (i.e.
range of concentration of dissolved carbon), one can in-
fer the relationship between surface tension and concentra-
tion of dissolved organic carbon relevant for CCN activation.
This approach has shown to successfully reproduce surface
tension measured directly with a pendant-drop goniometer
(Moore et al., 2008) for primary marine organic samples.

2.5 Köhler theory analysis (KTA) and molar volume
uncertainty

Köhler Theory Analysis (KTA; Padró et al., 2007) is used in
this work to infer average molar volume (molecular weight,
M, over densityρ) of the water-soluble organic fraction of
the SOA. KTA (method b1) employs measurements of dry
diameter versus critical supersaturation,sc, which are then fit
to the expression,sc = ωd−3/2. From the Fitted CCN activity
(FCA) parameter,ω, estimates ofσ and measurements of
ionic and WSOC concentrations,Mo

ρo
is obtained as,

Mo

ρo

=
εoυo

256
27

(
Mw

ρw

)2(
1

RT

)3
σ 3ω−2−

ρi

Mi
εiυi

(9)

KTA has been shown to reproduce molecular weights (to
within 20%) for CCN composed of known mixtures of inor-
ganic and organic compounds (Padró et al., 2007). KTA has
also been applied to complex biomass burning WSOC with
an estimated 40% uncertainty (Asa-Awuku et al., 2008). The
method has also provided molar volume estimates of water-
soluble extracts from biogenic SOA (Engelhart et al., 2008;
Asa-Awuku et al., 2009) that is consistent with known speci-
ation.

The measured variables employed in the KTA analysis
are summarized in Table 3. In applying KTA, we assume
that the effective organic van’t Hoff factor,vo= 1. Molecu-
lar weights are presented assuming an average organic den-
sity of 1.4 g cm−3 (Turpin and Lim, 2001). The uncer-

tainty in inferred molar volume is computed as1
(

Mo

ρo

)
=√ ∑

for all x
(8x1x)2, where1x is the uncertainty in of each of
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Table 3. Results from the analysis of CCN activity of all WSOC samples.

Property (units) Cycloheptene 1-methylcycloheptene Terpinolene

ω (m1.5) 7.14×10−14 5.67×10−14 6.53×10−14

σ (N m−1)a 5.99×10−2 6.52×10−2 6.11×10−2(
Mo
ρo

)
(m3 mol−1) 1.44×10−4 5.69×10−5 7.54×10−5

Mo(g mol−1)b 207 (126)c 101 (80)c 162 (106)c

κ (σ )
(κ (σwater)

c)
0.25±0.04,
(0.33±0.06)c

0.17±0.02,
(0.30±0.04)c

0.16±0.03,
(0.26±0.04)c

a inferred from activation experiments (Table 5).
b Assuming the density of the solute is assumed to be 1400 kg m−3 (Turpin and Lim, 2001).
c Results based onσ =σwater (72 mN m−1)

Table 4. Formulae for the Sensitivity of Molar Volume to the dependant parametersσ , ω, andνo.

Property Sensitivity,8x =
∂
∂x

(
Mo
ρo

)
σ 8σ =

(
3×256

27

(
Mw
ρw

)2( 1
RT

)3
σ2ω−2

εoυo

)(
Mo
ρo

)2

ω 8ω =

(
2×256

27

(
Mw
ρw

)2( 1
RT

)3
σ3ω−3

εoυo

)(
Mo
ρo

)2

νo 8υo =
256
27

(
Mw
ρw

)2( 1
RT

)3 σ3ω−2ν−2
o

εo

(
Mo
ρo

)2
+

(∑
i 6=j

ρi
Mi

εiνi

εo

)
ν−2
o

(
Mo
ρo

)2

the measured parametersx,(i.e., any ofσ , ω, andυ) and is

the sensitivity of molar volume tox, 8x =
∂
∂x

(
Mo

ρo

)
, derived

from Eq. (9). Table 4 provides a list of8x .

2.6 Hygroscopicity parameter,κ

The observed CCN activity of the WSOC can be parameter-
ized in terms of a single hygroscopicity parameter,κ (Petters
and Kreidenweis, 2007),

κ =
4A

27d ln2s
(10)

whereA =

(
4Mwσw

RTρw

)3
, andσw being the surface tension of

water at the average instrument temperature.κ andω are re-

lated byω =

[
4A3

27κ

]1/2
. For insoluble non-wettable materials,

κ = 0; hygroscopic SOA exhibitsκ≈0.1, while soluble inor-
ganic salts exhibit much higher values (e.g., (NH4)2SO4 has
κ≈0.6). If hygroscopic SOA are assumed to be composed of
a soluble fraction with volume fractionεo, and the surface
tension at their point of activation is equal toσw, one can
show,

κ =

(
Mw

ρw

)(
ρo

Mo

)
εo

νo

(11)

where
(

Mo

ρo

)
is the average molar volume of the soluble or-

ganic fraction andνo is the effective van’t Hoff factor of
the soluble organic. If organics depress surface tension, to
a valueσ at the point of activation, application of Eq. (10)

overestimatesκ by a factor of
(
1−

σw−σ
σw

)−3
.

2.7 Droplet activation kinetics

When exposed to the sames profile (that exceeds theirsc)
two CCN will activate and grow to cloud droplets of similar
wet diameter,Dp, provided that their critical supersaturation
and mass transfer coefficient of water vapor to the growing
droplets is the same. The CCN instrument measures droplet
sizes by an optical particle counter and therefore can be used
to explore the impact of organics on the droplet growth ki-
netics. By comparing the droplet sizes of activated SOA
particles against (NH4)2SO4 particles at identicalsc (and for
identical conditions of instrument operation), we directly as-
sess the impact of organics on CCN growth kinetics. In this
study, we select the wet diameter,Dp, that corresponds to
particles withsc equal to the instrument supersaturation,s,
(i.e., CCN with a dry diameter equal to the cut-off diam-
eter, d). This method, termed “Threshold droplet Growth
Analysis” (TDGA), has been successfully applied in numer-
ous studies (Asa-Awuku et al., 2008, 2009; Engelhart et al.,
2008; Moore et al., 2008; Bougiatioti et al., 2009; Lance et
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Table 5. σ values inferred at the point of activation/

Sample σ ( mN m−1) ± 1σ (mN m−1)

Cycloheptene SOA with 90% (NH4)2SO4 73.6 4.6
Cycloheptene SOA with 33% (NH4)2SO4 59.9 1.9
1-methylcycloheptene SOA with 33 % (NH4)2SO4 65.2 2.5
Terpinolene SOA with 98% (NH4)2SO4 74.4 4.9
Terpinolene SOA with 90% (NH4)2SO4 70.5 4.0
Terpinolene SOA with 33% (NH4)2SO4 61.1 7.9
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Figure 1: CCN activity of WSOC generated from ozonolysis of cycloheptene. Results are 

shown for pure WSOC and mixtures of (NH4)2SO4. The cut-off diameter, d, is the point at 

which CCN/CN=0.5) is plotted versus supersaturation. Lines are fit of experimental data 

points. Inset graph presents examples of activation curves (i.e., CCN/CN vs. dry mobility 

diameter) with corresponding sigmoidal fits for pure sample aerosol. 

 

 

Fig. 1. CCN activity of WSOC generated from ozonolysis of
cycloheptene. Results are shown for pure WSOC and mixtures
of (NH4)2SO4. The cut-off diameter,d, is the point at which
CCN/CN = 0.5) is plotted versus supersaturation. Lines are fit of ex-
perimental data points. Inset graph presents examples of activation
curves (i.e., CCN/CN vs. dry mobility diameter) with correspond-
ing sigmoidal fits for pure sample aerosol.

al., 2009; Sorooshian et al., 2008; Murphy et al., 2009; Padró
et al., 2010) to assess the impact of composition on activation
kinetics.

3 Results and discussion

3.1 CCN activity

The cut-off diameter,d, as a function of supersaturation and
(NH4)2SO4 mass fraction are shown for all SOA samples in
Figs. 1–3. As the mass fraction of (NH4)2SO4 increases, the
aerosol smoothly transitions to pure (NH4)2SO4 behavior.
This suggests that the SOA are soluble and hygroscopic (low
molecular weight) compounds that are not strong surfactants.
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Figure 2: CCN activity of WSOC generated from ozonolysis of terpinolene. Results are 

shown for pure WSOC and mixtures of (NH4)2SO4.  The cut-off diameter, d, is the point at 

which CCN/CN=0.5) is plotted versus supersaturation. Lines are fit of experimental data 

points.  

 

Fig. 2. CCN activity of WSOC generated from ozonolysis of
terpinolene. Results are shown for pure WSOC and mixtures
of (NH4)2SO4. The cut-off diameter,d, is the point at which
CCN/CN = 0.5) is plotted versus supersaturation. Lines are fit of
experimental data points.

For all three parent hydrocarbons, the original SOA samples
activate at diameters larger than that of (NH4)2SO4; this is
expected as organics are generally less hygroscopic than sol-
uble electrolytes. The activation curves are well represented
with a power law consistent with ad−3/2dependence; this
implies that the water-soluble SOA does not exhibit limited
solubility over the range of critical supersaturations consid-
ered (Padŕo et al., 2007).

3.2 Surface tension

Figure 4 shows the direct measurements of surface tension
for all SOA samples and the Szyskowski-Langmuir fits to
the data (α and β parameters of the fits are given in Ta-
ble 2). None of the samples demonstrate significant surface
tension depression at measured concentrations, even when
extrapolated to concentrations relevant for CCN activation
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Figure 3: CCN activity of WSOC generated from ozonolysis of 1-methylcycloheptene. 

Results are shown for pure WSOC and mixtures of (NH4)2SO4.  The cut-off diameter, d, is the 

point at which CCN/CN=0.5) is plotted versus supersaturation. Lines are fit of experimental 

data points.  

 

Fig. 3. CCN activity of WSOC generated from ozonolysis of 1-
methylcycloheptene. Results are shown for pure WSOC and mix-
tures of (NH4)2SO4. The cut-off diameter,d, is the point at which
CCN/CN = 0.5) is plotted versus supersaturation. Lines are fit of
experimental data points.

(100 mg C L−1 and above) (Fig. 4). If surfactants do exist in
the SOA, it is likely they are not concentrated enough in the
extracted samples to have a notable impact on surface ten-
sion; even for strong surfactants extracted from a biomass
burning sample (Asa-Awuku et al., 2008), the depression for
concentrations up to 100 mg C L−1 is within the measure-
ment uncertainty (Fig. 4). Thus, direct surface tension mea-
surements for dilute samples would not conclusively reveal
the presence of surfactants. Acquiring sufficient sample for
σ measurement is challenging, so we infer surface tension
using the method described in Sect. 2.4. For large mass frac-
tions of salt (>90%), the inferred surface tension approaches
that of water used to extract the WSOC from the SOA fil-
ter samples (∼72 mN m−1) (Table 5). However, for the 33%
mixture of sulfate with cycloheptene and terpinolene, the in-
ferredσ is ∼60 mN m−1 (Table 5),∼15% depression from
pure water, suggesting that surface active components indeed
exist in the WSOC. The extent of surface tension depression
suggests that the surfactants are appreciably strong, which is
expected given the amphiphilic nature of the oxidation prod-
ucts. Furthermore, if micelles are formed, the ability of sur-
face active organics to depressσ is limited and consistent
with inferred values (Tabazadeh, 2005).

3.3 Molar volume estimates and uncertainty

Using the inferred values of surface tension (Table 5) and
assuming an aerosol density of 1.4 g mol−1 (Turpin and
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Figure 4: Direct σ measurements of SOA as a function of water-soluble carbon concentration 

(closed symbols) and inferred values from (Table 5) (open SOA symbols) as a function of 

water soluble carbon concentration at activation. Curves represent Szyskowski-Langmuir 

isotherm fits of experimental data. HULIS data from Asa-Awuku et al. (2008) is provided for 

comparison.  

Fig. 4. Direct σ measurements of SOA as a function of water-
soluble carbon concentration (closed symbols) and inferred values
from (Table 5) (open SOA symbols) as a function of water soluble
carbon concentration at activation. Curves represent Szyskowski-
Langmuir isotherm fits of experimental data. HULIS data from
Asa-Awuku et al. (2008) is provided for comparison.

Lim, 2001), KTA gives average organic molecular weights
of 162±28, 101±20, 207±54 g mol−1 for terpinolene, 1-
methyl cycloheptene, and cycloheptene SOA, respectively
(Tables 3 and 6). This agrees (to within uncertainty) with
the Gao et al. (2004a) speciation (Table 1), which in-
cludes low molecular weight diacids, carbonyl-containing
acids, diacid alkeylsters, and hydroxyl diacids (e.g., pimelic
acid, 160 g mol−1; adipic acid, 146 g mol−1; glutaric acid,
132 g mol−1; succinic acid, 118 g mol−1; pimelic acid
monomethyl ester, 174 g mol−1; adipic acid monomethyl es-
ter, 160 g mol−1; 2-hydroxypimelic acid, 176 g mol−1; 2-
hydroxy glutaric acid, 148 g mol−1; 6-oxohexanoic acid, 130
g mol−1 and 6-oxo-7-hydroxyheptanoic acid, 158 g mol−1).
The modest depression of inferredσ from the value of pure
water (∼10%), and the value of inferred molar volume being
in the range where hygroscopicity correlates with molar size
(Petters et al., 2009) implies that the KTA-based estimates
are representative for the WSOC. Indeed, if water surface
tension was used in KTA to infer the molecular weight of the
organics, large deviations arise from the Gao et al. (2004a)
speciation (Tables 1 and 3).

The molar volumes of water-soluble alkene SOA in-
ferred here (5.69×10−5–1.44×10−4 m3 mol−1) are within
the range inferred for WSOC fromα-pinene (8.18×10−5

m3 mol−1), monoterpene (8.36×10−5 m3 mol−1) and β-
caryophyllene SOA (1.02×10−4 m3 mol−1) dark ozonoly-
sis (Engelhart et al., 2008; Asa-Awuku et al., 2009). The
WSOC alkene SOA is also consistent with HULIS sam-
ples (1.08×10−4–2.06×10−4 m3 mol−1; Wex et al., 2007).
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Table 6. Molar Volume Sensitivity Analysis for SOA.

SOA Precursor
Hydrocarbon

Propertyx
(units)

1x 8x
(m3 mol−1 x−1)

Molar volume
uncertainty (%)

Terpinolene
σ 1.41×10−3 3.73×10−3 7.0
ω 2.21×10−15 2.69×109 7.9
νorganic 0.20a 8.78×10−5 23.3

Total Uncertainty 26.2
1-methylcycloheptene

σ 1.40×10−3 2.76×10−3 6.8
ω 1.90×10−15 2.26×109 7.5
νorganic 0.20a 6.41×10−5 22.5

Total Uncertainty 25.1
Cycloheptene

σ 1.21×10−3 8.34×10−3 7.0
ω 1.58×10−15 4.71×109 5.2
νorganic 0.20a 1.68×10−4 23.3

Total Uncertainty 26.9

a Error based on observations of 20% dissociation of organic HULIS in titration experiments Dinar et al. (2006).

Assuming an organic density of 1.5 g cm−3, these molar
volumes correspond to a molar mass range of about 180–
250 g mol−1, which is similar to the average molar mass from
the alkene SOA.

The uncertainty in inferred molar volume is affected by
the uncertainty in all parameters used for KTA. First, the as-
sumption thatνo = 1, does not account for the partial dissoci-
ation of the organic species, and tends to underestimate molar
volume. The potential dissociation of organics (up to 20%
as measured in HULIS titration experiments; Dinar et al.,
2006), contributes roughly 23% uncertainty to the molar vol-
ume estimates and is the greatest estimated source of uncer-
tainty in molar volume (Table 6). As in previous KTA studies
(e.g., Asa-Awuku et al., 2008, 2009; Padró et al., 2007; En-
gelhart et al., 2008, Moore et al., 2008, Padró et al., 2010),
the contributions ofσ andω variability to the inferred molar
volume uncertainty are around 10% each. If one wants to es-
timate molar mass, uncertainty also arises from the value of
density; varying from 1.4 g cm−3 to 1.6 g cm−3 (Turpin and
Lim, 2001) increases molar masses by 14%, which is impor-
tant but still smaller than the uncertainty fromνo. The total
estimated uncertainty in molar volume is approximately 25%
for all SOA samples (Table 6).

3.4 Hygroscopicity parameter,κ

Table 3 reportsκ values for water-soluble alkene SOA. If
Eq. (10) is applied assuming a surface tension of water,κ

∼0.30 for all samples. If the inferredσ is used,κ ∼0.16–
0.25. The sensitivity ofκ to the value of surface tension
can provide an uncertainty for the real value of the param-
eter; which on average is 37% for the SOA considered here

(Table 3). Such levels of uncertainty are consistent with the
studies of Engelhart et al. (2009), Padró et al. (2010), and
Juŕanyi et al. (2009).

Theκ for the water-soluble fraction (regardless of surface
tension assumption) is consistently higher than the “typical”
κ∼0.1 found for most hygroscopic SOA (Petters and Krei-
denweis, 2007). This is because the samples analyzed here
reflect the water-soluble fraction of the parent SOA, and is
the prime source of its hygroscopicity. The parent SOA, be-
ing a mixture of “insoluble” (non-hygroscopic) and “soluble”
components inevitably has a lowerκ, because the volume
fraction of the WSOC,εo, is less than unity (Eq. 11).

A striking feature ofκ (assuming surface tension of water)
is its invariance (κ∼0.30) with respect to parent hydrocar-
bon and speciation. Even more striking is its agreement with
the hygroscopicity of WSOC from monoterpene SOA (En-
gelhart et al., 2008), sesquiterpene SOA (Asa-Awuku et al.,
2009) and Mexico City aerosol (Padró et al., 2010). Given
the variable composition of the WSOC in all of these samples
and the nature of the compounds involved (i.e., low molecu-
lar weight compounds, with varying surfactant capability), a
constantκ implies that shifts in molar volume between sam-
ples are accompanied by compensating shifts in surface ten-
sion depression.

3.5 Droplet activation kinetics

Figure 5 presents the droplet size measurements at the in-
strument OPC for all supersaturations and samples consid-
ered. For all points, the flow rate within the instrument was
maintained constant at 0.5 L min−1 and the sheath to aerosol
ratio is 10:1; this ensures that all the particles were exposed
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Figure 5: Droplet growth measurements for WSOC SOA and (NH4)2SO4 CCN with critical 

supersaturation equal to the instrument supersaturation.  

 

Fig. 5. Droplet growth measurements for WSOC SOA and
(NH4)2SO4 CCN with critical supersaturation equal to the instru-
ment supersaturation.

to similar supersaturation profiles. From Fig. 5 we conclude
that the droplet growth kinetic curves for all SOA samples are
virtually indistinguishable for alls values examined; com-
pared to (NH4)2SO4, SOA particles grow to very similar
sizes. The droplet growth of water soluble compounds from
alkene SOA is similar to water soluble organics presented in
Engelhart et al. (2008) and Asa-Awuku et al. (2009). Almost
all of the growth kinetics experiments lie within the measure-
ment uncertainty, so we conclude that the growth kinetics
(and corresponding water vapor mass uptake coefficient) are
uniform and equal to that of (NH4)2SO4.

4 Summary and implications

In this study, we explore the size-resolved CCN activity and
droplet activation kinetic characteristics of SOA generated
from the ozonolysis of biogenic precursors. The data is then
parameterized usingκ-Köhler theory. The data is also pro-
cessed with K̈ohler theory analysis (KTA) to infer surface
tension and the average molar volume of the soluble organics
extracted from the filter samples. The results of the analysis
are compared against known speciation (whenever known)
to evaluate the method. Finally, we compare the activated
droplet sizes against a reference from ammonium sulfate cal-
ibration aerosol (using TDGA) to evaluate the impact of the
dissolved organics on activation kinetics.

A number of important findings emerge from this study.
First, using TDGA we find that the water-soluble organics do
not affect droplet growth kinetics, as CCN from all the SOA
samples grow to similar droplet sizes as (NH4)2SO4 aerosol.

This finding is consistent with the studies of Engelhart et
al. (2008), Asa-Awuku et al. (2009), Moore et al. (2008)
and Padŕo et al. (2010). Second, KTA results are consistent
with available composition data when using inferred surface
tension values; assuming surface tension of water yields too
low molecular weights. Given this and that inferences are
in the range where hygroscopicity is strongly correlated with
molar volume (Petters et al., 2009) suggests that appropri-
ate application of KTA (when applied to the water-soluble
fraction of the aerosol) is a powerful tool for understanding
the sources of hygroscopicity (i.e., surface tension and solute
contributions) of organic aerosol. Furthermore, the appar-
entκ values are remarkably constant, and in agreement with
values obtained in previous studies for water-soluble carbon
extracted from ozonolysis SOA (e.g., Engelhart et al., 2008;
Asa-Awuku et al., 2009) and Mexico City aerosol (Padró et
al., 2010). When KTA is used to deconvolute the source of
this hygroscopicity in terms of solute and surface tension de-
pression contribution, the strongest surfactants coincide with
the largest molar mass; this implies that loss of hygroscopic-
ity from increases in molar volume may be compensated by
shifts in surface tension depression. The surface tension de-
pression (with respect to pure water) inferred for the samples
considered here are similar to those from other SOA systems
(Engelhart et al., 2008; Asa-Awuku et al., 2009; King et al.,
2007), urban and regional aerosol (Padró et al., 2010), and
biomass burning aerosol (Asa-Awuku et al., 2008).

Based on the observations presented here, a simple pa-
rameterization for the “apparent”κ (i.e., that derived assum-
ing a surface tension of water) for the organic fraction,κo,
is κo∼0.3εo, whereεo is the volume fraction of the water-
soluble organics in the aerosol. When applying this param-
eterization to complex aerosol, special attention should be
given to the nonlinear dependence of surface tension depres-
sion with organic fraction. Nevertheless, the invariance of
the apparent hygroscopicity parameter for the WSOC across
many studies suggests that this simple parameterization may
be quite general in nature. This exciting prospect requires
support from a broader CCN activity dataset of CCN activ-
ity, and will be the focus of future studies.
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