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Abstract

The CCN properties, surfactant characteristics, and droplet growth kinetics of sec-
ondary organic aerosol (SOA) formed from the ozonolysis of three parent alkene hydro-
carbons (terpinolene, 1-methlycycloheptene and cycloheptene) are explored. Based
on measurements of CCN activity, total carbon and inorganic ion concentrations, we es-5

timate the average molar volume of the water-soluble organic component using Köhler
Theory Analysis (KTA). The results suggest that the water-soluble organics in the SOA
are composed of relatively low molecular weight species, with an effective molar mass
less than 200 g mol−1. This finding is consistent with the speciated fraction for some of
the SOA, and suggests that KTA can be applied to complex organic aerosol, such as10

that found in the atmosphere. From measurements of CCN activity and Köhler Theory,
we apply a novel method to infer the surface tension at the point of activation; this is
used to infer the presence of surface-active organics. It is found that the water-soluble
carbon can be surface-active, depressing surface tension 10–15% from that of pure
water at concentrations relevant for CCN activation. Although important, this level of15

surface tension depression is lower than expected for HULIS, which suggest that they
are not likely in the SOA examined. In all cases, the CCN exhibit droplet growth kinetics
similar to (NH4)2SO4.

1 Introduction

Aerosols, by acting as cloud condensation nuclei (CCN), have a profound impact on20

the hydrological cycle and climate. Carbonaceous material (organic carbon, OC) can
comprise 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 surface tension (Decesari
et al., 2003; Saxena and Hildemann, 1996; Shulman et al., 1996) and must be charac-25

terized to quantify the impact of these aerosols on cloud droplet formation. WSOC can
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be present in primary organic carbon but also formed during the oxidation of volatile
organic carbon (VOC) to secondary organic aerosol (SOA) (Kanakidou et al., 2005;
Robinson et al., 2007; Saxena and Hildemann, 1996).

Natural VOC emissions (e.g., monoterpernes, sesquiterpenes), estimated to be
1150 Tg yr−1 (Guenther et al., 1995), are a major source of SOA. Alkene ozonoly-5

sis is well established as a source of SOA (e.g., Alfarra et al., 2006; Aschmann et al.,
2002; Baltensperger et al., 2005; Claeys et al., 2004; Dommen et al., 2006; Shilling
et al., 2007; 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; Varutbangkul et al., 2006). Attempts to speciate10

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 can remain uncharacterized (Kalberer et al., 2006; Rogge et al., 1993;
Seinfeld and Pandis, 1998). The potential for forming oligomeric or polymeric struc-
tures (Baltensperger et al., 2005; Gao et al., 2004a; Gao et al., 2004b; Kalberer et15

al., 2004) has been suggested to explain the uncharacterized SOA fraction. Oligomers
have the potential to exhibit characteristics similar to humic-like substances (HULIS)
(Baltensperger et al., 2005), which strongly depress surface tension (Asa-Awuku et
al., 2007; Dinar et al., 2007; Graber and Rudich, 2006; Kiss et al., 2005; Salma et
al., 2006) and potentially, droplet growth kinetics. All of these can have important im-20

pacts on CCN activity. Nevertheless, a complete thermodynamic characterization of
the secondary aerosol, and of WSOC (required to constrain cloud droplet formation)
have remained elusive (Kanakidou et al., 2005).

In this study we report the experimental investigation of the CCN activity of the wa-
ter soluble fraction of SOA generated in laboratory chamber ozonolysis of alkenes;25

these measurements are then used to obtain thermodynamic properties (e.g., molar
mass and surface tension depression), which are inferred using Köhler Theory Analy-
sis (KTA) (Asa-Awuku et al., 2007; Padró et al., 2007). Furthermore, we characterize
WSOC SOA droplet growth kinetics, relative to pure (NH4)2SO4. Finally, we evaluate
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(by comparing inferred properties to direct measurements) the applications of KTA for
complex organic aerosol systems.

2 Experimental methods and theoretical analysis

2.1 Filter extraction and chemical composition

Secondary organic aerosol is generated from the dark ozonolysis of three parent5

alkenes (cycloheptene, 1-methyl cycloheptene and terpinolene) and collected upon
Teflon filters. The ozonolysis experiments were performed in the Caltech dual 28 m3

teflon chambers, a detailed description of which can be found in Keywood et al. (2004).
SOA chemical speciation information measured by liquid chromatography/mass-
spectrometry and ion trap mass spectrometry are available for the cycloheptene and10

1-methylcycloheptene precursors from Gao et al. (2004a) (Table 1). No chemical spe-
ciation data are available for SOA generated from terpinolene. The presented analysis
is the first study to characterize the CCN-relevant properties of WSOC from cyclohep-
tene and 1-methyl cycloheptene ozonolysis. Table 1 presents the estimated average
(mole fraction weighted) molar mass and carbon to organic carbon mass ratio for the15

speciated organics.
Following the protocols outlined in Sullivan and Weber (2006), the WSOC in the filter

samples was extracted in water during a 1.25 h sonication process with heat (water
bath temperature ∼60◦C). WSOC concentration was then measured with a Total Or-
ganic Carbon (TOC) Turbo Siever analyzer (Sullivan and Weber, 2006). Anion concen-20

trations (SO2−
4 , Cl−and NO−

3 ) of the extracted sample were measured with the Dionex
DX-500 ion chromatograph with Na2CO3/NaHCO3 eluent and Metrosep A Supp 5-100
analytical column (Metrohm, Switzerland). Table 2 provides a summary of the offline
WSOC chemical composition measurements and nominal anion concentrations in the
extracted samples; as expected, the ion concentrations are very low and contribute25

negligible solute to the samples. However, it is possible that the process of aerosol
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collection, dissolution, atomization, and subsequent drying may affect the partitioning
of CCN properties and growth kinetics of the SOA. In future studies, we will do both
online and filter analysis to see whether the extraction process introduces significant
artifacts.

2.2 CCN activity of SOA5

The instruments and experimental set-up used to measure CCN activity are identical to
those described in Asa-Awuku et al. (2007) and Padró et al. (2007). 3–5 ml of extracted
sample is atomized in a collision type atomizer (University of Minnesota), dried with two
diffusional driers and subsequently classified with a scanning mobility particle sizer
(TSI SMPS 3080). The classified aerosol is then activated into droplets using a DMT10

Continuous Flow Thermal Gradient Chamber (Lance et al., 2006; Roberts and Nenes,
2005). The total concentration (CN) of sized particles is also counted, so that the ratio
of CCN to CN can be determined. The process is repeated for different particle sizes.
For each supersaturation, s, the cut-off diameter, d , (defined as the point at which
CCN/CN=0.5) provides a quantitative characterization of the SOA CCN activity (i.e.,15

for a given s, a larger d corresponds to a lower CCN activity).

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,20

morganic, in the extracted sample is determined by multiplying the measured WSOC
carbon concentration by an organic carbon-to-carbon ratio of 2, as suggested by the
speciated information provided by Gao et al. (2004a) (Table 1). The inorganic mass to
be added, minorganic, to obtain the resulting inorganic mass fraction, α, is then computed
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as,

minorganic =
α

(1 − α)
morganic (1)

where morganic = 2 × [WSOC] Vsample, [WSOC] is the the WSOC concentration (mg C

L−1), and Vsample is the sample volume (ml). The 18 Mohms of filtered water used to
extract the water during sonication contributes negligible ions to the particulate matter5

(Table 2).

2.4 Measuring and inferring surface tension of the CCN

A CAM 200 pendant drop method goniometer is used to directly measure surface
tension. A description of the method and procedure can be found in Asa-Awuku et
al. (2007). Since the surface tension depression strongly depends on [WSOC] (Dece-10

sari et al., 2003; Henning et al., 2005; Kiss et al., 2005), surface tension, σ, is mea-
sured at numerous concentrations. The measurements are then fit to the Szyskowski-
Langmuir isotherm (Asa-Awuku et al., 2007; Langmuir, 1917),

σ = σw − αT ln (1 + βc) (2)

where σw is the surface tension of pure water at temperature, T , (obtained by infinitely15

diluting our sample with deionized ultra-filtered water), and α, β are empirical constants
obtained from the fit. Unfortunately, direct measurement of σ of WSOC solutions at
concentrations relevant for CCN activation (103 ppm and above) requires significant
amount of mass (103 µg and above) or usage of dilute WSOC sample. If α, β are
based on using dilute samples, extrapolation of Eq. (2) to higher concentrations is often20

subject to substantial uncertainty because i ) the uncertainty α and β can translate to
large uncertainty in σ and ii) may not be applicable at concentrations close to or above
the initial micelle concentration; we propose the following alternate method of inferring
σ from CCN measurements.

As one approaches the critical micelle concentration for a solution containing organic25

surfactants and electrolytes, the surface tension of droplets would tend to vary little with
8988
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carbon concentration. Adding electrolytes can enhance surfactant partitioning to the
surface layer (otherwise known as “salting-out” effect) (Asa-Awuku et al., 2007; Kiss
et al., 2005). A ubiquitous bivalent ion, such as SO2−

4 can be a very effective “salting-
out” agent, so that CCN containing surfactant and sulfate may have a constant surface
tension (but lower than that of water). Salting-out and its effect on surface tension and5

CCN activity, has been seen in (NH4)2SO4 – HULIS mixtures (Kiss et al., 2005) and
hydrophobic water-soluble organics isolated from freshly collected biomass-burning
aerosol (Asa-Awuku et al., 2007; Kiss et al., 2005).

Furthermore, if the salt mass fraction exceeds 50%, the majority of dissolved solute,
ns, is usually from the inorganic salt, and one could then infer the droplet surface ten-10

sion, σ, at the point of activation using a combination of CCN activation experiments
and Köhler theory, as follows. For particles composed of soluble and insoluble frac-
tions, the critical supersaturation, sc, is (Köhler, 1936; Seinfeld and Pandis, 1998),

sc =

(
4A3

27B

)1/2
(3)

where A=
(

4Mwσ
RTρw

)
, B=

(
6nsMwν
πρw

)
, R is the universal gas constant, T is droplet tempera-15

ture, ns are the moles of dissolved solute, with an effective Van’t Hoff factor ν. Mw and
ρw are the molecular weight and density of water, respectively, and σ is the surface
tension of the droplet at the point of activation. The assumption that the inorganic salt
contributes the dominant solute implies it is the only component that contributes to B
(otherwise known as the “Raoult term”),20

B =
Mw

Mi

ρi

ρw
d3εiυi (4)

where d is the CCN dry diameter, Mi is the molecular weight of the inorganic con-
stituent, εi is the volume fraction of the inorganic which relates to mass fraction, m,
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and density, ρ, 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 surfactant, then sc for the dry diameter dand volume
fractionεi , should be given by5

s∗c =
2
3

(
4Mwσw

RTρw

)3/2 (
3
Mw

Mi

ρi

ρw
d3εiυ

)−1/2

(6)

where σw corresponds to the surface tension of pure water. However, if the organic
depresses surface tension to σ (less than σw ), then the critical supersaturation is given
by

s=c
2
3

(
4Mwσ
RTρw

)3/2 (
3
Mw

Mi

ρi

ρw
d3εiυ

)−1/2

(7)10

If sc and d are known from the CCN activity measurements, Eqs. (6) and (7) can be
combined to give σ:

σ = σw

(
sc
sc∗

)2/3

(8)

where sc∗ is given by Eq. (6); Eq. (8) represents the extension of Köhler Theory Anal-
ysis to infer surface tension from activation experiments. If the organic contribution to15

the Raoult term (Eq. 4) is not negligible, then it must be accounted for in Eqs. (6–8).
Thus a molar volume must be calculated to estimate the organic contribution and the
inferred surface tension is determined in conjunction with KTA (Sect. 2.5).
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2.5 Köhler theory analysis (KTA) and molar volume uncertainty

KTA (Asa-Awuku et al., 2007; Padró et al., 2007) is used to infer average molar volume
(molecular weight, M, over density ρ) of the water-soluble organic fraction of the SOA.
KTA (method b1, Padró et al., 2007) employs measurements of dry diameter versus

critical supersaturation, sc, which are then fit to the expression,sc=ωd
−3/2. From the5

inferred CCN activity (INCA) parameter, ω, estimates of σ and measurements of ionic
and WSOC concentrations, Mo

ρo
is obtained as,

Mo

ρo
=

εoυo

256
27

(
Mw
ρw

)2 ( 1
RT

)3
σ3ω−2 − ρi

Mi
εiυi

(9)

KTA has been shown to constrain molecular weight estimates of known inorganic and
organic mixtures to within 20% (Padró et al., 2007) and has also been applied to com-10

plex biomass burning WSOC with an estimated 40% uncertainty (Asa-Awuku et al.,
2007).

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, vorganic=1.

Molecular weights are presented assuming an average organic density of 1.4 g cm−3
15

(Turpin and Lim, 2001). The uncertainty in inferred molar volume can be computed

as ∆
(
Mo
ρo

)
=
√ ∑

for all x
(Φx∆x)2, where ∆xis the uncertainty in of each of the measured

parameters x,(i.e., any of σ, ω, and υ) and is the sensitivity of molar volume to x,

Φx=
∂
∂x

(
Mo
ρo

)
, derived from Eq. (9). Table 4 provides a list of Φx.

2.6 Droplet growth kinetics20

When exposed to the same s profile, an activated CCN will grow to cloud droplets of
similar diameter, Dp, provided that the mass transfer coefficient of water vapor to the
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growing droplet and the critical supersaturation is the same. The DMT CCN counter
measures droplet sizes by an optical particle counter and therefore can be used to ex-
plore the impact of organics on the droplet growth kinetics. By comparing the droplet
sizes of activated SOA particles against (NH4)2SO4 particles at identical sc, we directly
assess the impact of organics on CCN growth kinetics. This is done by observing the5

wet diameter, Dp, that corresponds to particles with sc equal to the instrument satura-
tion, s, (i.e., CCN with a dry diameter equal to the cutoff diameter, d ) and subsequently
evaluating Dp versus s.

3 Results and discussion

3.1 CCN activity10

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. WSOC from the SOA for the three parent
alkenes studied (Figs. 1, 2, and 3) indicate that as the mass fraction of (NH4)2SO4
increases, the aerosol smoothly transitions to pure (NH4)2SO4 behavior with roughly a

m−1/2
i dependence. This suggests that the SOA are soluble hydrophilic relatively low15

molecular weight compounds that are not strong surfactants. For all three parent hydro-
carbons, the original SOA samples activate at diameters larger than that of (NH4)2SO4;
this is expected as organics are, in general, less CCN active than (NH4)2SO4. The
activation curves are well represented with a power law consistent with a d−3/2 depen-
dence; this implies that the water-soluble SOA do not exhibit limited solubility (Padró et20

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
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Table 2). None of the samples demonstrate significant surface tension depression at
measured concentrations, even when extrapolated to concentrations relevant for CCN
activation (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 im-
pact on surface tension; even for strong surfactants extracted from a biomass burning5

sample (Asa-Awuku et al., 2007), the depression for concentrations up to 100 mg C L−1

is within the measurement uncertainty (Fig. 4). Thus, direct surface tension measure-
ments for dilute samples would not conclusively reveal the presence of surfactants.
Acquiring sufficient sample for σ measurement is challenging, so we infer surface ten-
sion using the method described in Sect. 2.4. For large mass fractions of salt (>90%),10

the inferred surface tension approaches that of water used to extract the WSOC from
the SOA filter samples (∼71 mN m−1) (Table 5). However, for the 33% mixture of sul-
fate with cycloheptene and terpinolene, the inferred σ is ∼60 mN m−1 (Table 5), ∼15%
depression from pure water, suggesting that surface active components do exist in the
WSOC. The extent of surface tension depression suggests that the surfactants are15

appreciably strong, which is expected given the amphiphilic nature of the oxidation
products; the presence of humic-like polymers (unless if in very small quantities) is un-
likely, however given that expected depression is much higher at the point of activation
(Asa-Awuku et al., 2007; Kiss et al., 2005; Salma et al., 2006).

3.3 Molecular weight estimates and uncertainty20

Using the inferred values of surface tension (Table 5) and assuming an aerosol density
of 1.4 g mol−1 (Turpin and Lim, 2001), KTA gives effective organic molecular weights
of 162±28 , 101±20, 207±54 g mol−1 for terpinolene, 1-methylcylcoheptene, and cy-
cloheptene SOA, respectively (Tables 3 and 6), which are close to (that is within un-
certainty of) the estimates from the Gao et al. (2004a) speciation (Table 1). If wa-25

ter surface tension was used to infer the molecular weight of the organics, large
deviations from the Gao et al. (2004) speciations would be found (Tables 1 and 3)
which includes low molecular weight diacids, carbonyl-containing acids, diacid alkeyl-
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sters, 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 es-
ter, 174 g mol−1; adipic acid monomethyl ester, 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). This correspondence validates the5

use of inferred σ values in KTA and to explore the presence of surfactants.
In terms of molar volume uncertainty, the assumption that νorganic = 1, does not

account for the partial dissociation of the organic species. The greatest source of
uncertainty in the calculations arise from νorganic (Table 6); νorganic larger than unity
suggests larger molar volumes. The potential dissociation of organics (up to 20%10

as measured in HULIS titration experiments; Dinar et al., 2006), contributes roughly
23% uncertainty to the molar volume estimates. As in previous KTA studies (Asa-
Awuku et al., 2007; Padró et al., 2007), the contributions of σ and ω variability to the
inferred molar volume uncertainty are around 10% each. Uncertainty in molar mass
(not molar volume) also arises from the value of density; varying from 1.4 g cm−3 to15

1.6 g cm−3 (Turpin and Lim, 2001) increases molar masses by 14% (though relatively
small compared to the uncertainty from ν). The total estimated uncertainty in molar
mass is approximately 25% for all SOA samples (Table 6).

3.4 Droplet growth kinetics

Figure 5 presents the droplet size measurements at the instrument OPC for all super-20

saturations and samples considered. 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 en-
sures that all the particles were exposed to similar supersaturation profiles. From Fig. 5
we conclude that the droplet growth kinetic curves for all SOA samples are virtually in-
distinguishable for all s values examined; compared to (NH4)2SO4,SOA particles grow25

to very similar sizes. Only in some cases, does the organic CCN appear to grow slightly
larger at higher supersaturations; this is attributed to water depletion effects from the
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high concentrations of (NH4)2SO4 particles within the instrument. Fewer particles of
SOA (∼600 cm−3) do not deplete water vapor after activation, while whereas the higher
concentration of (NH4)2SO4 aerosols (∼1800 cm−3) after their activation deplete vapor
faster than can be provided by diffusion. Although this does not affect CCN measure-
ments, the supersaturation profile in the instrument changes slightly for the (NH4)2SO45

calibration experiments, and Dp attained at the OPC is slightly decreased. Despite this,
almost all of the growth kinetics experiments lie within the measurement uncertainty,
so we conclude that the growth kinetics (or water vapor mass transfer coefficient) are
uniform and equal to that of (NH4)2SO4.

4 Summary and implications10

In this study, we explore the CCN activity, composition, and droplet growth kinetic char-
acteristics of SOA generated from the ozonolysis of biogenic precursors. A novel
method is presented to infer surface tension depression from CCN activation exper-
iments, which requires a much smaller aerosol sample than direct surface tension
measurements at CCN-relevant concentrations. From the inferred values of surface15

tension we conclude that surfactants are likely present in the water-soluble fraction of
the SOA, but with a smaller effect than expected for HULIS; together with the small
average molar mass inferred from KTA (100 to 200 g mol−1), this suggests that HULIS
are not an important component of the WSOC fraction of the SOA studied here. KTA
results are consistent with available composition data when using inferred surface ten-20

sions which validate the applicability of the method for complex mixtures. Finally we
find that the presence of organic surfactants does not affect droplet growth kinetics; all
the SOA samples exhibit growth kinetics similar to that of (NH4)2SO4.

Acknowledgements. The work in this study is supported by a NSF CAREER Award and NASA
Headquarters under the NASA Earth and Space Science Fellowship Program. Additional fund-25

ing for the ozonolysis experiments and speciation was provided by the U.S. Department of En-
ergy Biological and Environmental Research Program DE-FG00-05ER63983, Electric Power

8995

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/8983/2007/acpd-7-8983-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/8983/2007/acpd-7-8983-2007-discussion.html
http://www.egu.eu


ACPD
7, 8983–9011, 2007
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Table 1. Characteristics of parent hydrocarbons and water-soluble fraction of SOA.  

 17

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

Hydrocarbon precursor Cycloheptene 1-methylcycloheptene Terpinolene 

Structure 

   

O3 concentration (ppb) 
for forming SOA 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  
 Obtained from Gao et al. (2004a)

a Information obtained from 1-methylcyclohexene ozonolysis due to its structural similarity.
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Table 2. Summary of WSOC and ion concentrations, α and β parameters of the Szyszkowski
-Langmuir isotherm for all SOA considered. Measured Cl−, SO2−

4 and NO−
3 concentrations were

all below 2.55×10−5 mg L−1.

Parent Hydrocarbon WSOC α βb

(mg C L−1) (mN m−1K−1) (L mg−1)

Cycloheptene 13 2.59 1×10−6

1-methylcylcoheptene 6 4.82×10−5 4.63×10−19

Terpinolene 10 92.5 1×10−13

b Measurements are taken at room temperature between 296 and 299 K.
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Table 3. Köhler Theory Analysis Properties and Molar Volume Results.

Property Cycloheptene 1-methylcylcoheptene Terpinolene
(units)

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

σ (N m−1)c 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)d 207c (126)e 101c (80)e 162c (106)e

c Inferred from activation experiments (Table 5).
d Assuming the density of the solute is assumed to be 1400 kg m−3 (Turpin and Lim, 2001).
e KTA Results based on σ = σwater (72 mN m−1).
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Table 4. Formulae for the Sensitivity of Molar Volume to the dependant parameters σ, ω, and
νo.

Property Sensitivity, Φx = ∂
∂x

(
Mo
ρo

)
σ Φσ =

(
3×256

27

(
Mw
ρw

)2 ( 1
RT

)3 σ2ω−2

εoυo

)(
Mo
ρo

)2

ω Φω =
(

2×256
27

(
Mw
ρw

)2 ( 1
RT

)3 σ3ω−3

εoυo

)(
Mo
ρo

)2

νo Φυo
= 256

27

(
Mw
ρw

)2 ( 1
RT

)3 −σ3ω−2ν−2
o

εo

(
Mo
ρo

)2
+

(∑
i 6=j

ρi
Mi

εi νi
εo

)
ν−2
o

(
Mo
ρo

)2
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Table 5. σ values inferred at the point of activation.

Sample σ ± ∆σ
( mN m−1) (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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Table 6. Molar Volume Sensitivity Analysis for SOA.

SOA Precursor
Hydrocarbon

Property x
(units)

∆x Φx

(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 0.20f 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 0.20f 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 0.20f 1.68×10−4 23.3
Total Uncertainty 26.9

f Error based on observations of 20% disassociation of organic HULIS in titration experiments
Dinar et al. (2006).
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Köhler Theory
Analysis for SOA

A. Asa-Awuku et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

  

 23

 

 
 

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. 

 

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.
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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. 

 

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.
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Fig. 3. CCN activity of WSOC generated from ozonolysis of 1-methylcylcoheptene. 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.
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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. (2007) is provided for comparison.
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Fig. 5. Growth kinetic measurements for SOA and (NH4)2SO4 CCN. Inset graph corresponds
to the CCN concentration-dry diameter histogram determined at a 10:1 sheath to aerosol ratio
as a function of mean dry diameter at 1% supersaturation.
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