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ABSTRACT
The hygroscopicity and oxidation level of secondary organic aerosol (SOA) produced in an
atmospheric simulation chamber were measured as a function of volatility. The experimental setup
combines thermodenuding, isothermal dilution, aerosol mass spectroscopy, and size-resolved
cloud condensation nuclei measurements to separate the SOA by volatility and then measure its
physical (hygroscopicity via the hygroscopicity parameter, κ) and chemical (oxidation level via the
oxygen-to-carbon ratio, O:C) properties. The technique was applied to SOA from the ozonolysis
of α-pinene, limonene, and cyclohexene. The O:C and κ of the α-pinene ozonolysis SOA decreased
as volatility decreased. The semi-volatile and the low volatility organic compounds produced during
limonene ozonolysis have similar O:C and κ values, but the corresponding extremely low volatility
organic compounds have significantly lower oxygen content and hygroscopicity. The average O:C
of the cyclohexene ozonolysis SOA increased, but the average κ decreased as volatility decreased.
These results suggest that some organic aerosol (OA) systems have a more complex relationship
between hygroscopicity, oxidation level, and volatility than originally thought. The two-dimensional
volatility basis set framework can help in integrating these results and providing explanations of
the measured hygroscopicity. Use of this technique with different OA systems, both laboratory and
ambient, can supply parameters that can be incorporated in atmospheric chemical transport models.
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1 INTRODUCTION
Organic aerosol (OA), a potentially large fraction of particulate matter depending on location
(Zhang et al., 2007), is a complex mixture of organic compounds that continuously evolve in the
atmosphere. OA can be emitted directly in the particulate-phase, known as primary OA (POA), or
produced by the condensation of compounds formed from the oxidation of vapor-phase
precursors, known as secondary OA (SOA), (Kanakidou et al., 2005; Hallquist et al., 2009). The
evolution of OA in the atmosphere is still poorly understood, largely due to the thousands of
compounds that comprise it and the difficulty of elucidating their physical and chemical
properties (Jimenez et al., 2009; Heald et al., 2010; Kroll et al., 2011; Ditto et al., 2018).
As OA progresses through time in the atmosphere, its composition changes due to
evaporation/condensation, addition of fresh emissions, and particulate and vapor-phase reactions
(Kroll et al., 2011; Donahue et al., 2013). Three crucial properties that affect the evolution and
atmospheric fate of OA are hygroscopicity, oxidation level, and volatility. Hygroscopicity, often
represented with the hygroscopicity parameter, κ (Petters and Kreidenweis, 2007), is a measure
of a compound’s ability to absorb water. Oxidation level, sometimes expressed as the oxygen-tocarbon ratio, O:C, or, more accurately, the average carbon oxidation state, OSC (Kroll et al., 2011),
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is a surrogate for compositional changes of OA as it ages in the atmosphere. Volatility determines,
to a large extent, a compound’s partitioning between the particulate and vapor-phases. The onedimensional volatility basis set (1D-VBS) was proposed as a framework to describe the volatility
distribution of OA over several orders of magnitude (Donahue et al., 2006). This framework has been
extended to include the oxidation level in the two-dimensional volatility basis set (2D-VBS) to
better capture OA behavior in the atmosphere (Donahue et al., 2011). Both changes in volatility
and oxidation level can be followed by the 2D-VBS thus reflecting more accurately processes
occurring in the atmosphere (e.g., reactions, fragmentation, oligomerization).
Many previous studies have attempted to relate two of these three properties for ambient and
laboratory OA (e.g., Meyer et al., 2009; Massoli et al., 2010; Donahue et al., 2011; Frosch et al.,
2011; Lambe et al., 2011; Rickards et al., 2013). A growing number of studies have attempted to
relate all three properties, but the results are often inconclusive or a clear relationship between
the studies cannot be established (Jimenez et al., 2009; Poulain et al., 2010; Kuwata et al., 2011;
Tritscher et al., 2011; Hong et al., 2014; Cerully et al., 2015; Hildebrandt Ruiz et al., 2015; Cain
and Pandis, 2017; Alroe et al., 2018; Kostenidou et al., 2018). For example, Jimenez et al. (2009)
proposed that, in general, the hygroscopicity and oxidation level of OA increase as volatility
decreases. On the other hand, Cerully et al. (2015) observed similar oxidation levels for ambient
OA components with significantly different volatility, but the hygroscopicity of the OA decreased
with decreasing volatility. Nakao (2017) theoretically investigated the hygroscopicity and solubility
of OA in the 2D-VBS. This study estimated lines of constant κ in the 2D-VBS, which provided a
plausible explanation for why the dependence of κ on O:C and volatility should not be simple.
These examples and the results from several other studies (Poulain et al., 2010; Kuwata et al.,
2011; Tritscher et al., 2011; Hong et al., 2014; Hildebrandt Ruiz et al., 2015; Cain and Pandis,
2017; Alroe et al., 2018; Kostenidou et al., 2018) indicate that the relationship between these
three properties is complex and not well understood.
Cain and Pandis (2017) developed an experimental and analysis technique that quantitatively
relates hygroscopicity and oxidation level to volatility. They utilized a thermodenuder (TD), a
heated tube followed by a cooling section with activated carbon to absorb vapor-phase compounds,
to evaporate SOA and characterize the remaining fraction’s hygroscopicity and oxidation level.
With this technique, the authors concluded that the least volatile components of α-pinene
ozonolysis SOA had low O:C and κ values. However, the use of a TD as the only tool to probe the
OA volatility introduced significant uncertainty in the estimated volatility distributions. In the
present study, we use the improved approach from Cain et al. (2020) that combines isothermal
dilution and TD measurements to characterize the volatility distribution.
The composition and properties of the SOA resulting from the α-pinene and limonene
ozonolysis have been studied extensively (e.g., Gao et al., 2004; Huff Hartz et al., 2005; Leungsakul
et al., 2005; Varutbangkul et al., 2006; Heaton et al., 2007; Saathoff et al., 2009; Chen and Hopke,
2010; Kundu et al., 2012; Watne et al., 2017; Witkowski and Gierczak, 2017; Yuan et al., 2017).
Limonene has two double bonds (one endocyclic and one exocyclic), making it more reactive
towards ozone and forming SOA with higher yields and O:C values than α-pinene ozonolysis SOA
(Leungsakul et al., 2005; Heaton et al., 2007; Saathoff et al., 2009; Chen and Hopke, 2010).
However, α-pinene and limonene ozonolysis SOA have similar hygroscopic properties (Huff Hartz
et al., 2005; Varutbangkul et al., 2006; Yuan et al., 2017). SOA from the ozonolysis of cyclohexene
has been studied primarily to understand the cycloalkene ozonolysis mechanism and reaction
products (Kalberer et al., 2000; Gao et al., 2004; Keywood et al., 2004a, b; Bahreini et al., 2005;
Rissanen et al., 2014; Hyttinen et al., 2017; Hansel et al., 2018), but a few studies have examined
its hygroscopic properties (Varutbangkul et al., 2006; Warren et al., 2009). Both Varutbangkul et
al. (2006) and Warren et al. (2009) used subsaturated conditions and observed diameter growth
factors for cyclohexene ozonolysis SOA that were significantly higher than the growth factors of
monoterpene ozonolysis SOA. The present study is the first that examines the hygroscopic behavior
of cyclohexene ozonolysis SOA under supersaturated conditions.
In this work, we extend the experimental technique of Cain and Pandis (2017) by adding
isothermal dilution to the set of measurements. Cain et al. (2020) showed that this addition can
better constrain the SOA volatility distribution. The resulting method is then applied to SOA from
the ozonolysis of α-pinene, limonene, and cyclohexene to examine the relationship between
hygroscopicity, oxidation level, and volatility in these systems.
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2 METHODS
2.1 Experimental Setup

The experimental setup combines the parallel TD and isothermal dilution measurements from
Cain et al. (2020) with the hygroscopicity and oxidation level measurements from Cain and Pandis
(2017). A schematic of the experimental setup can be seen in Fig. 1. Full details on the experimental
setups can be found in the respective publications. Briefly, at the start of each experiment,
isotopically-labelled butanol (n-butanol-d9, Cambridge Isotope Laboratories, 98%) was injected
into a 10 m3 Teflon main chamber as a dilution tracer. Following the tracer injection, either αpinene (Sigma-Aldrich, ≥ 99%), limonene (Sigma-Aldrich, Analytical Standard), or cyclohexene
(Sigma-Aldrich, 99+%) was injected into the main chamber through a heated septum injector.
Once the precursor concentration stabilized, ozone was generated by an ozone generator (AZCO,
model HTU-500ACPS) and injected into the main chamber to begin the ozonolysis reaction. Once
the reaction was complete in the main chamber, aerosol was isothermally diluted to a 2.5 m3
Teflon chamber and measurements were alternated between chambers by three-way valves. In
order to minimize the potential for continued reactions occurring in the dilution chamber, the
initial ozonolysis reaction proceeded in the main chamber for a minimum of 1 h before the
aerosol was transferred to the dilution chamber.
Aerosol from the main chamber was characterized by a TD followed by an Aerodyne highresolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, hereafter AMS) and a differential
mobility analyzer (DMA, TSI, model 3081) coupled with a condensation particle counter (CPC, TSI,
model 3072) and a cloud condensation nuclei (CCN) counter (CCNC, Droplet Measurement
Technologies) to allow for scanning mobility CCN analysis (SMCA, Moore et al., 2010). Also
sampling from the main chamber were a proton transfer reaction mass spectrometer (PTR-MS,
Ionicon Analytic) to monitor volatile organic compound (VOC) concentrations, an ozone monitor
(Dasibi Environmental Corporation, model 1008-PC) to measure ozone concentrations, and a
scanning mobility particle sizer (SMPS, TSI, DMA model 3081, CPC model 3075) to monitor particle
size distributions and concentrations. Aerosol from the dilution chamber was characterized by
the same instruments, except for the TD. The centerline residence time in the heated section of
the TD at 25°C was 23 s. Table 1 summarizes the experimental conditions examined in this study.

2.2 Data Analysis

The data analysis in this study utilizes the techniques described in Cain and Pandis (2017) and
Cain et al. (2020). Briefly, hygroscopicity was quantified with the hygroscopicity parameter, κ,

Fig. 1. The experimental setup used in this study. Particles from the main chamber were
characterized with a TD followed by an AMS and a DMA coupled with a CPC and CCNC. Particles
were transferred from the main chamber to the dilution chamber via a metal bellows pump and
then particles from the dilution chamber were sampled by the same equipment via a three-way
valve. Also connected to both chambers via a three-way valve were a PTR-MS, ozone monitor,
and SMPS.
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Table 1. Description of the experimental conditions used in this study.
Exp.
Precursor
VOC (ppb)
Ozone (ppb) Main Chamber SOAa (µg m–3) CCNC SSb (%)
AP1
α-Pinene
50
> 500c
90
0.35
c
AP2
α-Pinene
75
> 500
125
0.33
AP3
α-Pinene
100
> 500c
195
0.31
AP4
α-Pinene
125
> 500c
255
0.31
LM1
Limonene
60
875
240
0.32
LM2
Limonene
60
875
230
0.31
LM3
Limonene
75
900
295
0.30
CH1
Cyclohexene
150
600
45
0.09
CH2
Cyclohexene
150
700
65
0.09
CH3
Cyclohexene
175
750
80
0.08
CH4
Cyclohexene
175
650
85
0.09
CH5
Cyclohexene
200
650
105
0.08
a
Maximum SOA mass calculated from the SMPS measurements assuming a density of 1.4 g cm–3.
b
CCNC supersaturation was held constant during experiments to allow sufficient time for averaging.
c
The exact value is uncertain due to problems with the ozone monitor.

Dilution Ratio
25.7 ± 1.0
25.3 ± 1.1
14.7 ± 0.8
21.2 ± 1.2
25.2 ± 1.5
20.9 ± 1.4
19.5 ± 0.7
9.1 ± 0.6
8.9 ± 0.6
11.2 ± 0.6
9.1 ± 0.6
8.2 ± 0.5

and determined from activation diameters and water supersaturations from the CCNC (Petters
and Kreidenweis, 2007). Oxidation level was quantified by the O:C and determined from the AMS
using the Canagaratna et al. (2015) method. Volatility distributions were estimated using a
thermogram and areogram, which describe particle mass fraction remaining (MFR) as a function
of TD temperature and dilution time respectively, and a mass transfer model (Riipenen et al.,
2010; Karnezi et al., 2014). Full details on the volatility fitting process can be found in Cain et al.
(2020). Thermograms were corrected for size and temperature dependent losses, as specified in
Cain and Pandis (2017). Areograms were also corrected for size-dependent particle wall-losses and
the uncertainty from this correction over time is propagated into the uncertainty of the areograms,
as described in Cain et al. (2020). In this work, we used volatility bins for all of the SOA ranging from
10–5 to 103 µg m–3. After the detailed 1-D VBS volatility distribution was estimated, we also grouped
the results based on their effective saturation concentration, C*, into four classes, intermediate
volatility organic compounds (IVOCs, C* ≥ 103 µg m–3), semi-volatile organic compounds (SVOCs,
100 µg m–3 ≤ C* ≤ 102 µg m–3), low volatility organic compounds (LVOCs, 10–3 µg m–3 ≤ C* ≤ 10–1
µg m–3), or extremely low volatility organic compounds (ELVOCs, C* ≤ 10–4 µg m–3).
O:C and κ distributions as a function of volatility bin for each experiment were determined
using the following equations adapted from Cain and Pandis (2017):
n

[O : C ] j = ∑ xi , j [O : C ]i

(1)

i =1

n

κ j = ∑ xi , j κ i

(2)

i =1

where [O:C]j and κj are the measured O:C and κ at a TD temperature or dilution residence time,
xi,j is the SOA mass fraction in the ith volatility bin (e.g., C* = 10–5 µg m–3) at the same temperature
or dilution time, and [O:C]i and κi are the unknown O:C and κ for the ith volatility bin.
These equations were used to generate a system of equations for both the O:C and κ values
that can be solved separately. Due to the number of TD and dilution measurements, each experiment
resulted in an overdetermined problem (i.e., more equations than unknown parameters). Therefore,
we used a linear least squares approach to minimize the difference between the measured and
predicted O:C and κ values. Matlab’s linear least squares solver, lsqlin, was used for this error
minimization problem with a lower bound constraint of zero for both systems. For each SOA
experiment, we averaged the O:C and κ values across the different volatility classes to reduce the
uncertainty in the O:C and κ distributions. We then averaged these distributions over all experiments
and used the standard deviation as a zeroth order metric for the uncertainty of our analysis.
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3 RESULTS AND DISCUSSION
3.1 System Test with Ammonium Sulfate

We tested our system with ammonium sulfate aerosol to ensure that this complex experimental
setup was working properly (Cain and Pandis, 2017; Cain et al., 2020). For this test, we injected
a 1 g L–1 solution of ammonium sulfate (Sigma-Aldrich, ≥ 99%) into the main chamber using an
atomizer (TSI, model 3075) followed by a silica gel dryer to produce dry particles. We then followed
the experimental procedure to test the system. The thermogram, areogram, and activation
diameter results for this experiment can be seen in Fig. S1. There was no evaporation in either
the TD (below temperatures of 125°C) or dilution chamber (after 5 h of dilution). In addition, the
activation diameters at different TD temperatures and in the dilution chamber agreed with
Köhler theory predictions using the surface tension of water at 25°C. Therefore, we concluded
that our system was operating properly.

3.2 SOA Results

The experimental procedure was applied to SOA from the ozonolysis of α-pinene, limonene,
and cyclohexene with the conditions specified in Table 1. All of the results can be found in the
supplemental information with results of a few representative experiments discussed in more
detail in the subsequent sections.

3.3 α-Pinene Ozonolysis SOA

The thermogram and areogram, along with fits from the mass transfer model, for Experiment
AP1 are shown in Fig. 2. There was 5% of the SOA remaining after passing through the TD at
150°C, but only 12% of the SOA evaporated in the dilution chamber after being diluted by a factor
of 25 for over 3 h. The model reproduced the measurements well with only small deviations from
the measured thermogram. The SOA in Experiment AP1 was comprised of, according to the
model, 15% ELVOCs, 59% LVOCs, and 26% SVOCs (Fig. 2(c)).
The average O:C in the main chamber for the SOA in Experiment AP1 remained practically
constant at 0.42 during this experiment. The average O:C of the SOA exiting the TD can be seen
in Fig. 3(a). The O:C remained around 0.42 until the temperature reached 125°C at which 85% of
the SOA mass had evaporated and the O:C decreased to 0.40. At higher temperatures, the
average O:C continued to decrease, reaching 0.33 at 150°C. At this temperature 5% of the SOA

Fig. 2. The (a) thermogram and (b) areogram for Experiment AP1 with fits from the model (red line).
The error bars in (a) represent one standard deviation of the mean MFR while the error bars in
(b) represent the uncertainty resulting from correcting for particle wall-losses. (c) SOA composition
for Experiment AP1 along with their uncertainties (± one standard deviation) from the model.
The ELVOCs are shown in grey, LVOCs in red, SVOCs in green, and IVOCs in blue. The uncertainties
for the ELVOCs, LVOCs, SVOCs, and IVOCs are shown in black, red, green, and blue respectively.
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Fig. 3. The (a) O:C and (b) κ as a function of TD temperature for Experiment AP1. The (c) O:C and
(d) κ as a function of dilution time. The error bars represent one standard deviation of the mean
O:C or κ. Also shown are the average O:C (blue line) and κ (magenta line) along with ± one standard
deviation (grey area) of the mean measured in the main chamber during Experiment AP1.
remained, suggesting that the least volatile fraction of the SOA in this experiment had, on
average, an O:C of 0.33.
The average κ of the SOA in this experiment remained constant at 0.11 in the main chamber.
The average κ of the SOA exiting the TD was also 0.11 until the temperature reached 75°C
(Fig. 3(b)). At this temperature, 35% of the SOA had evaporated and the average κ decreased to
0.09. At higher temperatures, as more of the SOA evaporated, the κ continued to decrease,
reaching a value of 0.07 at 100°C. This κ corresponds to the least volatile 40% of the SOA. The
15% of the SOA remaining after evaporation at 125°C did not activate at a supersaturation of
0.35%, indicating that the least volatile SOA components had low hygroscopicity.
The average O:C and κ measured in the dilution chamber as a function of time for Experiment
AP1 can also be seen in Fig. 3. The initial O:C and κ in the dilution chamber were the same as the
average values in the main chamber. However, both the average O:C and κ decreased slightly for
the first hour and then remained relatively constant for the remainder of the experiment.
The remainder of the α-pinene experiments’ results can be seen in the supplemental
information (Figs. S3–S8). Experiments AP3 and AP4 were conducted at higher SOA concentrations
and, as a result, the SVOCs present in the particulate-phase increased to around 50% of the SOA
in these experiments. In general, the SOA had average O:C values around 0.4 and average κ
values around 0.1, both consistent with previous observations of α-pinene ozonolysis SOA
(Engelhart et al., 2008; Huffman et al., 2009; Massoli et al., 2010; Cain and Pandis, 2017). The O:C
and κ behavior in the TD and dilution chamber for the remaining experiments were similar to the
results of Experiment AP1 discussed in the previous paragraphs.
The result of applying the modified Cain and Pandis (2017) method to all of the α-pinene
experiments can be seen in Fig. 4. The α-pinene ozonolysis SOA generated in this study contained
SVOCs with an average O:C of 0.46 ± 0.03 and κ of 0.13 ± 0.02, LVOCs with an average O:C of 0.43
± 0.02 and κ of 0.09 ± 0.02, and ELVOCs with an average O:C of 0.28 ± 0.08 and κ of 0.06 ± 0.02.
Both the O:C and κ values of the LVOCs were statistically lower than those of the SVOCs (alpha
= .05). Furthermore, both the O:C and κ values of the ELVOCs were statistically lower than those
of the LVOCs (alpha = .05), indicating that the decrease of O:C and κ as volatility decreased was
significant.
The O:C and κ distributions determined in this study are bulk averages for a given volatility
class, but each volatility class is comprised of many compounds that vary in O:C and κ. The O:C
distribution in Fig. 4 is consistent with recent results from a study that used a chemical ionization
mass spectrometer equipped with a filter inlet for gases and aerosols to characterize the
composition of the particulate-phase from the ozonolysis of α-pinene at 25°C and observed that
the O:C of the compounds identified decreased with volatility (Ye et al., 2019).
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Fig. 4. The (a) O:C and (b) κ distributions as a function of volatility for the α-pinene ozonolysis
SOA examined in this study. The error bars were calculated from the standard deviation that
results from determining O:C and κ distributions for each experiment and represent variability
between experiments.
These distributions explain the O:C and κ behavior in the TD and dilution chamber. By 75°C in
the TD, nearly all of the SVOCs had evaporated and the SOA was comprised of mostly LVOCs and
ELVOCs (Fig. S2), which had lower κ values than the SVOCs. As a result, the average κ measured
through the TD decreased at this temperature. However, the average O:C through the TD at 75°C
did not decrease significantly from the average O:C in the main chamber because the average
O:C of the LVOCs was not that much lower than that of the SVOCs. Once the LVOCs started
evaporating at higher temperatures, the average O:C through the TD decreased. Similarly,
according to the model, a small fraction of the SVOCs evaporated in the dilution chamber, which
caused the O:C and κ in the dilution chamber to decrease slightly before stabilizing when the
evaporation slowed.

3.4 Limonene Ozonolysis SOA

The thermogram and areogram, along with fits from the model, for Experiment LM1 are shown
in Fig. 5. In this experiment, 8% of the SOA remained after passing through the TD at 150°C and
20% of the SOA evaporated after being diluted by a factor of 25. The model reproduced the
measured thermogram with deviations of only a few percent and estimated that the SOA was
comprised of 9% ELVOCs, 49% LVOCs, and 42% SVOCs.
The O:C of the SOA in the main chamber during Experiment LM1 remained stable at 0.46. The
O:C of the SOA exiting the TD increased slightly at 50 and 75°C to 0.47 (Fig. 6(a)), indicating that
the compounds that evaporated may have slightly lower O:C values than the remaining SOA. The
O:C of the SOA decreased to 0.46 at 100°C and, as the temperature increased further, the average
O:C of the SOA continued to decrease, reaching 0.39 at 150°C, indicating that the least volatile
components had the lowest oxygen content.
The average κ for the SOA in the main chamber for this experiment was 0.10. The κ through
the TD in this experiment remained around 0.10 until the temperature reached 75°C and then
started decreasing, reaching 0.08 at 100°C when approximately 50% of the SOA had evaporated
(Fig. 6(b)). The remaining particles were still CCN active at 125°C, but their κ decreased even
more to 0.04. After passing through the TD at 150°C, the remaining 8% of the SOA did not activate
in the CCNC at a SS of 0.32%, indicating that the least volatile compounds in this experiment had
low hygroscopicity.
The response of the O:C and κ to isothermal dilution for the SOA in Experiment LM1 can also
be seen in Fig. 6. The O:C decreased slowly from the average value in the main chamber throughout
the experiment, ending at 0.41 after 5 h of dilution. The κ did not change significantly from the
average value in the main chamber. The small difference in the behavior of the O:C compared to
that in the dilution chamber is noteworthy. The O:C of the SOA coming out of the TD at low
temperatures remained constant or increased slightly, but the O:C in the dilution chamber
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Fig. 5. Same description as Fig. 2, except for Experiment LM1.

Fig. 6. Same description as Fig. 3, except for Experiment LM1.
decreased slightly. There are a number of potential explanations for this small discrepancy. The
evaporation in the TD depends not only on the vapor pressure of the various SOA components
at room temperature, but also on their enthalpy of vaporization. The evaporation in the dilution
chamber is independent of the enthalpy of vaporization, so it is possible that there were
differences in the compounds that evaporated in the two systems for the same amount of
evaporated mass. This could also be due to experimental artifacts, including preferential losses
of more oxidized semi-volatile SOA components in our transfer system to the dilution chamber
or reactions in the TD. Even if this discrepancy is relatively small, it probably requires additional
investigation with measurements of the molecular composition of both the particulate and
vapor-phases in future work.
The results from Experiments LM2 and LM3 can be seen in the supplemental information
(Figs. S10–S13). The SOA from these experiments had similar composition to the SOA in Experiment
LM1 and average O:C and κ values around 0.47 and 0.1 respectively. The behavior of the O:C and
κ in the TD and dilution chamber for these experiments were similar to the results from
Experiment LM1.
The average O:C and κ distributions for the limonene ozonolysis SOA based on all experiments
can be seen in Fig. 7. The limonene ozonolysis SOA generated in this study had SVOCs with an
average O:C of 0.46 ± 0.11 and κ of 0.11 ± 0.02, LVOCs with an average O:C of 0.57 ± 0.08 and κ
of 0.12 ± 0.02, and ELVOCs with an average O:C of 0.30 ± 0.09 and κ of 0.02 ± 0.02. The O:C and
κ values of the LVOCs were not statistically different from those of the SVOCs (alpha = .05), but
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Fig. 7. Same description as Fig. 4, except for limonene ozonolysis SOA.
the O:C and κ values of the ELVOCs were statistically smaller than the values of both the SVOCs
and LVOCs (alpha = 0.05).

3.5 Cyclohexene Ozonolysis SOA

The thermogram and areogram with fits from the model for Experiment CH1 can be seen in
Fig. 8. The SOA in this experiment evaporated more at the same TD temperature than the SOA
produced during the ozonolysis of the two monoterpenes. At 25°C, there was non-negligible
evaporation as the MFR decreased to 0.93, which Cain et al. (2020) attributed to the activated
carbon in the cooling section stripping the most volatile components from the particles.
Furthermore, despite only being diluted by a factor of 9, 25% of the SOA evaporated in the
dilution chamber, indicating that this SOA included a significant fraction of relatively volatile
components. The model estimated that the SOA in this experiment was more volatile than the
monoterpene ozonolysis SOA with 11% IVOCs, 46% SVOCs, and 43% LVOCs. The IVOCs were
responsible for, according to the model, the evaporation at room temperature in the TD and also
for approximately half of the evaporation in the dilution chamber in all experiments.
The average O:C of the SOA in the main chamber for Experiment CH1 was constant around
0.55. The evaporation of the most volatile 7% of the SOA mass at 25°C led to an increase of the
average O:C through the TD to 0.56 (Fig. 9(a)). This small amount of evaporated mass was almost
exclusively IVOCs. The detectable increase in the O:C suggests that these IVOCs had lower O:C
values than the less volatile SOA. The O:C remained at this slightly elevated value until the
temperature reached 75°C, where 50% of the SOA mass had evaporated, and then it began to
decrease, ending at 0.45 at 150°C.
Calculating the κ for this experiment using the surface tension of water resulted in an apparent
κ of 0.85. Therefore, knowing that some of the oxidation products of cycloalkene ozonolysis SOA
are small and amphiphilic (Asa-Awuku et al., 2010), we attempted to measure the surface tension
of our SOA droplets by collecting the SOA on a quartz filter and extracting the water soluble
organic carbon according to the method outlined in Liangou et al. (2020) for analysis with a novel
microtensiometer (Alvarez et al., 2010; Reichert et al., 2015). However, none of the samples
demonstrated significant surface tension depression, indicating that if there are surface active
compounds, they were not concentrated enough in the extracted samples. Asa-Awuku et al.
(2010) were also unable to observe surface tension depression for cycloheptene ozonolysis SOA,
but inferred that cycloheptene ozonolysis SOA with 33% ammonium sulfate had a surface tension
of 0.06 J m–2. Given that only one methylene group separates cycloheptene from cyclohexene
and that adding ammonium sulfate drives the surface tension of the droplets towards that of water
(Asa-Awuku et al., 2010), we assumed a surface tension of 0.05 J m–2 for all of the cyclohexene
ozonolysis SOA in this study. Using this surface tension resulted in an average κ of 0.28 for
Experiment CH1, which is similar to the κ of 0.25 observed in Asa-Awuku et al. (2010) for
cycloheptene ozonolysis SOA. It is also possible that some of the volatile products from this
reaction may be partially dissolving in the droplets formed in the CCNC thus enhancing the CCN
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Fig. 8. Same description as Fig. 2, except for Experiment CH1.

Fig. 9. Same description as Fig. 3, except for Experiment CH1.
activity (Kroll et al., 2005; Donaldson and Vaida, 2006; Ervens and Volkamer, 2010; Sareen et al.,
2013). If these volatile compounds are indeed contributing to the observed CCN activity, then
our estimate of a κ with a surface tension of 0.05 J m–2 may be too high and provides more of an
upper bound on the SOA hygroscopicity.
The evaporation of the IVOCs caused by the activated carbon at 25°C led to a significant
decrease in hygroscopicity with the κ dropping to 0.23 (Fig. 9(b)). The κ continued to decrease
rapidly as temperature increased and the SOA did not activate at temperatures above 75°C. It is
also possible that, since the activated carbon removes all vapor-phase compounds, if there was
any vapor-phase dissolution, the enhanced CCN activity was removed. In any case, these results
strongly suggest that the relatively more volatile products (IVOCs and maybe some VOCs) of the
cyclohexene ozonolysis reaction are responsible for a significant fraction of the observed high
CCN activity.
The average O:C and κ measured in the dilution chamber as a function of time for Experiment
CH1 can also be seen in Fig. 9. The initial O:C and κ in the dilution chamber could not be measured
due to the evaporation occurring before the instruments could obtain the first sample. The
comparison of the first measured O:C values in the dilution chamber (after the chamber
equilibrated) with those in the main chamber suggest an increase of the O:C during this initial
evaporation. This behavior is consistent with that observed in the TD. The κ decreased rapidly
after dilution from the average value in the main chamber until the CCN concentration was too
low to average. Given that the sample did not pass through activated carbon for these CCN
Aerosol and Air Quality Research | https://aaqr.org

10 of 18

Volume 21 | Issue 5 | 200511

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.2020.08.0511

measurements this behavior indicates that the IVOCs in the SOA were probably responsible for
the high CCN activity.
The results from the four other cyclohexene ozonolysis SOA experiments can be found in the
supplemental information (Figs. S15–S22). The SOA in these experiments had an average O:C of
0.55 and κ values around and 0.3. The SOA in all of these experiments had similar behavior in the
TD and dilution chamber to Experiment CH1.
In order to estimate the O:C and κ distributions, we used the average values from the main
chamber for the O:C and κ at the TD temperature of 25°C and t = 0 h in the dilution chamber. The
resulting O:C and κ distributions as a function of volatility for all experiments can be seen in Fig. 10.
These results indicated that the cyclohexene ozonolysis SOA formed in this study was comprised
of IVOCs with an average O:C of 0.33 ± 0.03 and κ of 0.80 ± 0.10, SVOCs with an average O:C of
0.57 ± 0.03 and κ of 0.36 ± 0.10, and LVOCs with an average O:C of 0.54 ± 0.02 and κ of 0.05 ±
0.01. The changes of the O:C and κ values as volatility decreased were statistically significant (alpha
= .05). The absolute values in the κ distribution are quite uncertain because we had to assume a
surface tension, but the trend of decreasing hygroscopicity with volatility is quite robust.
The distributions in Fig. 10 quantitatively describe the O:C and κ behavior in the TD and dilution
chamber. The small increase in O:C and significant decrease in κ of the SOA through the TD at
25°C can be attributed to the activated carbon stripping the IVOCs. Thus, increasing the average
O:C and decreasing the average κ of the resulting SOA. The mass transfer model estimated that
nearly all of SVOCs in Experiment CH1 evaporated at 100°C (Fig. S14), which caused the decrease
in the average O:C of the SOA exiting the TD. Similarly, the O:C in the dilution chamber increased
from the rapid evaporation of the IVOCs and then decreased slowly as the SVOCs with the highest
O:C values evaporated.

3.6 2D-VBS Synthesis

The distributions determined in this study can be implemented directly in the 2D-VBS
framework (Fig. 11). The x-axis in this figure is the logarithm of the effective saturation
concentration, C*, and the y-axis is the O:C (Donahue et al., 2011). The 2D-VBS allows for a direct
comparison with the κ predictions from Nakao (2017).
The model predictions from Nakao (2017) are quite consistent with our distributions for the αpinene and limonene SOA components. The SVOCs and LVOCs are quite consistent with the κ =
0.1 isoline and the corresponding predictions in this area of the 2D-VBS. For example, the LVOCs
in the limonene ozonolysis SOA had a higher average O:C than the SVOCs, so conventional
thinking would indicate that the LVOCs should be more hygroscopic (Jimenez et al., 2009).
However, both our measurements and the κ = 0.1 isoline suggest that these compounds have
similar hygroscopicity. This demonstrates that, at least in this system, the O:C can increase for
less volatile components while the hygroscopicity remains constant. The ELVOCs for both
systems are in the lower left corner of the 2D-VBS, agreeing with the predictions from Nakao
(2017) that compounds in this area will have relatively low hygroscopicity.

Fig. 10. Same description as Fig. 4, except for cyclohexene ozonolysis SOA.
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Fig. 11. The O:C and κ distributions as a function of volatility for the α-pinene (black), limonene
(red), and cyclohexene (blue) ozonolysis SOA. The data points represent the average O:C for a
volatility class while the average κ is indicated in the figure. The distributions are presented in
the 2D-VBS framework where the shaded regions indicate the ELVOCs, LVOCs, SVOCs, IVOCs, and
VOCs according to their effective saturation concentration. Also shown are the lines of constant
κ predicted by Nakao (2017).
The hygroscopicity results for the IVOCs and SVOCs for the cyclohexene ozonolysis SOA are not
consistent with the predictions from Nakao (2017). The hygroscopicity of the LVOCs, considering
the uncertainty in our assumed surface tension, is less inconsistent with the Nakao (2017) model.
Our results suggest that improvements may be possible for the model in the areas of higher
predicted hygroscopicity. However, these are the most uncertain estimates in our measurements,
so the discrepancy may be a lot smaller than what Fig. 11 indicates. Studies in that area of the
2D-VBS would be quite helpful in determining if the behavior of the cyclohexene ozonolysis SOA
is an outlier or if it is representative of the ambient SOA components in that region.

3.7 Benefit of Isothermal Dilution Measurements

To demonstrate the benefit of adding isothermal dilution measurements to the technique, we
repeated the analysis of our results without including the isothermal dilution measurements. The
O:C and κ distributions as a function of volatility with and without isothermal dilution
measurements for all three SOA systems can be seen in Figs. S23–S25. The first improvement is
that the inclusion of the isothermal dilution measurements constrains the SVOCs and LVOCs
better, allowing for the estimation of the properties of the IVOCs or ELVOCs, depending on the
system. Our ability to estimate the properties of these compounds in this study was due, to a
large extent, to the availability of these additional measurements. The second benefit is the
reduction of the uncertainties of the properties of the various volatility classes. The uncertainty
in the distributions for the SVOCs and LVOCs was decreased by a factor of two with the addition
of the dilution measurements. This comparison indicates that adding isothermal dilution
measurements can be beneficial to understanding the relationship between hygroscopicity,
oxidation level, and volatility of OA.

4 CONCLUSIONS
A technique that quantitatively relates hygroscopicity and oxidation level as a function of
volatility was tested with SOA from the ozonolysis of α-pinene, limonene, and cyclohexene. The
technique builds upon the approach of Cain and Pandis (2017), which separated SOA by volatility
with a TD, by adding isothermal dilution measurements and observing the O:C and κ of the
resulting SOA. The technique then determines O:C and κ distributions as a function of volatility
that can be used to describe the SOA.
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The O:C and κ distributions determined for the α-pinene ozonolysis SOA examined in this study
indicated that the average O:C and κ decreased as volatility decreased. The average O:C and κ of
the SVOCs and LVOCs of SOA from the ozonolysis of limonene were similar, but the ELVOCs had
lower oxygen content and hygroscopicity.
The SVOCs and ELVOCs formed during the limonene ozonolysis had nearly identical O:C and κ
values as the SVOCs and ELVOCs of the α-pinene ozonolysis SOA respectively. However, the
LVOCs of the limonene ozonolysis SOA had higher average O:C and κ values than the average
values of the LVOCs from the α-pinene ozonolysis SOA. The increased O:C of the LVOCs could be
a result of the second double bond in limonene and increased reactivity towards ozone. Both
SOA systems had ELVOCs with the lowest O:C and κ values. The O:C distribution of the α-pinene
ozonolysis SOA is consistent with recent results studying the composition of α-pinene ozonolysis
SOA, which indicated that O:C decreased with volatility (Ye et al., 2019). The decrease in
hygroscopicity with the ELVOCs could be explained by low solubility of the higher molecular
weight products and is further supported by their lower O:C values. It is important to note that
our measurements indicate bulk averages. Our results do not rule out the existence of highly
oxidized ELVOCs, but they simply suggest that they are, on average, less oxidized than the higher
volatility components.
The O:C and κ distributions of the cyclohexene ozonolysis SOA indicated that the relationship
between these three properties can be more complex for some OA systems. The average O:C of
this SOA increased as volatility decreased, but its average κ decreased as volatility decreased.
Even though the absolute values in the κ distribution for this SOA are quite uncertain due an
assumed surface tension, these results suggest that even relatively volatile SOA components with
small mass yields could, under some conditions, impact the CCN budget.
This work differs from Cain and Pandis (2017) due to the addition of the isothermal dilution
measurements. The addition of the isothermal dilution measurements allows for the distributions
to be extended over a larger range of volatility. Furthermore, the uncertainty of the distributions
is reduced when isothermal dilution measurements are included due to the additional information
about the more volatile OA components, which provides more information for the optimization
process.
Complications that cannot be addressed in this work are the roles of reactions and possible
oligomer decomposition at high TD temperatures and in the dilution chamber. Our analysis
assumes that these complications are negligible, but without high-resolution molecular composition
measurements of both the particulate and vapor-phases, we cannot definitively rule it out. The
importance of complete molecular information in evaporation studies cannot be understated.
Complicating matters further are the possible changes in surface tension as the SOA evaporates.
It is plausible that surface active components could evaporate at a low TD temperature or
immediately in the dilution chamber, but our analysis assumes that the surface tension remains
constant for all SOA as they evaporate.
More importantly, although not at atmospherically relevant concentrations, these results
provide insights into SOA components. For example, most of the CCN activity of α-pinene
ozonolysis SOA comes from SVOCs and LVOCs. In addition, the 2D-VBS framework can be used to
integrate the results. Use of this technique with different OA systems, both laboratory and
ambient, can supply parameters that can be incorporated in atmospheric chemical transport
models.
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