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ABSTRACT: Nonideal molecular interactions in aerosol particles
influence the partitioning of semivolatile organic compounds
(SVOCs). However, few direct measurements exist that determine
activity coefficients (γ), which quantify nonideality, for individual organic
compounds in different atmospheric mixtures. By measuring the
isothermal evaporation of SOA formed from multifunctional SVOCs in
an environmental chamber, this study determines the mole-fraction-
based γ of the bulk SOA in a variety of pre-existing chemically complex
particles, approximated as if the bulk SOA behaved like a single SVOC.
These multicomponent mixtures contain molecular structures commonly
found in the atmosphere. When treated as a single liquid phase, γ of the
bulk SOA tends to increase from ∼1 to ∼5 as the organic seeds and the
SOA have more differing polarities. A high computed γ value of 74 for a wet ammonium sulfate-SOA system indicates phase
separation. The γ for some individual species was also quantified based on gas-phase measurements and AIOMFAC model
predictions. However, the bulk SOA γ cannot be explained by the simplified speciated SVOC−seed interactions, suggesting
incomplete compositional understanding of the bulk SOA. These results demonstrate a method to quantify nonideal behavior and
show that it can occur in multicomponent mixtures and therefore influence OA formation, evolution, and lifetimes.

■ INTRODUCTION

Ambient aerosols consist of complex mixtures of organic and
inorganic compounds.1 The organic fraction is dominated by
secondary organic aerosols (SOA), much of which is formed
through the gas-to-particle partitioning of low-volatile and semi-
volatile organic compounds (L/SVOCs) but also contains
primary organic aerosols (POA).1−3 In most atmospheric
models, organic gas−particle absorptive partitioning is treated
as a thermodynamic equilibrium between gas and particle
phases.4,5 A modified version of the theory states that at
equilibrium the fraction of a SVOC in the particle phase depends
on its pure compound volatility (c0), activity coefficient (γ), and
total OAmass concentration (cOA).

6 Here, γ captures the impact
of nonideal molecular interactions in aerosol particles, which
depend on the interaction of each specific compound with the
absorbing aerosol mixture. Nonideal interactions influence
organic partitioning, the physical state of the condensed phase,
cloud droplet activation, and atmospheric chemistry.7,8 In this
work, γ has the common meaning of being mole-fraction based
with a reference state of γ = 1 for the pure component at a given
temperature and pressure, and γ ≤ 1 favors the particle phase
and vice versa. For one liquid phase, γ modifies c0 to give the
effective saturation concentration (c*) of compound i

γ* =c c
MW
MWi i i

i

0

(1)

where MW is the mass-fraction-weighted harmonic mean
molecular weight of the absorbing phase (Supporting
Information), and MWi is the molecular weight of compound
i.5,8,9

The inclusion of activity coefficients in estimating gas−
particle partitioning is crucial for accurately predicting aerosol
mass concentration and composition. Recent laboratory studies
found varying degrees of SOA enhancement and depression
depending on the SOA and pre-existing OA compositions.10−12

Several approaches have been proposed to explain this
variability, such as models that separate multiple liquid phases
(e.g., hydrophilic versus hydrophobic phases)10,13 and the
Hansen solubility framework that predicts miscibility.12 Still,
accurate γ values are needed to quantitatively predict SOA
formation.
Due to the complexity of aerosol mixtures, thermodynamic

models are valuable for estimating γ in liquid organic, inorganic,
and mixed organic−inorganic phases. The Universal Quasi-
chemical Functional group Activity Coefficients (UNIFAC)
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model, based on the group contribution method introduced by
Fredenslund et al.,14 is widely used by the atmospheric aerosol
community. On the basis of the UNIFAC approach, many other
coupled organic−inorganic models that calculate γ have been
developed to improve the organic−inorganic interactions and
better represent the atmospherically relevant aerosols.15−18 One
of them is the Aerosol Inorganic−Organic Mixtures Functional
groups Activity Coefficient (AIOMFAC) model, a chemical
structure-based model that explicitly incorporates solution
nonideality among organics, water, and inorganic ions.5,7,15

With proper information about the chemical species involved
and environmental conditions, such as in well-characterized
laboratory experiments, these models can estimate γ values to
compare with measurements.
While water activity in water−organic solutions has been

more often measured,19,20 experimental quantification of γ of
organic compounds relevant to atmospheric aerosol is scarce.
Cappa et al.21 measured the temperature-dependent evapo-
ration behavior of multicomponent mixtures of dicarboxylic
acids and found γ < 1 for the lower-molecular-weight diacids but
γ >1 for the heavier diacids. Saleh and Khlystov22 calculated the
γ of SVOCs, mainly adipic acid, in several binary solutions by
measuring the total change in aerosol volume upon moderate
heating. The calculated γ ranged from 0.3 to 3 depending on
mixtures and mole fractions. Liu et al.23 derived c* of
multifunctional SVOCs by fitting their isothermal gas−particle
partitioning to observations as measured by mass spectrometry.
Variations in c* of the same SVOC were observed in different
seeds, which reflects mainly variability in γ and measurement
uncertainties. Further experimental measurements of γ for
different aerosol types are important to improve the accuracy of
SOA prediction that currently relies more on modeled than
measured γ.
This study measures the isothermal evaporation of bulk SOA

formed by multifunctional SVOCs in an environmental
chamber. Here, we approximate the bulk SOA as having one
single volatility, i.e., approximated as if the bulk SOA behaved

like a single SVOC. The mole-fraction-based γ of the bulk SOA
in a variety of pre-existing particles of different phases and
properties is then derived by fitting the mass concentration
evolution to the measurements. These multicomponent
mixtures contain molecular structures that are commonly
found in the atmosphere and are also diverse. We then explore
the trend of γ as the relative polarity of the seeds and the SOA
varies. Although the composition of the formed SOA is not fully
characterized, we calculate the γ for some known SOA-forming
compounds using the c* values derived in Liu et al.23 AIOMFAC
is also used to predict γ for the same speciated compounds. The
comparison among the three sets of γ is discussed.

■ MATERIALS AND METHODS

The experimental procedures to produce L/SVOCs and
measure their gas−particle−wall partitioning in a 20 m3 Teflon
environmental chamber is described in detail in Liu et al.23 and
Krechmer et al.24 A brief description is given here. The
experimental conditions were maintained at 25± 0.3 °C and RH
< 1% or RH = 46 ± 1% (humidified using Milli-Q ultrapure
water). The pre-existing seeds that provided condensation
surfaces and formed mixtures with newly condensed SOA were
liquid organics, including oleic acid, squalane, pentaethylene
glycol, and dioctyl sebacate (DOS); solid seeds, including
ammonium sulfate (AS) and sucrose; liquid inorganic,
deliquesced AS; and α-pinene/O3 SOA that is a realistic
atmospheric SOA mixture (Table S1). The volume size
distributions in these experiments are typical of tropospheric
particles (peaked between 100 and 200 nm). The observed
condensing L/SVOCs were produced in the gas phase by a fast
(10 s) OH oxidation of a mixture of 1-alkanols (>99% purity,
Sigma-Aldrich) under high NO. Well-characterized products in
the gas phase of this reaction were measured by nitrate-adduct
chemical ionization mass spectrometry (NO3−CIMS), includ-
ing dihydroxynitrates (DHNs), trihydroxynitrates (THNs), and
carbonyl dihydroxynitrates (CDHNs) (Table S2). The gaseous
products were then taken up by particles, producing SOA that

Figure 1. Examples of modeled evaporation using a single effective bulk saturation vapor pressure, together with SMPS measurements. Only the first
burst measurements are used to derive the best effective volatility (listed in Table S1), while the following two bursts are also shown using those fitted
parameters.
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peaked within 2−3 min after the reaction. Offline mass
spectrometry showed that the major SOA products are DHNs,
with a minor contribution from cyclic hydroxyhemiace-
tals.23,25−27 As the L/SVOCs repartitioned into the gas phase,
they were also lost to chamber walls at a slower time scales (∼17
min). The net effect of this “wall denuding” is a constantly
decreasing aerosol volume with time (even when corrected for
particle−wall losses), as SVOCs evaporated from the particles to
re-establish gas−particle equilibrium. After ∼1 h, the oxidation
burst was usually repeated another 1−2 times. An illustration of
SVOC concentration changes in three phases (gas, particle, and
wall) since the photochemical reaction is shown in Figure S1.
The size distribution and number concentration of seeds and

SOA were measured by a Scanning Mobility Particle Sizer
(SMPS) consisting of an electrostatic classifier (TSI, 3080),
differential mobility analyzer (TSI, 3081), and a Condensation
Particle Counter (TSI, 3775). The SMPS was placed inside the
chamber enclosure and was operated under the same temper-
ature and humidity as in the chamber so as not to alter
partitioning states or water content.23 The evaporation of the
SOA due to the “wall denuding” effect was captured by the
SMPS with a time resolution of 135−145 s.
A box model that includes the condensation and evaporation

of oxidized products to and from particles and chamber walls
was used to simulate the overall evaporation of bulk SOA
(Supporting Information).23 By fitting the simulated bulk SOA
concentration to the SMPS measurements, we determined the

best, well-constrained c* and total SOA-forming SVOC
production for each seeded experiment after the first burst.
For solid seeds, AS and sucrose in our case, the condensed

SVOCs are expected to form a layer on the surface of the seed
cores so that the SVOCs dissolve in themselves28 (Supporting
Information). The activity coefficient γ should equal to 1 in
these ideal mixtures, assuming these SVOCs are similar enough
tomix ideally. Therefore, we selected c* in the SOA−ASmixture
as the reference and estimated γ for all other seeds, by combining
with Equation 1 as

*
*

c
c

MW
MW

seeded

AS

SOA

seeded

i.e., c* of a seeded experiment versus that of the AS-seeded
experiment and then adjusted by the molecular weight ratio of
the seeded experiment. We estimated the 2σ uncertainty of γ to
be ±45% (Supporting Information).

■ RESULTS AND DISCUSSION

We first present results of measured and simulated bulk SOA
evaporation. Figure 1 shows four experiments, while the rest are
shown in Figure S2. In the four examples, the SOA formation
peaked quickly after the 10 s oxidation, then decreased in
darkness due to vapor uptake by chamber walls and the resulting
particle SOA evaporation. If the SOA was lost only due to
particle−wall loss, assuming at a same rate as the measured

Figure 2. Inferred γ (from SMPS and CIMSmeasurements) versus n-octanol/water partition coefficient (KOW) of each seed. SMPSmeasurements are
the same in both panels, while CIMS measurements (±49%, not plotted) show DHN (top) and THN (bottom). Shaded area shows KOW for CIMS-
measured C9−C12 DHNs (SIMPOL-estimated35 c0 = 0.8−15 μg m−3). Also shown are modeled γ using AIOMFAC assuming the OAmixture contains
single C10 and C12 DHN or THN and a corresponding seed, with mass fraction ratios listed in Table S1.
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decay of the seed volume concentration before photooxidation,
the observed SOA decrease would be substantially slower
(dashed lines in Figure 1 and Figure S2). Evaporation time series
predicted by the model using the best c* and several other
volatilities are also shown. In the c* sensitivity tests, the total
SVOC production was chosen to match the observed SOA peak.
Values of best c* and total SVOC production are listed in Table
S1.
Since the interactions between the pre-existing seeds and the

produced SVOCs change with the seed properties, we expect
that the amount of and/or the types of SVOCs that participate in
the gas−particle partitioning are different across the seeds used.
The variations in the fitted total SVOC production in Table S1
are consistent with this expectation. The bulk SOA formed
might thus have some differences in composition, which is a
caveat of this method. However, for almost all seed types, OA
composition was measured using an aerosol mass spectrometer
(AMS).29,30 The SOA mass spectra of all available experiments
showed consistent composition.23

The γ values derived are summarized in Figure 2 andTable S1,
plotted versus the seed n-octanol/water partition coefficient
(KOW)

31 as an indicator of seed polarity. Among the tested
seeds, α-pinene/O3 SOA and oleic acid resulted in the lowest γ =
0.83, likely indicating that their presence favored vapor
condensation. Note that α-pinene/O3 SOA was treated as a
liquid despite being viscous.23 The second lowest γ = 0.97 was
from the DOS experiment. SOA on top of sucrose was
associated with γ = 1.3, and the deviation from unity can be
explained by the experimental uncertainty. Here, γ for squalane
and pentaethylene glycol experiments are both 4.6, indicating
dissimilarity between the condensing vapors and the aerosol
mixture. The deliquesced AS−SOA experiment yielded the
highest SOA γ = 74 and was associated with the least amount of
SVOCs forming the observed SOA (Table S1), showing
significant deviation from ideality in this solution. This high γ
was derived by treating the mixture as a single liquid phase,
which is likely inappropriate as Donahue et al.32 found that the
boundary for phase separation to occur is near γ ∼ 5−10. In
addition, separation of electrolyte-rich and organic-rich phases is
often observed.33,34 So an additional model run was performed
assuming two separate phases, which yielded a reasonable γ of 1
for the SOA phase (Table S1). For all other organic-seeded
experiments, phase separation is less likely as indicated by
smaller γ values less than 5 and structural similarities between
SVOCs (both carbon chain and polar functional groups) and
organic seeds.
The relationship of γ versus the polarity similarity between the

seeds and the SOA was then explored. Here, the partition
coefficient log KOW (base 10) was used to characterize the
lipophilicility/hydrophilicity (∼polarity) of each seed and some
major SOA-forming compounds, C6−C12 DHNs and THNs (c

0

= 0.0056−246 μgm−3).23 The logKOW values were calculated by
the Discovery Studio software (version 3.0).31 In Figure 2, the
log KOW of the seeds increases from left to right. The general
trend of γ versus log KOW is consistent for the bulk results. For
seeds with logKOW closer to those of the partitioning SVOCs, we
observe γ ∼1. As the seeds become ∼5 orders of magnitude
more hydrophobic (squalane) or more hydrophilic (penta-
ethylene glycol and wet AS) as quantified by KOW, higher γ
values are observed, indicating that these seeds are less
hospitable to the condensing vapors.
Using the c* of DHNs and THNs inferred from the gas-phase

CIMS measurements in Liu et al.23 and Krechmer et al.,24 we

derived their γ relative to the AS case. The CIMS-inferred γ has
an estimated uncertainty of ∼49%, determined similarly as for
SMPS-derived γ. In addition, wet AS seed was treated as a
separate, nonabsorbing phase (similarly to solid dry AS). Also
plotted in Figure 2 are the γ values of C10 and C12 DHNs and
THNs, which are the least volatile of the studied SVOC. Those
of all other DHNs and THNs are shown in Figure S3. For the
DHNs and THNs, the AIOMFAC model was used to predict
their γ in a simplified binary solution of the specific species plus
the seed, as the detailed composition of the real mixture is
unknown. Since AIOMFAC prediction can be sensitive to the
mass fractions of input compounds, we used the measured
SOA:seed ratios (Table S1) to represent the DHN (or
THN):seed mass ratios in the simplified binary solution. The
deliquesced AS experiment is excluded from AIOMFAC
prediction since the interaction between the organic nitrate
group and inorganic ions is not established in the model.15 For
the same type of compounds, i.e., DHNs or THNs in our case,
the AIOMFAC-predicted γ varies slightly with the carbon
number (Figure S3). For example, if the seed is more
hydrophobic, the AIOMFAC γ decreases as the carbon number
increases, as expected in a simplified binary solution. When
averaged, predicted γ from the AIOMFAC model showed some
correlation with the bulk SOA results (R2 = 0.26, Figure S4).
Compared to the AIOMFAC method, the single compounds’ γ
values estimated byCIMS generally differ by factors of 1−5, with
THNs in the DOS seed showing the largest differences. In
addition, the CIMS-inferred γ showed larger differences than the
carbon number can explain. The differences may be due to
AIOMFAC simplifications and related uncertainties, uncertain-
ties in the SOA composition used as AIOMFAC input, and
experimental uncertainties in the CIMS-based estimates.
Compared with the bulk SOA, the dependence of γ of the
single compounds (Figure 2 and Figure S3) or their averages
(Figure S4) on seed polarity is less obvious, suggesting more
complex interactions between DHNs or THNs and seed−SOA
mixtures.
The effects of γ values on SOA formation are briefly

demonstrated by modeling SOA evolution using γ = 1 and 5,
respectively, as shown in Figure S5. Under typical experimental
conditions, the peak SOA formed shortly after photo-oxidation
decreased by 25% as γ changed from 1 to 5. In addition, the
difference in SOA amounts can persist for hours until all SVOCs
(gaseous and particulate) were lost to the chamber walls.
Consistent with that result, when considering all seeded
experiments studied, a general anticorrelation was seen between
the SMPS-inferred, bulk γ versus peak SOA volume produced
(Figure S6). As the seed−SOA similarity varied, the measured
peak SOA differed by a factor of∼3. Note that the γ values in this
study were obtained mostly under dry conditions, and further
study is required for humid situations applicable to the lower
atmosphere.
In this work, we demonstrated in a chamber an experimental

technique to derive the activity coefficients of organic
compounds (bulk or speciated) by measuring their volatility-
dependent partitioning under atmospherically relevant con-
ditions. The experiments were designed to separate gas−wall
and gas−particle partitioning processes based on their different
time scales. This technique can be applied to other real
atmospheric aerosol systems that contain multifunctional,
unstable components that may not be possible to synthesize
or isolate or whenmodel calculation is not possible due to lack of
knowledge of the mixture composition. This method can also
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help constrain functional groups, such as organonitrate, that
have high uncertainties in AIOMFAC model parametrization.
Reduction of the experimental uncertainties is needed to
improve the information obtained from this new method.
The inferred γ of bulk SOA spanned from near 1 to 5 for a

variety of organic seeds and a value of 74 indicated phase
separation for a wet AS−SOA system. By relating γ with seed
polarity (lipophilicility/hydrophilicity), we found that when
seed and SOA have more similar polarity, SVOC partitioning
increases. The observed nonideality can occur in multi-
component mixtures in both the laboratory and atmosphere
and therefore influence SOA formation.
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