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ABSTRACT: Acid-catalyzed reactions between gas- and
particle-phase constituents are critical to atmospheric secon-
dary organic aerosol (SOA) formation. The aerosol-phase state
is thought to influence the reactive uptake of gas-phase
precursors to aerosol particles by altering diffusion rates within
particles. However, few experimental studies have explored the
precise role of the aerosol-phase state on reactive uptake
processes. This laboratory study systematically examines the
reactive uptake coefficient (γ) of trans-β-isoprene epoxydiol
(trans-β-IEPOX), the predominant IEPOX isomer, on acidic
sulfate particles coated with SOA derived from α-pinene
ozonolysis. γIEPOX is obtained for core-shell particles, the
morphology of which was confirmed by microscopy, as a function of SOA coating thickness and relative humidity. γIEPOX is
reduced, in some cases by half of the original value, when SOA coatings are present prior to uptake, especially when coating
thicknesses are >15 nm. The diurnal trend of IEPOX lost to acid-catalyzed reactive uptake yielding SOA compared with other
known atmospheric sinks (gas-phase oxidation or deposition) is derived by modeling the experimental coating effect with field
data from the southeastern United States. IEPOX-derived SOA is estimated to be reduced by 16−27% due to preexisting organic
coatings during the afternoon (12:00 to 7:00 p.m., local time), corresponding to the period with the highest level of production.

1. INTRODUCTION

Isoprene is the most abundant non-methane volatile organic
compound emitted into Earth’s atmosphere, with annual
estimated emissions ranging from 500 to 750 Tg.1 During
the daytime, isoprene oxidation is typically dominated by a
reaction with hydroxyl (OH) radicals,2 where the resultant first-
generation isoprene peroxy (RO2) radicals subsequently react
with hydroperoxy (HO2) radicals or nitric oxide (NO) to
produce low-volatility oxidation products, including isoprene
epoxydiols (IEPOX) and methacrylic acid epoxide (MAE)/

hydroxymethylmethyl-α-lactone (HMML).3−5 Recent studies
have shown that reactive uptake of IEPOX onto an acidified
sulfate particle can subsequently produce low-volatility polyols,
organosulfates, and oligomeric products, making isoprene a
significant source of secondary organic aerosol (SOA) in areas
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where particles containing sulfate are common.3,6−14 This
pathway accounts for up to 41% of the total organic mass
fraction of submicrometer aerosol collected during the summer
in the southeastern United States.15,16

The reactive uptake coefficient, γ, is an important parameter
in modeling the production of SOA from heterogeneous
reactions.17−19 Recent studies have exclusively measured the
reactive uptake coefficient of IEPOX (γIEPOX) on inorganic
aerosol particles.18,20 These studies have provided useful
information regarding the extent of IEPOX uptake on pure
sulfate particles across a range of acidity and relative humidity
(RH) levels. Modeling results combined with experimental data
demonstrate that the heterogeneous reaction of IEPOX with
sulfate particles is a dominant pathway for isoprene SOA
formation at atmospherically relevant aerosol acidities and
surface area concentrations.6,18,21,22

However, acidic sulfate particles rarely exist in pure form in
the polluted boundary layer, as they are typically mixed with
other organic and inorganic species,23 even in pristine forested,
continental locations, such as during the 2013 Southern
Oxidant and Aerosol Study (SOAS).24 After partitioning or
aqueous formation of secondary organic material, mixed
inorganic-organic aerosols may undergo phase separation
under certain conditions due to either condensation or “salting
out” of the inorganic component.25−30 Monoterpenes are
important biogenic SOA precursors that are often co-emitted
with isoprene. The monoterpenes undergo atmospheric
oxidation to form low-volatility products that subsequently
condense onto existing inorganic particles.2,31 The organic
coating of the acidic sulfate particles has been assumed to be a
liquid.30−32 However, evidence has recently been presented
that both laboratory-generated and atmospheric SOA particles
can be semisolid or glassy, depending on the RH and
temperature.33−39 Ambient data obtained from field campaigns,
such as the SOAS, show that RH during the daytime, especially
during the afternoon (12:00 to 7:00 p.m., local time) when the
level of IEPOX SOA formation is the greatest, consistently
remains between 50 and 60%, while nighttime RH increases to
90%.40 Field campaigns from the boreal forests show similar or
even lower RH levels during the day than in the southeastern
United States.41,42 The relatively low RH during the daytime
likely leads to a change in the aerosol-phase state and the rate of
diffusion of IEPOX into the phase-separated inorganic-organic
aerosol particles, which has potentially important implications
for how efficiently isoprene-derived SOA can be produced via
heterogeneous reactions.43−46 While previous studies18,46−50

used organic aerosol surrogates to study how an organic coating
affects the reactive uptake of HO2 and N2O5 as well as IEPOX
on particles, there have been no systematic studies to derive
γIEPOX and to understand the effects of atmospherically relevant
SOA coatings on IEPOX-derived SOA formation. Riva et al.
recently demonstrated that α-pinene SOA could impede the
reactive uptake of IEPOX,51 but measurements of the reactive
uptake kinetics (γIEPOX) and the morphology of the internally
mixed particles are needed to further develop predictive models
of IEPOX-derived SOA formation.
In this study, we measured the reactive uptake of trans-β-

IEPOX on submicrometer acidic sulfate particles that were
coated with α-pinene SOA at atmospherically relevant coating
thicknesses and selected RHs. Our measurements demonstrate
that the coating thickness of SOA and RH have significant
effects on γIEPOX during the experimental time scale. The data
are parametrized using a core-shell resistor model, based on the

observation that a uniform layer of organics is coated onto the
acidic sulfate particles using the potential aerosol mass (PAM)
oxidation flow reactor, confirmed via atomic force microscopy
(AFM) and scanning electron microscopy (SEM). A zero-
dimensional box model was used to assess the fraction of
IEPOX forming SOA among all atmospheric sinks of IEPOX by
combining experimental data with ambient measurements from
the 2013 SOAS campaign. Our results provide experimental
evidence of the effect of SOA coatings on the reactive uptake of
IEPOX onto SOA-coated acidic sulfate particles at different
coating thicknesses and RH conditions, and the impact of
organic coatings on IEPOX-derived SOA formation.

2. MATERIALS AND METHODS
The experimental setup consists of three components: aerosol
generation and coating with SOA, IEPOX reactive uptake, and
analytical instruments for gas- and particle-phase chemical
measurements, including determination of particle morphology.
A schematic plot of the experimental setup is shown in Figure
S1, and a detailed description of each component is briefly
summarized below.

2.1. Aerosol Generation and Characterization. Aerosols
were generated from a solution of 0.06 M ammonium sulfate
(Sigma-Aldrich, ≥99% pure) mixed with an equivalent
concentration of sulfuric acid (Sigma-Aldrich, ≥98% pure)
using a constant output atomizer (TSI Inc., model 3076)
operated at 3 L/min with purified air. An aerosol flow passed
through a diffusion drier and a differential mobility analyzer
(DMA, TSI Inc., model 3080) before entering the PAM reactor
(Aerodyne Research, Inc.). In this experiment, the PAM was
used as a continuous flow reactor to coat acidic sulfate particles
with secondary organic materials derived from α-pinene
ozonolysis. Particles with an electrical mobility diameter of
100 nm were selected by the DMA and subsequently coated
inside the PAM reactor (Figure S2). Operating conditions of
the PAM were similar to those described by Lambe et al.52

(details in the Supporting Information).
2.2. IEPOX Uptake Measurements. γIEPOX was measured

using a cylindrical glass laminar flow reactor (1 m length × 8
cm inside diameter) coated with halocarbon wax (Halocarbon
Products Corp.) to minimize wall loss of the gas-phase IEPOX.
The operating procedures and calculation of γIEPOX were similar
to those previously described.18,20 Details are summarized in
the Supporting Information (eqs S1 and S2 and Figure S3).

2.3. Morphology from Microscopy Imaging. Aerosol
particle samples were collected prior to IEPOX reactive uptake
to confirm core-shell structure. A three-stage microanalysis
particle sampler (MPS-3, California Measurements, Inc.) with
size cuts of 5.0, 2.5, and 0.4 μm was operated at 2.1 L min−1.
Particles were impacted onto carbon-type-b Formvar-coated
copper transmission electron microscopy (TEM) grids and
silicon wafer substrates (Ted Pella, Inc.). Samples were stored
in sealed plastic vials at room temperature prior to analysis. An
FEI Helios 650 Nanolab-Dualbeam electron microscope
equipped with a high-angle annular dark field (HAADF)
detector operated at an accelerating voltage of 10.0 kV, a
current of 0.80 nA, and pressures ranging from 10−3 to 10−5 Pa
was used to analyze TEM grids. Particles on silicon substrates
were imaged in 5 μm × 5 μm regions by an atomic force
microscope (Anasys Instruments) in tapping mode with a 75 ±
15 kHz resonant frequency and a 1−7 N m−1 spring constant53

at ambient laboratory temperature (∼23 °C), pressure, and RH
(∼36%).
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3. RESULTS AND DISCUSSION

3.1. Morphology of SOA-Coated Acidic Sulfate
Particles. SEM and AFM images demonstrated the core-
shell particle morphology after acidic sulfate particles were
exposed to products of α-pinene ozonolysis, resulting in the
formation of a coating or a separate organic phase.54−56 Inset
images in Figure 1 show SOA-coated acidic sulfate particles
after RH conditioning by the Nafion driers, but prior to
exposure of trans-β-IEPOX. The left column shows particles
exposed to 200−400 ppb α-pinene under three RH conditions
(15, 30, and 50%), imaged via SEM,57,58 while the right column
shows ambient-pressure AFM phase imaging of particles
exposed at the same α-pinene concentrations and RH
conditions. Particles with volume equivalent diameters of
∼75−100 nm (based on projected area diameters of ∼300 nm
and typical spreading ratios56,59) exhibit phase separation after
exposure to α-pinene for all RH conditions analyzed. Height
and amplitude AFM images of particles with the core-shell
morphology are included in Figure S4. The morphological
information obtained by SEM and AFM confirms the coating of
α-pinene SOA on the 100 nm acidic inorganic particles leads
predominantly to a core-shell morphology.
3.2. γIEPOX Kinetics as a Function of Relative Humidity

and Coating Thickness. Figure 1 shows IEPOX reactive
uptake results obtained at specific RH levels and SOA coating
thicknesses. Experimental RH values were 15, 30, and 50%,
with α-pinene SOA coating thickness ranging from 0 to 32 nm.
At a zero SOA coating thickness, IEPOX reactive uptake of
pure acidic sulfate particles was inversely related to RH, in
agreement with previous studies.18,20 For pure acidic sulfate
particles, as RH increases, aerosol particles take up more water,
increasing the total surface area and diluting particle acidity,
both of which reduce γIEPOX.
At the same RH level, the SOA coating thickness and γIEPOX

were negatively correlated. At 15% RH, γIEPOX decreased from
(31 ± 7) × 10−3 to (12 ± 2) × 10−3 as the SOA coating

thickness increased from 0 to 20 nm. At 50% RH, for roughly
the same increase in SOA coating thickness, γIEPOX decreased
from (7 ± 2) × 10−3 to (4 ± 3) × 10−3, approaching the
detection limit of the current analytical method. For α-pinene
SOA-coated particles, γIEPOX was reduced 30−50% by an only
∼15 nm coating on the acidic sulfate particles for each RH level
examined. γIEPOX was also measured on pure α-pinene SOA to
account for the fraction of IEPOX uptake from α-pinene SOA,
and the value was determined to be negligible within the range
of error (see Table S1). As the SOA coating thickness was the
only variable and uptake by α-pinene SOA was negligible, the
decrease in γIEPOX can be explained by the resistance to the
diffusion of IEPOX through the SOA coating before it reaches
the acidic sulfate core. As the diffusion time scale of dissolved
IEPOX through the coating increased, the extent of
heterogeneous reaction decreased, thereby reducing γIEPOX.
Figure 1 shows that at lower RHs, the decrease in γIEPOX is
larger than at higher RHs. This observation can be explained by
the fact that as RH increases, the viscosity of α-pinene SOA
decreases,33,34 leading to an increase in the IEPOX diffusion
rate and a less dramatic decrease in γIEPOX. Our results support
the dependence of acid-catalyzed multiphase chemistry of
IEPOX on the coating thickness and the phase state of α-
pinene SOA, with the SOA-phase state being determined by the
composition and RH.

3.3. Atmospheric Implications of SOA Coatings on
Heterogeneous Reactions of IEPOX. On the basis of the
core-shell morphology determined by SEM and AFM, a resistor
model from previous studies that includes the diffusion of
reactive gas from the shell to the particle core was applied to
our results for parametrization:46,50
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The detailed explanation and the calculation of eq 1 are
provided in the Supporting Information. Via application of eq 1

Figure 1. γIEPOX as a function of α-pinene SOA coating thickness and RH. The red, green, and blue data points and box outlines represents 15, 30,
and 50% RH conditions, respectively. The black dashed line represents the predicted γIEPOX using an inorganic core-organic shell morphology
resistor model. The inset shows the SEM images (left column) and AFM phase images (right column) of α-pinene SOA-coated acidic sulfate
particles from these three RH levels. The images correspond to those data points having coating thicknesses ranging from 10 to 13 nm as shown in
the figure. All scale bars in the images represent the same length of 0.5 μm.
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to the γIEPOX values obtained under each RH condition, the
resistor model is used to match the fit of the experimental data,
represented by the black dashed lines in Figure 1. The detailed
parametrization is shown in Table S2. With reasonable
parametrization, minimal differences between the fitted lines
and data points demonstrate that the core-shell morphology
resistor modeling approach is appropriate and consistent with
the microscopy results depicted in Figure 1. The resistor model
shows how the diffusion of IEPOX in the SOA coating affects
the reactive uptake process and heterogeneous chemistry as the
RH changes.
Besides acid-catalyzed reactive uptake of IEPOX on existing

sulfate particles, two other major atmospheric sinks for IEPOX
include gas-phase oxidation by OH radicals and natural surface
deposition. The reaction rate constants for these latter two
atmospheric sinks are as follows: kOH = 0.84−3.4 × 10−11 cm3

molecule−1 s−160,61 and kdep = 2.5 × 10−5 s−1,62 respectively.
The rate of heterogeneous reaction of IEPOX with varying
SOA coating thicknesses, khet,coating, is calculated by combining
eq 1 with eqs S3 and S4. The fraction of IEPOX lost to acid-
catalyzed reactive uptake on existing particles compared with
total IEPOX sinks, f, can be expressed as

= + +f k k k k/([OH] )het,coating OH dep het,coating (2)

Using this parametrization and assuming the pH of the
ambient aerosol ranges between 0 and 2,63 Figures S5 and S6
show the fraction of IEPOX lost to acid-catalyzed reactive
uptake among the total IEPOX sinks for the three RH
conditions measured in the experiments as a function of surface
area and SOA coating thickness.
To further understand the impacts of preexisting SOA

coatings on the reactive uptake of IEPOX, we applied ambient
data collected from the 2013 SOAS campaign to our model

estimations. Xu et al. reported that monoterpene SOA accounts
for 24−49% of the total OA in the southeastern United States
and is likely to coat the existing inorganic sulfate particles due
to a lack of new particle formation events in the summer.64 A
comparison of IEPOX-derived SOA with and without an
organic coating, together with diurnal RH variations based on
field measurements taken during the 2013 SOAS campaign at
the Centerville, AL, ground site, is shown in Figure 2. These
data suggest that the RH in the southeastern United States
remains between 50 and 60% during the afternoon (12:00 to
7:00 p.m., local time) and increases to 80−90% at night and
early morning. γIEPOX at 50% RH is obtained from data in this
study, and γIEPOX values at 60−80% RH were conservatively
estimated on the basis of combining γIEPOX values at 30 and
50% RH determined in this study with the viscosity data of α-
pinene SOA measured by Renbaum-Wolff et al.,33 with details
provided in the Supporting Information (eq S5 and Figure S7).
We set the viscosity of α-pinene SOA in our model to be the
lower-bound viscosity values measured by Renbaum-Wolff et al.
at 80−90% RH or higher (no diffusion limitation of IEPOX) to
conservatively estimate the effect of phase on the acid-catalyzed
heterogeneous formation of IEPOX-derived SOA.33 Note that
the viscosity values provided by Renbaum-Wolff et al. were
derived from water-soluble components of α-pinene SOA,
indicating the viscosity of total α-pinene SOA is likely to be
even higher.33 Thus, our study provides a conservative estimate
of γIEPOX as RH ranges from 60 to 90%. A higher viscosity value,
as shown in Figure S7 from our calculations, could decrease
γIEPOX by 3 × 10−3 for every order of magnitude of increase in
viscosity, indicating an even stronger phase effect. As a result,
future experiments are needed to provide more accurate
estimates of the effect of an organic phase on IEPOX uptake in
a high-RH (>50%) environment. The average organic coating
thickness during the 2013 SOAS campaign is estimated to be

Figure 2. Atmospheric implications of this study. Diurnal trend of the fraction of IEPOX that undergoes reactive uptake when the SOA coating effect
is considered compared with the same situation when the SOA coating is not considered. The black line shows the ambient RH measured during the
2013 SOAS campaign by Guo et al.40 The red line shows the percent of reduction of IEPOX uptake caused by the coating effect. The green filled
triangles represent the IEPOX-derived SOA mass concentrations measured during the 2013 SOAS campaign when there was a preexisting organic
coating on the aerosols.16 The green empty triangles represent the IEPOX-derived SOA mass loading assuming no preexisting organic coating on the
ambient aerosol.
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16 nm by the calculation of coating thickness using eq S6. We
assume α-pinene SOA is representative of the monoterpene
organic coating in the southeastern United States, because α-
pinene is one of the dominant monoterpenes.16 Further details
of modeling and parametrization of the diurnal OH
concentration and diffusion coefficients are shown in Table
S3 and Figures S8 and S9. With the diffusion coefficients of
IEPOX calculated for each RH bin, the diurnal profile of
IEPOX that undergoes reactive uptake to form SOA is obtained
from eq 2 and shown in Figure 2. As shown by Xu et al.,16

ambient IEPOX-derived SOA has a large diurnal variation, with
more than half forming in the afternoon (12:00 to 7:00 p.m.,
local time) when the RH remains between 50 and 60%. Figure
2 shows that IEPOX-derived SOA would have increased by
16−27% without considering the effect of preexisting
monoterpene SOA coatings during this time period. Hu et al.
modeled the IEPOX uptake with preexisting PEG coatings, and
results show an ∼20% reduction, which is consistent with the
values reported here.65 Our study also provides a potential
explanation for the discrepancy between model predictions and
field measurements of IEPOX-derived SOA reported by Pye et
al. and Budisulistiorini et al., where mass concentrations of 2-
methyltetrols, products of the reactive uptake of IEPOX, are
reported to be overestimated by the Community Multiscale Air
Quality (CMAQ)-based models compared to the field data
from the 2013 SOAS campaign.17,66 This study indicates that at
atmospheric conditions similar to those of the southeastern
United States, SOA coatings on acidic sulfate particles could
play an important role in governing the production of IEPOX-
derived SOA.
Our results suggest that the inorganic and organic

components of the aerosol particles, as well as their physical
and chemical properties, jointly impact the formation,
evolution, and fate of the ambient SOA. For instance, as
described in this study, preexisting SOA constituents formed
from the condensation of semivolatile species, with a certain
phase state and chemical kinetics, can adversely affect the
reactive uptake of gases leading to the formation of additional
SOA components.67 Given that the ambient RHs in other parts
of the world, such as boreal forest, can be even lower than in
the southeastern United States,68 the effects of the aerosol-
phase state on heterogeneous reactions, such as the inorganic/
organic mixtures examined in this study, are likely to be more
prevalent in contrast to uptake observed for pure organic
particles that have been recently reported.69 Currently, the
influence of the aerosol-phase state for SOA types other than α-
pinene and at other RH values remains uncertain and warrants
future study.
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