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Abstract Laboratory studies have found that heterogeneous oxidation can affect the composition and
loading of atmospheric organic aerosol particles over time scales of several days, but most studies have
examined pure organic particles only. In this study, in order to probe the reactivity of organic species
confined near the particle surface, the rates and products of the OH-initiated oxidation of pure squalane
particles are compared to oxidation of thin coatings of squalane on ammonium sulfate particles. The
squalane reaction rate constant shows a linear dependence on the organic surface area-to-volume ratio, with
rate constants for coated particles up to 10 times larger than for pure particles. Changes in the carbon
oxidation state and fraction of particulate carbon remaining show similar enhancements, implying that
heterogeneous oxidation may exhibit a stronger effect on the loadings and properties of organic aerosol
than previously estimated from laboratory studies.

1. Introduction

Organic aerosol (OA) makes up a significant fraction of fine particulate matter in the atmosphere [Zhang et al.,
2007]. Over the course of its atmospheric lifetime (approximately 5 to 10 days [Balkanski et al., 1993]), OA
mass and composition can be affected by chemical aging processes, which in turn can alter the climate-
and health-relevant properties of the OA. Heterogeneous oxidation, the reaction of gas-phase oxidants (pri-
marily the hydroxyl radical, OH) with organic molecules in the condensed phase, is one important type of
aging, with the potential to affect the optical properties, hygroscopicity, and cloud condensation nucleus
(CCN) activity of particulate matter [Cappa et al., 2011; Harmon et al., 2013; Slade and Knopf, 2014].
Heterogeneous oxidation experiments using a variety of OA proxies, from reduced organic species (alkanes)
to highly oxidized organic compounds, generally show increasing average particle carbon oxidation state
and loss of particle-phase carbon mass with increasing photochemical age (i.e., OH exposure) [Kroll et al.,
2009, 2011; Smith et al., 2009; Kessler et al., 2010, 2012; Nah et al., 2013, 2014; Chan et al., 2014]. Recently, from
a reanalysis of a series of flow tube OH oxidation experiments, Kroll et al. [2015] estimated that over the
course of 1week, heterogeneous oxidation causes organic particles to lose on average 3-13% of particle-
phase carbon and undergo an increase in average carbon oxidation state of 0.2-0.7. These changes are in
qualitative agreement with other flow tube heterogeneous oxidation studies on laboratory-generated parti-
cles [George et al., 2007; McNeill et al., 2008; Lambe et al., 2011] but are in contrast to results from experiments
performed on monolayer films, which showed extremely rapid mass loss with oxidation [Molina et al., 2004].

In order to quantify the importance of heterogeneous oxidation, previous studies have focused on the reac-
tive OH uptake coefficient (yon), defined as the fraction of OH-particle collisions that results in reaction. Most
studies have found values of yon spanning 0.1 to 1 (in the absence of secondary chemistry), indicating effi-
cient oxidation of organic species at particle surfaces [George and Abbatt, 2010]. However, the rate at which
the composition of an entire organic particle changes depends not only on the rate of reaction at the particle
surface but also on the total amount of organic material within the particle (since the material in the interior
of the particle must also undergo reaction if the bulk composition of the OA is to change). Assuming that mix-
ing within the particle (i.e., the diffusion of material from the particle interior to the surface) is rapid, the
second-order reaction rate constant (k") of a parent organic compound in the particle phase is equal to
the oxidant flux to the particle surface divided by the number of parent molecules present in the particle:
Yo €My - SA
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in which yoy is the reactive uptake coefficient, ¢ is the mean molecular speed of the gas-phase oxidant, N4
is Avogadro’s number, pg and M,, are the density and molecular weight, respectively, of the reactive
organic compound, SA is the surface area of the organic component available for reaction on the particle
surface, and V is the volume of the organic component of the particle. This rate constant refers not to the
elementary OH-organic reaction at the molecular level, but instead to the reaction between gas-phase OH
and generic organic species within the particle [Smith et al., 2009]. Assuming a well-mixed spherical par-
ticle, equation (1) simplifies to

kll73'yOH’Z'MW

_ )
2-Na -y -Ds

where D; is the particle surface weighted diameter. Estimates of particle oxidation lifetimes with respect to
OH (= 1/(k"[OH])) using this relationship are on the order of days to weeks—significant for the composition
of particles during long-term aging, but unlikely to affect the composition or mass of OA on shorter time
scales [Robinson et al., 2006; Kroll et al., 2015].

However, the assumption that OA particles are spherical and well-mixed is a major simplification; field obser-
vations and laboratory experiments have shown that atmospheric particles are often composed of multiple
components and adopt complex morphologies and shapes, such as core-shell, lensed, and fractal [Li et al.,
2003; Fu et al., 2012]. These more complex morphologies may have a significant impact on the rates of che-
mical aging. For example, organic material that condenses and forms a coating on a pre-existing particle (e.g.,
black carbon or dust) can have an organic SA/V much higher than the SA/V of the total particle. In addition,
glassy or diffusion-limited particles [Koop et al., 2011] can have a much higher effective SA/V compared to the
particle as a whole, because only the organic species at or near the particle surface are exposed to OH (which
has a short reacto-diffusive length in organic phases [Hanson et al., 1994; Worsnop, 2002; Lee and Wilson,
2016]), while the species within the particles, which cannot diffuse rapidly to the surface, are essentially
shielded from reaction. Despite the likely importance of such morphologically complex OA particles in
the atmosphere, there have been no systematic studies of organic SA/V on the rates and products of hetero-
geneous oxidation.

Here we present a flow tube study of the OH-initiated heterogeneous reaction of particles composed of a thin
layer of hydrocarbon condensed onto an inorganic seed. This system serves as a model for OA coated on
primary particles (e.g., black carbon and dust) and can also serve as a proxy for diffusion-limited particles
where oxidation is limited to a thin surface layer. These results are compared to the oxidation of pure organic
particles, in order to investigate how organic SA/V controls the kinetics and products of heterogeneous oxi-
dation, providing insight into how this effect impacts predictions of OA mass and composition upon aging.

2. Methods

2.1. Oxidation Flow Reactor Experiments

Experiments involve the heterogeneous oxidation of two particle types: (1) pure, liquid organic aerosol
particles and (2) mixed-composition aerosol, composed of a thin organic coating on solid, inorganic seed
particles. For both particle types, the organic compound used is squalane (Sigma-Aldrich 99%), which has
been used as a model system in previous heterogeneous oxidation studies [Kroll et al., 2009; Smith et al.,
2009]. Pure squalane particles were homogeneously nucleated in a tube furnace [Smith et al., 2009], pro-
ducing nearly lognormal particle distributions (170 nm at 130°C and 215 nm at 145°C). Coated particles
were generated by atomizing a solution of ammonium sulfate, drying, then coating the seed particles
(~200nm surface-weighted diameter) with squalane following a similar approach to those found in
Kwamena et al. [2004] and Lee and Wilson [2016]. The amount of squalane condensed onto the seed
was controlled by varying the coating temperature between 80°C and 88°C. This produced an increase
in measured organic mass but not particle number, indicating that squalane was condensing onto the
seed particles with no new particle formation. Additional details on the particle generation techniques
are provided in the supporting information.

Oxidation experiments were performed in a type-219 quartz flow tube reactor (130 cm long, 2.5 cm inner dia-
meter); the experimental setup is shown in Figure S1 in the supporting information. The flow tube was run
under atmospheric pressure and steady state conditions, with a calculated residence time of 23s. Dry air
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(0.5 standard liters per minute, SLPM) was combined with flow containing particles (0.3 SLPM), ozone
(0.3 SLPM) from an ozone generator (Jelight Model 600), humidified air (0.6 SLPM), and the OH-tracer isopen-
tane (150 ppb). Two UV lamps (254 nm, UVP, LLC. XX-40S) were used to photolyze ozone and produce O('D),
which reacts with water vapor to generate OH radicals and initiate oxidation chemistry. OH exposure was
varied by changing the concentration of ozone in the flow tube. Photolysis by 254 nm light and oxidation
by other species, such as 0'(D) and O(P), are likely minor under the reaction conditions used here [Peng
et al., 2016]. Temperature in the flow tube enclosure was regulated by rapid airflow and remained within a
few degrees of ambient temperature (20°C); relative humidity within the flow tube was ~30%, ensuring that
the ammonium sulfate cores were always solid.

Size distributions of the particles exiting the reactor were measured by a scanning mobility particle sizer
(TSI Scanning Mobility Particle Sizer (SMPS) 3936). A high-resolution time-of-flight aerosol mass spectro-
meter (AMS, Aerodyne Research Inc.) was used to calculate the particle organic fraction, oxygen-to-carbon
ratio (O/C), and hydrogen-to-carbon ratio (H/C) of the aerosol after application of measured relative ioni-
zation efficiencies (RIEs) for squalane (5.5), ammonium (3.6), and sulfate (1.0), as well as correction factors
for elemental analysis [Aiken et al., 2007, 2008]. Revised elemental analysis corrections [Canagaratna et al.,
2015] give somewhat higher H/C and O/C; however, the results of this study are largely unaffected by
the choice of correction factors. These data enable the calculation of two key quantities, the average
carbon oxidation state (OSc) and the fraction of the original carbon mass remaining per particle (fc)
[Kroll et al., 2015].

The organic SA/V was determined from combining size-resolved composition measurements, from the AMS
operating in particle time-of-flight mode, with mobility size distributions, measured with the SMPS. These
estimates assume that the pure organic particles and ammonium sulfate cores were spherical [Zelenyuk
et al., 2006] and that squalane formed uniform coatings on the surface of the ammonium sulfate particles.
Details on the SA/V calculation are provided in the supporting information. Calculated average organic
SA/V ratios for the pure squalane experiments are 0.039 nm™' for the 130°C nucleation and 0.031 nm™" for
the 145°C nucleation. Calculated average organic SA/V ratios for the coated experiments are substantially
higher, 0.42nm~", 0.32nm ", and 0.26 nm~" for the 80°C, 83°C, and 88°C experiments, respectively. These
correspond to average equivalent coating thicknesses of 2nm, 3nm, and 4 nm (assuming a 200 nm core);
coating thickness thus increases with temperature, as expected. If the particles have a morphology other than
core shell (e.g., squalane partially engulfing the core or existing as small “islands” on the surface), then organic
SA/V will be somewhat lower than calculated here but will still be substantially higher than for the pure
squalane particles.

OH exposure ([OH]xt) was determined by using the mixed-phase relative rate technique described in
Hearn and Smith [2006]. Isopentane (CsH;,, Airgas) was used as a gas-phase OH tracer, with concentra-
tions determined by filtering a fraction of the outlet flow through a potassium iodide filter, preconcen-
trating it on an adsorbent trap (Carbotrap 300, Supelco) for 60s, and measuring by using a gas
chromatograph with flame ionization detector (SRl 8610C). OH exposure, calculated by using the 298K
reaction rate coefficient kip,on Of 3.65x 107 '2cm®molecules™'s™' [Wilson et al., 2006], varied in the
reactor from 0 to 4.5x 10" moleculescm™>s; assuming an average atmospheric OH concentration of
1.5 % 10° molecules cm 3, this corresponds to 0-80 h of equivalent atmospheric aging.

3. Results

3.1. Kinetics of Squalane Loss by Heterogeneous Oxidation

The kinetics of the oxidative loss of squalane are shown in Figure 1. Measurement of CgH;,* was used to
monitor the reactive loss of squalane, as this fragment ion has been shown to be an excellent squalane tracer,
with no apparent interference from product species [Smith et al., 2009]. The measured rate constant is signif-
icantly faster for the coated particles. Exponential fits to the concentration of squalane as a function of OH
exposure, shown in Figure 1a, give the second-order squalane rate constant due to reaction with OH (ksg,
equivalent to k" in equation (1)):

15al _ exp(—ksq(OH) - t) 3)

[Saly
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Figure 1. (a) Fraction of squalane remaining as a function of OH exposure. The error bars are 1¢ variation in the measure-
ments; the curves are error-weighted exponential fits to the data. The coated particles (80°C, 83°C, and 88°C) show a
dramatic increase in the squalane rate constant compared to the pure squalane particles (130°C and 145°C). (b) Organic
surface area to volume ratio (nm ™) plotted against squalane rate constant (ksq, determined from the exponential decay of
squalane) for both pure and coated experiments. The dashed line denotes the error-weighted fit to the data, forced
through zero.

Measured values of ksq as a function of organic SA/V are shown in Figure 1b. Compared to the pure squalane
experiments, the coated squalane rate constants are enhanced by factors of 7-10. The lowest temperature
(i.e., highest organic SA/V) coating corresponds to the greatest enhancement in ksq. In the coated experi-
ments, ksq at the lowest OH exposures is somewhat more rapid than at higher OH levels. This may be due
to changes in the density, viscosity, or AMS RIE of the particulate organic species upon oxidation, similar to
the “leveling off” effect seen in other heterogeneous oxidation experiments [Kroll et al., 2015]. This deviation
from the exponential fit is not seen for pure squalane particles until much higher OH exposures not accessed
in this experiment, likely due to the much larger reservoir of squalane molecules in the pure organic case.

As shown in Figure 1b, the measured squalane rate constant is proportional (within error) to the organic SA/V
of the particles, as predicted by equation (1). We conservatively estimate the average organic SA/V for the
coating experiments to be accurate to within +20% due to uncertainties in the measured relative ionization
efficiency for squalane, ammonium, and sulfate, assuming a core-shell morphology. As noted above, it is pos-
sible that the particles may be of different shapes and hence have somewhat different organic SA/V than the
spherical core-shell morphologies assumed here. However, regardless of their exact configuration, the coated
particles certainly have higher organic SA/V than the pure particles, which should lead to an enhancement in
the squalane rate constant.

3.2. Changes to Aerosol Chemical Composition

Consistent with the squalane rate constants in Figure 1, the rates of change in the ensemble properties of the
particles are also strongly dependent on organic SA/V. Changes to the ensemble chemical composition of OA
are quantified in terms of their average carbon oxidation state (OS¢ = 2 O/C — H/C) and the fraction of carbon
mass remaining (fc) [Kessler et al., 2012; Kroll et al., 2015] and are shown as a function of OH exposure in
Figures 2a and 2b. Changes to OS¢ and fc are the result of the competition between the addition of oxyge-
nated functional groups (functionalization) and the cleavage of carbon-carbon bonds and potential loss of
volatile compounds to the gas phase (fragmentation). The relative importance between these two pathways
depends on the molecular makeup of the OA, with fragmentation increasing in importance as molecules
become more oxidized [Kroll et al., 2009]. At the highest OH exposures studied, the pure squalane particles
show a +0.2 change in OS¢ and a 10% + 3% loss of carbon mass. These changes are somewhat faster than
those observed by Smith et al. [2009], although we calculate identical uptake coefficients (within error); the
reason for this is unclear, but is possibly due to differences in reaction conditions (e.g., temperature, relative

humidity, and OH concentration). For coated particles, the rate of change in OS¢ is greatly enhanced com-
pared to the pure experiments, with coatings undergoing up to a +1.3 change in OSc. The rate of carbon
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Figure 2. Changes to ensemble chemical properties of the particles upon heterogeneous oxidation. (a) Change in average carbon oxidation state (AOS¢) as a func-
tion of OH exposure. (b) Fraction carbon remaining (fc) versus OH exposure. The error bars (1a) are from variability in O/C, H/C, and organic mass measurements.
The curves shown are error-weighted fits (linear in Figure 2a, exponential in Figure 2b) to the measurements for each particle type. (c) AOSc and (d) fc versus squalane
lifetimes. The solid lines are error-weighted fits, and the dashed lines represent 95% confidence intervals. The insets show data from 0 to 0.5 lifetimes. Data from all
experiments fall on the same line (within experimental error), indicating that changes in ensemble aerosol properties are driven by organic SA/V, rather than
differences in chemistry.

loss for coated particles is also enhanced, with losses up to 60% + 10% of carbon mass. This amount of carbon
loss occurs over a relatively short time scale, equivalent to just 2.7 days of atmospheric OH aging (assuming
[OH] of 1.5 x 10° molecules cm™3). For comparison, for pure squalane particles to be oxidized to the extent
observed for the coated particles, OH exposures equivalent to roughly 30 days of atmospheric processing
would be required.

While changes to the ensemble properties of the coated particles are dramatically faster than the changes
seen for the pure particles, a linear dependence of AOS¢ and fc on organic SA/V is less clear. For example,
the rate of change in OS¢ for the 88°C (thickest) coating is the slowest among the coated experiments, as
expected; however, the 80°C and 83°C coatings look very similar. Fluctuations in the organic mass measure-
ments introduce relatively large errors to fc, possibly masking subtle changes in the rate of carbon mass loss.
In order to assess whether the differences in the rates of change for ensemble properties are consistent with
the differences in reaction rate constants (ksq), Figures 2c and 2d show AOSc and f¢ as a function of oxidation
lifetimes (calculated from squalane rate constants, as in Kroll et al. [2015]) rather than OH exposure.
Describing the ensemble chemical composition in this way allows for chemical changes to be compared on
a per-OH reaction basis, independent of differences in physical properties (e.g., SA/V, density, and viscosity).
In all experiments (coated and pure), AOS and f- exhibit the same dependence on squalane lifetimes (within
error). This indicates that the product formation (as described by the ensemble properties AOS¢ and f¢) is
essentially the same in all cases and that the observed differences between the squalane coatings and
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Figure 3. Changes to particle composition due to heterogeneous oxidation for 200 nm particles of different compositions.
(a) Fractional loss of an OA component ([X]/[X]p) based on equation (1), (b) change in average carbon oxidation state
(AOSc), and (c) fractional loss of particle-phase carbon mass (fc), over 10 days of atmospheric exposure. Figure 3a requires
an assumption of the average carbon chain length for the OA component (X) and is assumed to be 10 in this case.
Figures 3b and 3c use the heterogeneous oxidation parameterizations from Kroll et al. [2015], modified for use with
organic coatings.

pure squalane particles are driven by differences in organic SA/V, rather than differences in the underlying
kinetics or mechanism of the oxidation reactions themselves.

4. Discussion and Conclusions

We have shown that the heterogeneous transformation of thin organic coatings on particles can be drama-
tically faster than that of pure organic particles, which are typically used as model systems in laboratory stu-
dies of heterogeneous oxidation. This enhancement in the reaction rate constant is driven by differences in
the SA/V of the organic fraction of the particle, as expected from equation (1). Such an enhancement is not
unique to coated particles but is simply a result of the high organic SA/V; this is in agreement with the trend
seen for oxidation of pure palmitic acid particles of varying sizes by McNeill et al. [2008]. This means that a
small, pure particle will be chemically transformed at the same rate as a thinly coated one (with an inert core),
assuming an equivalent organic SA/V. For example, a 2 nm organic coating on a 200 nm core (80°C coating
case) has an organic SA/V of 0.42 nm and would be oxidized at the same rate as a pure organic particle with
a diameter of 14 nm. Changes in key chemical properties of the OA (AOS¢ and fc) show similarly dramatic
enhancements for coatings relative to the pure particles, reaching high oxidation states and losing a substan-
tial amount of carbon over OH exposures equivalent to days of atmospheric oxidation, rather than weeks to
months required for pure particles. This comparison of coated and pure particle oxidation highlights the
importance of particle morphology (organic SA/V) in heterogeneous oxidation kinetics and product forma-
tion. Moreover, it may explain the discrepancy in estimated OA volatilization lifetime seen for heterogeneous
oxidation experiments on aerosol particles that showed relatively little mass loss [George et al., 2007; McNeill
et al., 2008; Smith et al., 2009] and experiments performed on monolayer films that showed dramatic loss of
mass over relatively short time scales [Molina et al., 2004].

In order to assess the importance of this effect on the rate of chemical aging in the atmosphere, we apply our
results to a particle with physical properties and composition representative of ambient organic particles. We
apply the linear organic SA/V relationship observed in this study (and predicted in equation (1)) to the che-
mical aging parameterizations made in Kroll et al. [2015] (10% particle-phase carbon lost and AOS¢ of +0.59
after 1 week of atmospheric aging) for a typical pure, organic particle (200 nm diameter, 0/C=0.8, H/C=1.5,
p=15gcm 3, and you=1) and an average [OH] of 1.5 x 10® molecules cm . Plots of the reaction kinetics
and changes to the ensemble chemical properties of the particles are shown in Figure 3 for both pure parti-
cles and particles made up of inert cores with a range of organic coating thicknesses (1 to 50 nm), all with
diameters of 200 nm. Figure 3a shows the reactive loss of a hypothetical well-mixed compound in the particle
phase (e.g., a tracer molecule or pollutant of interest) as a function of aging time in the atmosphere. The
50 nm coating exhibits only a minor enhancement in loss rate over the pure particle case. The importance
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of the organic SA/V becomes more pronounced for the thinner coatings, which show dramatically faster loss
compared to the pure or thickly coated particles. This effect on the heterogeneous oxidation rate constant
may have implications for the measurement of tracer species used for source apportionment, such as levo-
glucosan for biomass burning [Simoneit et al., 1999; Schauer et al., 2001] and hopanes for motor vehicle emis-
sions [Rogge et al., 1993]. Such species present in thin (1-10 nm) coatings will essentially be completely lost
within a week or less, assuming no subsequent coatings of secondary aerosol.

The change in average carbon oxidation state (AOS¢) and fraction of particle-phase carbon remaining (fc)
show similar trends, with the 1-20 nm coatings exhibiting markedly faster rates than the pure and 50 nm
coated particles. In terms of OS¢ (Figure 3b), the predicted rate of change is accelerated for coated particles,
which exhibit slopes up to +2.8 per day, whereas the slope for pure particles is much more modest, at +0.08
per day. Particle-phase carbon displays a wide range of lifetimes (Figure 3c), ranging from 2 days for 1 nm
coatings to 69 days for pure 200 nm particles. So while heterogeneous oxidation plays a relatively minor role
in OA lifetime for pure organic particles, it may play a large part in controlling the particle-phase lifetime of
OA with high organic SA/V (i.e., thin coatings), or species preferentially present near the surface [Browne et al.,
2015]. Over the atmospherically relevant time scale shown here, heterogeneous oxidation may thus poten-
tially be an important OA mass sink and a route toward highly oxidized materials on particle surfaces.
Additionally, the rapid modification of surface properties may lead to efficient formation of CCN, given that
CCN activity of OA can be critically sensitive to surface composition [Ruehl and Wilson, 2014; Ruehl et al., 2016].

Global chemical transport models generally do not include reactions that take into account the heteroge-
neous oxidation of OA, or they include highly simplified representations of the process [Heald et al., 2011;
Murphy et al., 2012; Hodzic et al., 2016]. This is largely due to the absence of laboratory-based parameteriza-
tions that can be easily implemented in atmospheric models. The results from this study show that hetero-
geneous oxidation can be important for the evolution of aerosol composition [Kroll et al., 2015] but also
that organic SA/V is critical to the effective rate and products of such oxidation processes in the atmosphere.
Thus, in order to accurately simulate the time scales over which OA particles evolve as a result of heteroge-
neous oxidation, it may be necessary for chemical transport models to track organic SA/V or some similar
parameter (e.g., average coating thickness).

Though this work focuses on phase-separated particles and organic coatings, it also has implications for some
purely organic particles. For instance, for diffusion-limited particles in which the characteristic particle mixing
time is long relative to oxidation, the chemical composition near the surface will change much more rapidly
than the bulk of the particle. Thus, the heterogeneous oxidation of such particles may lead to rapid chemical
modification of their surfaces, similar to the coated-particle case described above, which could in turn affect
their CCN activity and other surface-related properties. This work adds to an increasing number of studies
that have emphasized the dependency of chemical aging on the physical properties of particles, as well as
environmental conditions such as relative humidity and temperature [Shiraiwa et al., 2011; Slade and
Knopf, 2014]. Ultimately, understanding the rates, products, and impacts of heterogeneous oxidation relies
critically on an improved understanding of the key physical properties (phase, viscosity, morphology, etc.)
of ambient particles under a range of atmospheric conditions.
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