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ABSTRACT: The lifetime of alkylperoxy radicals (RO2
•)

formed in the oxidation of volatile organic compounds
(VOCs) is a key determinant of reaction mechanisms and
products. When RO2

• radical lifetimes are long, autoxidation
reactions can form highly oxidized multifunctional com-
pounds (HOMs) that are efficient at forming secondary
organic aerosol (SOA). We measured the formation of HOMs
resulting from the O3-initiated autoxidation of limonene
emitted inside the University of Colorado Art Museum.
Conditions inside the museum favored autoxidation for most
of the 6-week study, indicating that autoxidation is prevalent
indoors in the absence of an indoor combustion source of
nitrogen oxide (NO). A box model of the museum was used with measurements of VOCs, O3, and NOx and air exchange to
estimate HOM and SOA yields and to model the limonene oxidation rate. The HOM molar yield of 11% agrees well with the
results of laboratory studies of limonene autoxidation, and the SOA mass yield of 47 ± 8% indicates that limonene autoxidation
efficiently forms SOA indoors.

■ INTRODUCTION

On average, Americans spend 90% of their time indoors, where
they are exposed to products of reactions that occur in the
indoor environment.1 Indoor oxidation of volatile organic
compounds (VOCs) can lead to the formation of low-volatility
products that condense to form secondary organic aerosol
(SOA), measurably increasing the mass concentration of
submicrometer particulate matter.2−4 Whereas reactions of
alkenes with O3 are known to be important in this regard,5

reactions initiated by OH or NO3 radicals (the other major
atmospheric oxidants) are expected to be less significant in
most indoor environments.5−9 Most VOC oxidation reactions
proceed through the formation of alkylperoxy radicals (RO2

•),
which, depending on conditions, react with NO, HO2, or RO2

•

radicals or isomerize.10−12 The products produced by each of
these pathways are chemically different, and these differences
can impact the amount and properties of SOA formed. In
polluted air, where emissions of NO from combustion are
substantial, RO2

• radicals react primarily with NO to form
either alkyl nitrates or alkoxy radicals (RO•) and NO2, with the
RO• radicals reacting further to form a variety of products that
typically contain carbonyl, hydroxyl, and nitrate groups. In
clean air, isomerization of RO2

• radicals and their reactions

with HO2 or RO2
• radicals become competitive with and can

dominate over NO reactions, typically leading to products
containing carbonyl, hydroxyl, carboxyl, and peroxide groups.
In particular, RO2

• radical isomerization, which involves an H-
shift and is a key pathway in so-called “autoxidation”, has
attracted much attention in recent years because it can lead to
the formation of highly oxidized multifunctional compounds
(HOMs) that are efficient in forming SOA.13 It has been
shown that HOMs can comprise the majority of SOA
produced in pristine forested environments,13 and their
contribution to urban SOA is expected to grow in areas
where NO concentrations are decreasing due to air quality
regulations.14

In light of these new developments in our understanding of
atmospheric VOC oxidation and SOA formation, we have
begun to explore the potential role of autoxidation in indoor
environments. There, NO concentrations are determined by
infiltration of outdoor air and by indoor emissions from
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combustion sources.5 Ozone is present in significant
concentrations under most conditions due to infiltration of
outdoor air and is also emitted from air cleaners, printers, and
other devices. Because O3 rapidly titrates NO to NO2, and
photolysis of NO2 is limited by the absence of strong light, in
the absence of indoor combustion, conditions favoring
autoxidation are expected to be more common indoors than
outdoors. Additionally, VOC emissions indoors often occur as
transient events due to cooking, cleaning, eating, and other
human activities. Here, we simulated one such event by peeling
an orange in the University of Colorado Art Museum, with the
amount of limonene emitted being comparable to that of
VOCs typically emitted by other activities. An advantage of
studying this particular event is that an orange emits primarily
a single monoterpene (limonene) instead of a complex mixture
of VOCs.9,15−18 We then employed real time mass
spectrometry to clearly identify gas-phase HOMs formed
from limonene ozonolysis, demonstrating that indoor RO2

•

radical lifetimes can be sufficiently long to allow autoxidation
to occur. We also measured the yields of HOMs and SOA,
showing that autoxidation can significantly increase the
concentrations of these gas-phase reaction products as well
as aerosol mass.

■ EXPERIMENTAL SECTION
Art Museum Site. The Art Museum Study of Indoor

Chemistry (ARTISTIC) was conducted at the University of
Colorado Art Museum over 6 weeks, beginning in April 2017.
The 6000 m3 building has a constant air change rate of 0.8 h−1

with outside air, and measurements were conducted in a 780
m3 gallery with a constant air exchange rate of 10 h−1. The
supply air delivered to the gallery by the air handler consisted
of 90% recirculated air and 10% outdoor air (Figure S1).
Measurements and Instrumentation. Concentrations of

VOCs in the museum were measured using a quadrupole
proton-transfer-reaction mass spectrometer (PTR-MS),19 and
HOMs were measured using a high-resolution time-of-flight
nitrate adduct chemical ionization mass spectrometer (NO3-
CIMS).20 Compounds detected by the NO3-CIMS were
quantified by assuming they cluster with nitrate anions at the
collision limit13,21 and that 35% of HOMs are lost irreversibly
following diffusion to the walls of the inlet (assuming laminar
flow and unit uptake coefficient).22 Aerosol size distributions
and mass concentrations were measured over the range of 15−
600 nm with a TSI scanning mobility particle sizer (SMPS)
(model 3080 differential mobility analyzer and model 3775
condensation particle counter). Ozone and NO concentrations
were measured with Thermo 49i and 42i-TL analyzers.
Sampling and calibration details are presented in ref 9. Details
of background aerosol and limonene SOA density estimates
and use with SMPS measurements are presented in the
Supporting Information.
Art Museum Model. The box model used to describe the

chemistry, transport, and deposition of compounds inside the
museum is described in ref 9 and briefly summarized here. It is
equivalent to a two-compartment completely mixed flow
reactor model,23 where the two compartments used to describe
the museum are the gallery where measurements were taken
and the supply air combined with the air from the rest of the
building, each of which is assumed to be well mixed (Figure
S1). The model employs measurements of VOCs, O3, and
NOx in the gallery and supply air and the air exchange rate to
estimate indoor concentrations of OH radicals and NO3

radicals, which are produced from reactions of O3 with alkenes
and NO2, respectively. The model includes photolysis
reactions, but because the galleries are windowless and light
with wavelengths <400 nm is essentially eliminated by
ultraviolet filters installed on the gallery light fixtures, these
reactions were negligibly slow. For example, on the basis of
spectral measurements and calculations described previously,9

the lifetime of NO2 with respect to photolysis is ∼25 days (jNO2

= 4.6 × 10−7 s−1), so its overall lifetime is ∼1.3 h due to air
exchange.

■ RESULTS AND DISCUSSION
Indoor HOM Production. We measured the formation of

HOMs indoors following a perturbation experiment in which a
navel orange was peeled inside the museum, releasing
monoterpenes that were quantified by the PTR-MS. Because
measurements by Arey et al.24 indicated that >90% of the mass
of monoterpenes emitted from a navel orange are limonene
and the PTR-MS does not separate monoterpenes, we
assumed that those emitted in the museum were entirely this
compound. The increase in the concentration of limonene was
2.3 ppb (corresponding to 77 mg emitted into the entire
building) and occurred while the gallery O3, NO, and NO2
concentrations were 5.9, 0.055, and 10.4 ppb, respectively. The
NO concentrations in the museum were thus sufficiently low
to allow for O3-initiated autoxidation, which has been observed
for NO concentrations of ≤800 ppt.25 The average NO3-CIMS
mass spectra during the hour preceding and the hour following
the event are presented in Figure 1, clearly showing that the

signal intensity of peaks associated with a number of
compounds increased following the release of limonene. The
high O:C ratios of molecular formulas assigned to those peaks
(0.4−1.1) are characteristic of HOMs. We attribute the
similarity in peak patterns of newly formed HOMs and
background to weak off-gassing of limonene from the orange as
it sat in the room before being peeled, although no measurable
enhancement above the 0.4 ppb monoterpene background was
observed. Background mass spectra recorded on other days
during the study did not exhibit the same pattern (Figure S3),
so we do not attribute these HOMs to oxidation of
monoterpenes from personal care or cleaning products. The
nitrogen present in some peaks could come from limonene +
NO3 radical reactions, but the analysis discussed below
indicates that the latter reactions made negligible contributions
to HOM formation. Thus, the nitrogen in the HOMs is likely
due to radical chain-terminating formation of nitrate groups by
the RO2

• + NO reaction. A list of assigned molecular formulas

Figure 1. NO3-CIMS mass spectra averaged for the hour before and
the hour after limonene was emitted into the museum by peeling an
orange. The elemental formulas above some peaks are the assigned
elemental formula minus the nitrate ion (NO3

−).
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for peaks with intensities that increased following limonene
emission is presented in Table S1. Example peak fits of
identified ions are presented in Figure S4.
Limonene Oxidation Rate and HOM Yields. We

evaluated the model predictions of VOC oxidation rate using
the measured loss rate of limonene determined from the PTR-
MS time series of characteristic ions at m/z 81 and 137.26 As
shown in Figure 2A, the time scale for limonene removal

following emission was 0.86 ± 0.04 h, faster than the 1.25 h
time scale for indoor−outdoor air exchange for unreactive
gases such as CO2.

9 To model the total removal time scale for
limonene, we considered removal by gas-phase reactions and
uptake by surfaces in addition to air exchange. Using O3
measurements and model estimates of radical concentrations
in the museum ([OH] = 105 molecules cm−3; [NO3] = 3 × 106

molecules cm−3),9 the limonene oxidation time scale was 3.3 h

(τO3
= 8.3 h, τOH = 17 h, and τNO3

= 7.7 h), and using the
relationship developed by Pagonis et al.9 between deposition
rates in the museum and the saturation vapor concentrations
(C*)27 and Henry’s law constants (KH) calculated using
structure−activity relationships,28,29 we estimate a deposition
time scale for limonene between 0.5 and 2.4 h (limonene C* =
2 × 107 μg m−3 and KH = 2 × 10−2 M atm−1). When
ventilation, oxidation, and deposition occur in parallel, the
predicted range of time scales for removal of limonene from
the museum is 0.32−0.65 h. The upper end of this range
(where deposition is slowest) is sufficiently close to the
measured removal time scale of 0.86 h to give confidence that
the model provides a reasonable description of the processes
influencing the limonene time series. Additionally, the C* of
limonene is roughly equal to that of the most volatile
compound for which deposition was observed,9 and given
the uncertainties in SIMPOL.128 vapor pressures used to
calculate C* values, it is possible that limonene deposits more
slowly than the range reported here.
As a result of the reaction of limonene with O3, the

concentrations of HOMs in the gallery measured by the NO3-
CIMS increased in parallel with the limonene concentration.
Figure 2C shows the time series of HOMs formed from
limonene oxidation, calculated by summing the time series of
compounds detected at m/z ≥250 that increased by ≥3σ
following the release of limonene (where σ is the standard
deviation in the ion signal in the hour preceding limonene
release). Comparison to limonene oxidation rates predicted by
the model indicates that ≥96% of the HOMs were produced
through ozonolysis. The complete analysis of the relative
contributions of different oxidants to HOM formation is
presented in the Supporting Information. Published HOM
yields for limonene ozonolysis are 5.3% and 17%,13,30 and
model predictions using each of these yields, their average, and
the amount of limonene that reacted with O3 are shown
alongside our measurements of indoor HOMs in Figure 2C.
The modeled HOMs peak later than the measurements
because of the slower sampling rate of the PTR-MS. The
average HOM yield of 11% results in a modeled HOM
concentration in good agreement with measurements. We also
assumed the HOMs had sufficiently low volatility that they
were quantitatively (99%) removed from the museum supply
air by deposition to surfaces inside the ventilation system (τdep
< 1.6 min9), and thus, the concentration brought into the
gallery was zero. Because HOMs are also expected to partition
entirely to the particle phase,13 we included a condensational
sink of τcs = 13 min quantified from the SMPS aerosol size
distribution as described in the Supporting Information.

SOA Formation. Because HOMs contribute significantly
to particulate matter in pristine outdoor environments13 and
orange peeling is known to form SOA indoors,31,32 we
evaluated the impact of HOM formation on aerosol mass
inside the museum. As shown in Figure 3, the aerosol mass
concentration measured by the SMPS increased by 0.3 μg m−3

in the hour following limonene emission. Adding SOA
formation to the model of Pagonis et al.,9 we estimate SOA
yields for limonene of 47 ± 8% and 28 ± 9% for reactions with
O3 and NO3 radicals, respectively. Details of the modeling and
error analysis are presented in the Supporting Information.
Because this analysis does not account for the aerosol filters in
the HVAC system (discussed in the Supporting Information),
our estimated yields are lower bounds. The SOA yield

Figure 2. (A) Measured and modeled time series of the limonene
component of monoterpenes in the museum following emission from
a peeled orange, where the model includes removal by ventilation
alone or by ventilation, deposition, and chemistry. (B) Measured O3
and NO (scaled 10×) concentrations in the museum following
limonene emission. (C) Measured and modeled concentrations of
highly oxidized multifunctional compounds (HOMs) produced from
limonene ozonolysis in the museum, where the model assumes yields
of 5%, 17%, or 11% (average).
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of 47% estimated for the O3 reaction is ∼2 times the yield
of 24% measured by Claflin et al.33 for the reaction of α-pinene
under autoxidation conditions at 55% relative humidity and ∼4
times the yield of 11% estimated by a parametrization
developed for limonene oxidation from chamber studies not
conducted under autoxidation conditions.34 Because SOA
yields in outdoor environments can be dominated by HOMs,13

these results suggest that HOMs can also be a significant
source of indoor SOA.
Implications for Indoor Oxidation Mechanisms. The

observed HOM production in the gallery shows that
autoxidation is a significant fate for RO2

• radicals indoors
when NO concentrations are low. Using measurements of NO
in the museum and an RO2

• + NO reaction rate constant of 9
× 10−12 cm3 molecule−1 s−1,35 we estimate a bimolecular
reaction lifetime of RO2

• radicals of >1 s for 99% of the
ARTISTIC campaign. Comparing this to the RO2

• radical
isomerization lifetime of 0.25 s measured for ring-opened
alkylperoxy radicals formed from OH radical-initiated reactions
of α-pinene36 indicates that bimolecular RO2

• radical reactions
were sufficiently slow to allow autoxidation to proceed during
most of the study. While NO concentrations in human breath
are between 5 and 50 ppb,37 those emissions were too small to
reduce the RO2

• lifetime below 10 s, as shown in Figure S5.
In this study, rapid titration of NO by excess O3 (τ = 6.6

min), low rates of NO production by NO2 photolysis (τ = 25
days), and the absence of significant indoor NO emissions
created an environment that favored low-NOx chemistry
initiated by O3, where RO2

• radical intermediates reacted
with HO2 and RO2

• radicals and by autoxidation. Because
conditions with some O3 and a low level of NO should be
pervasive indoors, due to O3 infiltration and limited NO in the
absence of indoor combustion,38 continued research on
outdoor VOC autoxidation and subsequent SOA formation
will also be broadly applicable to indoor air chemistry.
However, in environments in which O3 is titrated by excess
NOx, such as buildings with indoor combustion sources,38

high-NOx chemistry is likely dominant. Oxidation is then
initiated primarily by reaction with OH radicals, and most
RO2

• radicals react with NO. As in outdoor air, defining the
oxidation regime of a particular indoor environment allows for
placement of better constraints when modeling oxidation rates,
reaction products, and SOA yields.
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