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hem frying pan to the outdoor
atmosphere: chemical composition, volatility
distributions and fate of cooking aerosol†

Matson A. Pothier,a Erin Boedicker, a Jeffrey R. Pierce, b Marina Vance c

and Delphine K. Farmer *a

Cooking organic aerosol (COA) is frequently observed in urban field studies. Like other forms of organic

aerosol, cooking emissions partition between gas and particle phases; a quantitative understanding of

the species volatility governing this partitioning is essential to model the transport and fate of COA.

However, few cooking-specific volatility measurements are available, and COA is often assumed to be

semi-volatile. We use measurements from a thermodenuder coupled to an aerosol chemical speciation

monitor during the HOMEChem study to investigate the chemical components and volatility of near-

source COA. We found that fresh emissions of COA have three chemical components: a biomass

burning-like component (COABBOA), a lower volatility component associated with cooking oil (COAoil-2),

and a higher volatility component associated with cooking oil (COAoil-1). We provide characteristic mass

spectra and volatility profiles for these components. We develop a model to describe the partitioning of

these emissions as they dilute through the house and outdoor atmosphere. We show that the total

emissions from cooking can be misclassified in air quality studies that use semi-volatile emissions as

a proxy for cooking aerosol, due to the presence of substantial mass in lower volatility bins of COA not

generally represented in models. Primary emissions of COA can thus be not only primary sources of

urban aerosol pollution, but also sources of semi-volatile organic compounds that undergo secondary

chemistry in the atmosphere and contribute to ozone formation and secondary organic aerosol.
Environmental signicance

Cooking is a substantial source of aerosols in both indoor and outdoor urban environments. Aerosol volatility is a key variable in predicting the fate and lifetime
of aerosol, but is poorly constrained for cooking sources. We use data from the House Observations of Microbial and Environmental Chemistry (HOMEChem)
campaign to determine cooking organic aerosol chemical composition and volatility. Accurately characterizing the components of cooking aerosol and their
properties is necessary for modeling indoor sources and their impact on indoor and outdoor air quality.
1. Introduction

Over the past few decades, aerosol concentrations decreased
and air quality generally improved across the United States as
vehicular emissions and other fossil fuel combustion sources
were regulated; however, other anthropogenic emissions have
recently emerged as key sources for air pollution.1–6 In urban
environments, primary organic aerosol (OA) produced during
food preparation and cooking – cooking organic aerosol (COA) –
niversity, Fort Collins, CO, USA. E-mail:
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versity of Colorado Boulder, Boulder, CO,

tion (ESI) available. See DOI:

s, 2023, 25, 314–325
can be a substantial source of OA to the urban atmosphere.12–15

Additionally, cooking can contribute to the production of
secondary organic aerosol (SOA). Co-emitted gas-phase organic
compounds, such as volatile organic compounds (VOCs), can
undergo reactions in the atmosphere that lead to the formation
of SOA.7–9 Anthropogenic particle emissions can also contribute
to secondary chemistry following dilution-driven evaporation
that drives semi-volatile components of OA to partition to the
gas phase when an emission plume dilutes. This dilution-driven
evaporation therefore provides a direct source of precursor
gases required for secondary OA formation.7,10,11 However, few
near-source measurements of COA or volatility proles exist in
the literature, challenging our ability to characterize COA in
urban regions.

Source apportionment models can help identify components
of air quality mixtures, with distinct chemical ngerprints cor-
responding to different sources or processing mechanisms.
This journal is © The Royal Society of Chemistry 2023
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Previous studies have applied source apportionment models –

and Positive Matrix Factorization (PMF) specically – to identify
COA from the complex mixture that comprises urban OA in
combination with aerosol mass spectrometry observations.
PMF segments complex chemical proles (e.g. timeseries of
mass spectra) into static proles that have similar temporal
trends. Each static prole, or factor, has a similar source
(spatially and temporally), a similar sink, or a similar chemical
composition.38,39 Organic aerosol factors can be quite compa-
rable even across different urban environments. Historically,
PMF analysis of aerosol mass spectrometry data split organic
aerosol into hydrocarbon organic aerosol (HOA; dominated by
molecules with high hydrogen to carbon ratios) and oxidized
organic aerosol (OOA; dominated by molecules with high
oxygen to carbon ratios).39 Recently, more intensive analysis and
higher resolution mass spectra have led to the identication of
other components, including cooking organic aerosol (COA;
produced from food preparation and cooking activities) and
biomass burning organic aerosol (BBOA; produced from
combustion processes).40 The OOA factor can be further
segmented by volatility to include low-volatility oxidized organic
aerosol (LVOOA or OOA-2) and semi-volatile oxidized organic
aerosol (SVOOA or OOA-1).41

COA was rst identied as a substantial component of urban
aerosol using source apportionment analyses of aerosol
composition from London and Beijing.16,17 Since then, COA has
been identied in numerous urban environments worldwide
where it generally contributes 10–30% of the total ambient OA
mass.18–21 Due to its molecular similarity with other emission
sources like vehicle exhaust or wood burning, COA is sometimes
categorized more generally as hydrocarbon organic aerosol
(HOA). Unlike other urban HOA sources, COA has been shown
to independently peak in concentration during the midday and
late evening, or typical meal times.16

Upon emission, COA has several fates. In the indoor envi-
ronment, COA will dilute as it is transported throughout
a building, and can evolve by (1) dilution-driven evaporation,
which reduces aerosol mass, (2) condensation of existing or
recently-produced semi-volatile gases, which enhances aerosol
mass, (3) multiphase chemical processing in or on the surface
of the particle itself, to produce, remove, or transform aerosol
mass, or (4) deposits on indoor surfaces throughout the
building. COA emitted into the indoor environment may also
exltrate from the indoor to the outdoor atmosphere via the
building ventilation system, open doors and windows, or cracks
and other unintentional pathways in the building structure.
Once outdoors, the COA can continue to evolve through the rst
three pathways listed above: dilution-driven evaporation,
condensation-driven particle growth, and multiphase chem-
istry. Any gases released via dilution-driven evaporation can
oxidize and re-condense to form SOA22 – or inuence tropo-
spheric ozone and other atmospheric chemical reactions.
Evaluating the extent to which condensation and evaporation
occur under a given set of environmental conditions requires
a quantitative understanding of aerosol volatility, ideally from
measurements of the initial near-source OA emission.
This journal is © The Royal Society of Chemistry 2023
Aerosol volatility is a chemical property that inuences the
equilibrium mass partitioning between the gas and aerosol
phases.23–28 The Volatility Basis Set (VBS) describes the volatility
properties (or ‘prole’) of mixtures organic aerosol species by
grouping compounds into effective saturation vapor concen-
tration bins (C*).24,25 This grouping describes the phase-state of
the organic molecules in the atmosphere at a specic temper-
ature and organic aerosol mass concentration, and it enables
prediction of the phase-state of the organic molecules in the air
mass as it transports away from the emission source.33–37

Thermally scanning an aerosol population while measuring the
time-dependent changes in the OA mass concentration enables
characterization of the VBS.

Both laboratory and eld studies in urban areas around the
world have investigated the sources, composition, and size
distributions of COA;12,13,42–44 however, volatility distribution of
COA remains poorly constrained and is sometimes assumed to
be similar to vehicular emissions.8,14 Few eld measurements
have reported the VBS of COA using thermal scan data of urban
OA composition coupled with PMF.21,29 However, these
measurements represent an integrated and chemically pro-
cessed COA – i.e. COA that has been emitted, diluted, and
undergone changes in partitioning and composition while
mixing into the ambient OA population, and thus do not
provide insight on the direct emission and near-eld evolution.
Lab measurements provide an alternative method of acquiring
volatility proles,30–32 but their application to real-world cooking
events is unclear.

In order to improve our ability to predict COA contributions
to urban air quality, we use measurements from an indoor air
study to characterize the composition and volatility distribution
of near-source cooking emissions. We apply these results to
a chemical-kinetics partitioning model to investigate potential
aerosol mass loss due to dilution-driven evaporation as the
cooking plume dilutes through the house and outdoors.
2. Materials and methods

We characterized cooking aerosol emissions from nine stir-fry
cooking events during the House Observations of Microbial
and Environmental Chemistry (HOMEChem) study using
a thermodenuder45 in tandem with a Time-of-Flight Aerosol
Chemical Speciation Monitor (Tof-ACSM).46 We report on the
chemical composition of sub-micron non-refractory aerosol at
a time resolution of 40 s. The ACSM measures particles in the
70–900 nm range. We applied PMF to thermal scans of freshly
emitted cooking aerosol, calculated volatility proles, and
modeled the gas-particle partitioning of COA emitted in the
kitchen as it spread throughout the house and then exited to the
ambient atmosphere.
2.1 The HOMEChem study

HOMEChem took place during June 2018 at the University of
Texas at Austin's JJ Pickle research campus. HOMEChem
investigated the air and surface chemistry inside a typical U.S.
residence during routine, everyday activities.47 HOMEChem
Environ. Sci.: Processes Impacts, 2023, 25, 314–325 | 315
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took place in the UTest house, a three-bedroom, two-bathroom
house with a oor area of 111 m2 and an approximate volume of
250 m3. The ventilation system maintained an indoor temper-
ature of ∼25 °C and an air exchange rate of 0.5 ± 0.1 h−1. The
fan in the HVAC system was held on to maintain constant
mixing, with an internal circulation rate of 8 h−1 (2000 m3 h−1).

We cooked several scripted meals during HOMEChem, with
vegetable stir-fry and rice being the most frequent meal – and
thus the focus of this analysis. Our analysis includes 9 of the 16
stir-fry experiments, the remainder having poor or missing
datasets required for the analysis. Different cooking vessels
(wok vs. cast-iron) and heat sources (gas stove-top vs. conductive
heat plate) were tested; however, the effect of these experi-
mental differences is out of the general scope and all experi-
ments demonstrated similar properties that will be the focus of
this paper. Volunteers followed a uniform method for each
cooking experiment to minimize experiment-to-experiment
variability. Each stir-fry took ∼20 minutes to prepare. Experi-
mental steps and their associated time from start of the exper-
iment [mm:ss] included:

(1) The occupants enter the house and start prepping
ingredients [00:00].

(2) Cooking pot is lled with water and placed on heat source
set to HIGH [10:00].

(3) The rice is added to boiling water, and heat source is set
to LOW [15:00].

(4) The heat source is turned OFF, and rice is removed from
heat source [35:00].

(5) Cooking wok is placed on heat source and set to HIGH
[35:00].

(6) Soybean oil is added to the hot wok [37:00].
(7) Vegetables are added to the wok [38:00].
(8) Stir-fry sauces are added to the wok [43:00].
(9) The wok is removed from the heat source and heat source

is turned off [44:00].
(10) The occupants eat, then wash dishes and clean the

kitchen [45:00].
(11) All windows and doors are opened, and occupants leave

the house [90:00].
2.2 Thermal denuder + ACSM

The instruments were maintained in a temperature-controlled
external trailer; the aerosol sampling line was an 8 m long
insulated copper line (inner diameter = 6.35 mm) with a ow
rate of ∼0.5 l min−1 (Reynolds number = 1661; ow is laminar;
modeled particle loss in the sample is predicted to be <5%). The
inlet entered through a window in the kitchen, <5 m from the
stovetop. The thermodenuder used is described in detail by
Huffman et al. (2008)45 and consists of two stages: (1) a 50 cm
long heating zone, followed by (2) a 40 cm long diffusion
denuder zone lled with activated charcoal. The setup of our
system resulted in the sample air mass having a residence time
of 18 s in the heating stage of the thermodenuder before
entering the ACSM to be analyzed. The calibration of the
thermal denuder is described in ESI Section S0 and Fig. S1.†
316 | Environ. Sci.: Processes Impacts, 2023, 25, 314–325
We operated the thermodenuder in two ways: thermal scan
and thermal switch. Thermal scan raised the thermal denuder
temperature by ∼4 °C per minute over 30 minutes, ending at
∼150 °C. At this temperature, most of the OA evaporates,
allowing us to capture the full range of volatility for COA.
However, this scanning approach takes time, during which the
concentration and composition of aerosol may change
substantially, particularly during cooking events. In contrast,
thermal switch alternates the sample ow between the ther-
modenuder (80 °C) and a bypass line at ambient (25 °C)
temperature every ve minutes. This switching approach
enables investigation of the low volatility component, since the
most volatile aerosol compounds evaporate at 80 °C. Of the nine
experiments, one was a control (no thermal denuder), three
were sampled under the thermal switching, and the remaining
ve were in thermal scanning. The three switching mode data
groups provide insight on the PMF analysis, while the scanning
mode data allows us to calculate VBS proles.

2.3 PMF analysis

We use the PMF Evaluation Tool (PET)38 to conduct a PMF
analysis on the stir-fry data.

Input data for each of the nine stir-fry experiments included
the control entirely sampled via the thermodenuder bypass line
(i.e. no thermodenuder), ve thermal scans, and three thermal
switches. It is standard to use PMF on ambient datasets;
however, the addition of thermal perturbations via a thermo-
denuder can help to distinguish between aerosols that have
similar temporal trends but differ in chemical characteristics,
specically saturation vapor concentration (C*).21,28,29,31 We
selected a 3-factor PMF solution, which accounted for most of
the variability in the data. A two factor PMF solution partitioned
the signal into a BBOA-like factor and a COA-like factor. The 3
factor solution further partitioned the COA-like factor into two
components, which we identied here as COAoil-1 and COAoil-2.
This third factor greatly improved the t of the model, observed
as a drop of 0.2 in Q/Qexp from the 2 factor to 3 factor solution
(Fig. S2†). Q/Qexp is a diagnostic relation used to assess how well
the model solution (of a given number of factors) captures the
input data trends. Further, the residuals for the 3 factor solution
are low throughout the control experiment (Fig. S3†). Adding
a fourth factor did not substantively improve Q/Qexp, but did
split the oil factors to separate the high concentrations of the oil
addition (Fig. S4†). This fourth factor did not provide additional
chemical insight or improvement in residuals, and we remain
with a 3 factor solution. We employ both dot product as well as
the standard linear regression when comparing factors to
literature spectra. More information about the PMF model runs
and rationale behind choosing a 3-factor solution, as well as
factor identication and characterization, are in the ESI.†

2.4 VBS calculations

We follow Faulhaber et al. (2009)48 to relate our data collected in
the thermodenuder to saturation vapor concentrations. This
method calibrates the thermodenuder using a set of organic
acid standards. We conducted laboratory experiments to
This journal is © The Royal Society of Chemistry 2023
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determine the empirical relationship between the thermode-
nuder temperature at which 50% of the standard's OA mass has
evaporated (T50) and the saturation vapor pressure of the stan-
dard under standard conditions (25 °C) for the specic ther-
modenuder and setup used during HOMEChem (Fig. S1†). This
technique assumes that the aerosol being measured is in ther-
modynamic equilibrium when initially sampled, while avoiding
having to make the assumption that the aerosol mass has
reached equilibrium in the thermodenuder. However, we
acknowledge that the degree to which the system moves
towards equilibrium is implicit in the Faulhaber tuning
parameters, meaning that errors may still occur if the tuning
parameters are incorrect or incorrect from certain combina-
tions of aerosol loadings, sizes, or temperatures. We test these
assumptions using the kinetic model described in ESI S4.0† to
provide support that the Faulhaber parameters used are suffi-
cient. Briey, the residence time for particles inside the thermal
denuder is on the order of 18 s, which is long enough to
partition over 80% of the mass required to reach thermody-
namic equilibrium at the temperatures used during the scan.
Observational datasets are then paired with an independent, co-
located ambient OA measurement in order to calculate T50 for
the observed OA mass. The T50 value is then converted to
saturation vapor concentration (C*) based on the calibration
standards (eqn (S1)†). We note that uncertainties associated
with the ts for observed T50 are minor relative to other
uncertainties discussed below.

We calculate VBS for both total emissions and emissions of
each of the three PMF factors derived from the stir-fry emis-
sions. In this approach, we place aerosol mass into C* bins
based on the temperature at which OA partitions from particle
to gas phase. We determine the mass fraction remaining (MFR)
– i.e. the ratio of OA mass in the aerosol phase at a given
temperature to the total ambient aerosol mass at that given
point in time. We constrain the total ambient OA mass with
a co-located Portable Optical Particle Spectrometer (POPS;
Handix Scientic LLC, Fort Collins, CO).49 The POPS measured
number size distributions for 0.13–3 mm particles. We used
a subset of the data (0.13–1 mm) and converted to total mass
using an assumed density of 1.2 g cm−3 (see Fig. S1 and Table S1
of Boedicker et al. 2021). To constrain the ambient OA mass of
each PMF factor, we assign each factor a static percentage of the
total mass that corresponds to the observedmass fraction in the
preceding OA concentration spike. For example, COAoil-1 is 40%
of the OA in the rst spike, but changes to 20% of the OA in the
second spike (sauce addition), resulting in a step change in the
amount of mass we assign to COAoil-1. We use the data from the
control (ESI Section S3 and Fig. S12†) and switching experi-
ments to test and validate this assumption. Table S1† shows
that while the mass percent of each COA factor is fairly
consistent for a given event (oil addition or sauce addition)
across all the control, switching, and scanning experiments, the
experiment-to-experiment variability is the largest source of
uncertainty in this analysis. For the discussion of the results, we
use two case studies that represent the upper and lower bound
for the volatility of the three COA factors.
This journal is © The Royal Society of Chemistry 2023
3. Results and discussion
3.1 Aerosol chemical composition and PMF factors

Submicron aerosol mass was >99% organic, with mass loadings
reaching maxima of 20–70 mg m−3 across our nine stir-fry
experiments (Fig. 1 and S5†). We compare our near-eld
measurements to the well-mixed urban OA data from the
MEGAPOLI study from Winter 2010 in Paris, France.20 The
Laboratoire d'Hygiène de la Ville de Paris (LHVP) site was in the
urban core of Paris during the MEGAPOLI study. Researchers at
this site identied ve OA factors using PMF: HOA, BBOA, COA,
LV-OOA, and OOA2-BBOA (Fig. S6†). Each stir-fry exhibited two
distinct enhancements in mass, the rst is the result of the oil
addition (step 6) and the second corresponds to the addition of
the sauce (step 8). Urban COA mass spectra have signal maxima
atm/z 41, 43, and 55, similar to the near-source HOMEChem OA
collected preceding the oil addition (step 6). The second peak
observed during the stir-fry corresponds to sauce addition (step
8), which has maximum signal at m/z 29, 43 and 55. While
different in composition, both stir-fry OA populations are very
similar to urban measured COA (r2 = 0.98 and 0.97; dot product
= 0.95 and 0.92 for OA from the rst and second spike in
concentration) (Table S2 and Fig. S7†).

We identied three components of COA as factors using PMF
analysis on the nine stir-fries, including measurements with
and without the thermal denuder. Based on mass spectral
ngerprints and correlations to factors in the literature, we
dened the three factors as:

� COABBOA: a biomass burning-like cooking organic aerosol
factor that is maximized when the stir-fry sauce is added.

� COAoil-1: a thermally decomposed (and thus more volatile)
component of cooking oil.

� COAoil-2: cooking oil aerosol that has undergone little
chemical transformation (less volatile than the decomposed
component); dominates aerosol aer the oil addition to the hot
pan.

The biomass-burning-like cooking organic aerosol factor
(COABBOA) correlates well with reference mass spectra for BBOA
(dot product = 0.81). The dominant ion fragments occur at m/z
29, 44, 60, and 73. The signal at m/z 60 (C2H4O2

+) is oen
attributed to sugars, such as levoglucosan, which can be
released during biomass combustion as the products of cellu-
lose pyrolysis (Fig. S8b†). COABBOA contributes little to the total
OA mass at the beginning of the stir-fry experiments, but is
a substantial fraction of the total OA aer the sauce is added.
The timing suggests two contributions to COABBOA: thermal
decomposition via cooking of vegetable matter and heating of
the sauce. Due to the mass spectral similarity of COABBOA to
wood smoke and other biomass burning sources, our results
suggest that ambient urban measurements of BBOA-like factors
may be convoluted with exltrated cooking aerosol.

The other two factors are associated with cooking oil,
denoted as COAoil-1 and COAoil-2. Due to similar temporal
trends, PMF was only able to separate the cooking oil factors
due to their differences in volatility, i.e. T50(COAoil-2) > T50-
(COAoil-1), with the rationale that COAoil-2 has lower volatility
Environ. Sci.: Processes Impacts, 2023, 25, 314–325 | 317
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Fig. 1 Aerosol mass loading during the control experiment in which stir fry aerosol was sampled without the use of the thermodenuder. Mass
loadings for each PMF factor are stacked to show the total organic aerosol mass measured by the ACSM. Shading beneath the plot indicates the
timing for each specific cooking activity.
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than COAoil-1. Non-decomposed cooking oil dominates the total
COA mass preceding the oil addition across the nine stir-fries,
with on average 64% of the mass belonging to the COAoil-2

factor. When the sauce was added to the wok, COAoil-1 increases
to a third of the total COA mass, highlighting the potential for
different ingredients to inuence cooking aerosol composition.
The mass spectra of these two oil factors include fragment ions
that repeat every +12 or +14 m/z units, common for long chain
hydrocarbon molecules and typical of urban HOA spectra. Both
factors appear immediately upon addition of oil to the hot wok
and constitute the majority of OA mass until the sauce is added
and the COABBOA levels rise. Soybean oil is composed of 51%
linoleic, 23% oleic, 10% palmic, 7% linolenic and 4% steric
acids by mass; the remaining 5% of soybean oil mass is
a combination of other known and unidentied compounds.50

We created a composition-weighted sum mass spectrum of
soybean oil using spectra of NIST measured/reported standards
for each compound (Fig. S9†); the two oil factors have similar
mass spectra to the predicted soybean oil mass spectrum, with
the highest signals at m/z 41, 43, 55, 57, and 67, as well as
similarly clustered fragments at higher (>70 m/z) masses
(Fig. S8c and d†). The two oil-related COA factors are well
correlated with the predicted soybean oil mass spectrum,
indicating that they are indeed aerosolized, heated cooking oil
(dot product = 0.73 for COAoil-2 and = 0.85 for COAoil-1). Based
on the mass spectra, we suggest that one factor (COAoil-2) is the
result of heating oil and releasing oil-like aerosol, while (COAoil-

1) is a thermally decomposed component of cooking oil. COAoil-1

may contain an additional component of decomposed triglyc-
erides. Triglycerides are products of esterication of long chain
hydrocarbons, have been observed in lms resulting from
cooking oil deposition to indoor surfaces,51 and thermally
318 | Environ. Sci.: Processes Impacts, 2023, 25, 314–325
degrade when heated52 at temperatures consistent with the wok
during HOMEChem.
3.2 Aerosol volatility

The two stir-fry experiments during which the thermal scan
started aer the second OA mass concentration peak provided
volatility proles of COA and its three factors (Fig. 2a and S10†).
Despite the carefully scripted stir-fry recipe, precision in timing
and cooking style affected OA emissions. For example, stir-fry 1
(Fig. 2a) used 4.5 cups of vegetables rather than the scripted
amount of 6 cups, and recorded a wok temperature prior to
sauce addition of 71 °C. Stir-fry 2 (Fig. S10†) used 6 cups of
vegetables and recorded a wok temp of 82 °C prior to sauce
addition. The length of time between heating the wok and
adding cooking oil may also vary across stir-fries: while the
timing is unclear for stir-fry 1, stir-fry 2 had two minutes of
cooking oil in the wok before adding vegetables, and recorded
an oil temperature of 177 °C just prior to vegetable addition.

We observe considerable experiment-to-experiment vari-
ability in volatility for stir-fry emissions; therefore, stir-fry 1 and
stir-fry 2 act as a lower and upper bound (in volatility space) for
observed stir-fry emissions. While the T50 of each factor varied
between experiments (e.g. Fig. 2b), COAoil-2 had a consistently
higher T50 – and thus lower volatility – than either COABBOA or
COAoil-1, consistent with the identication of the COAoil-1 being
thermally decomposed and thus more fragmented than COAoil-

2. Comparing the stir-fries, we see the T50 values for stir-fry 1 are
higher than their counterparts from stir-fry 2, except for the
COAoil-2 T50, which is similar for both stir-fry events. The total
emitted OA mass during the sauce addition was ∼50% higher
during stir-fry 2, likely due to the greater volume of vegetables
used in the stir-fry. The fraction of COABBOA + COAoil-1 to total
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) The timeseries of aerosol during a thermal scanning experiment; the dashed line shows the total sub-micron aerosol loadingmeasured
by the POPS. The lower part of (a) shows the thermodenuder temperature. (b) Thermograms of the COA factors from two stir-fry experiments;
solid trace from stir-fry 1 (shown in (a)), dashed from stir-fry 2, also presented in detail in Fig. S7.† (c) VBS distributions calculated from the
thermogram collected during stir-fry 1 (solid trace in (b)). Colored portions indicate mass in the aerosol phase, while colorless portions indicate
gas-phase mass. (d) VBS distributions calculated from the thermogram collected during stir-fry 2 (dashed trace in (b)).
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COA were similar for the two stir-fries (61% for stir-fry 2 versus
56% for stir-fry 1). The higher wok temperature during the
second stir-fry may account for the slightly higher fraction of
BBOA and decomposed oil factors in the COA by enhancing the
browning or charring of the vegetables and oil.

Several trends in the volatility of the three COA factors
emerge when viewing the VBS proles for the two experiments
(Fig. 2c and d). In both experiments the majority of the mass for
both COABBOA and COAoil-1 exists in volatility bins with C* $

0.01 mgm−3, characterizing both factors as semi-volatile. COAoil-

2 primarily exists in volatility bins with C* # 0.01 mg m−3,
indicating low volatility. For the COABBOA and COAoil-1 factors,
higher T50 values from stir-fry 1 (Fig. 2b) mean that the majority
of the mass in the VBS (Fig. 2c) is in C* bins#0.01 mg m−3 while
lower T50 values from stir-fry 2 translates to a portion of the
mass in C* bins $0.01 mg m−3. Details on the VBS calculation
and volatility data from the other experiments not shown here
are in the ESI (Section S4, Fig. S12 and S13†).
3.3 Dilution-driven evaporation

Compared to ambient urban COA spectra, the near-source COA
measured aer the oil addition had a slightly higher correlation
than emissions observed aer the sauce addition (Table S1†).
The lower-volatility oil factor (COAoil-2) is the dominant
component of the rst COA concentration spike and is also the
most similar to literature COA from outdoor urban measure-
ments (dot product= 0.96; Table S1†). Based on this correlation
and the VBS of each factor, we hypothesize that while cooking
emits multiple types of COA, dilution-driven evaporation can
remove the more volatile components, leaving this COAoil-2 to
This journal is © The Royal Society of Chemistry 2023
dominate ambient COA. To explore this hypothesis, we use
a gas-particle chemical kinetics model to predict the phase state
of the COA as it is transported from the emission source within
and outside the house.

The chemical kinetics model calculates the time-dependent
shi of mass from aerosol to gas in a given scenario based on
general partitioning theory.26 The model was originally devel-
oped by Riipinen et al. (2010)53 and used to describe aerosol
partitioning in a thermodenuder (details are provided in ESI
Section S5 – Kinetic partitioning model†). We constrained the
model with indoor measurements of temperature, aerosol
volatility, and size distribution. Details are provided in ESI
Section S5 and associated tables and gures.† Air in the kitchen
area is assumed to be well mixed during the stir-fry. The model
dilutes the aerosol mass in two steps, rst as the aerosol mixes
through the house, and second as the aerosol is exltrated into
the outdoor atmosphere. Outdoors, we consider two scenarios
based on ambient measurements taken during HOMEChem: (1)
clean air with sub-micron OA mass loading of 5 mg m−3 and (2)
mildly polluted air with submicron OA loading of 15 mg m−3.
These ranges are consistent with more detailed studies of urban
PM in Austin, TX.54 We model the fate of aerosol emitted in the
kitchen considering three volatility proles: (1) aerosol with the
VBS in Fig. 2c (lower bound volatility); (2) aerosol with the VBS
in Fig. 2d (higher bound volatility); and (3) aerosol with a VBS of
near-source vehicle emissions.55 In all cases, we assume air
temperature is constant at 25 °C through the entire house and
outside. Thus, any mass loss is driven solely by dilution-driven
evaporation. It has been previously shown that deposition and
exltration (not including venting through window- or door-
Environ. Sci.: Processes Impacts, 2023, 25, 314–325 | 319
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opening) are too slow to account for spatial variations in particle
concentration throughout a house, making dilution the domi-
nate driver of these spatial variations.56 For simplicity, we
therefore assume no losses from deposition or exltration.
These assumptions mean that our estimates of dilution-driven
evaporation should be considered lower bounds; more losses
would cause decreased aerosol concentrations and thus
increased evaporation if the volatility distribution remains
unchanged.

The initial dilution from the kitchen through the house
evaporated a substantial fraction (∼24%) of the COA (Fig. 3 and
S15†). Transport and dilution to the outdoor atmosphere
further evaporated the initial emissions, losing ∼30–60% of the
total original COAmass via dilution-driven evaporation. Most of
the evaporated mass is from the more volatile components
COABBOA and COAoil-1 (Fig. 3), meaning that the chemical
composition of COA shis as the particles dilute through the
house and outdoors, with the total COA becoming more similar
to COAoil-2. This model result is consistent with our hypothesis
that primary COA observed in regional aerosol would appear
more like this lower volatility factor, as observed by Paciga
et al.29 However, while this dilution-driven evaporation
substantially reduces aerosol mass in the house, it is unlikely to
have a strong impact on indoor gas-phase organic budgets. To
that end, Mattila et al.57 compiled a reactive organic carbon
budget and found that organic compounds in the particle phase
contribute only a minor fraction of total organic carbon in
indoor air, even during cooking events.

This evaporated organic matter has several fates in both the
indoor and outdoor environments: contributing to gas-phase
organic carbon, depositing to surfaces, or acting as reactants
Fig. 3 Results from a chemical kinetic partitioning model describing
experiment (same experiment as represented in Fig. 2d). Bar charts sho
dilution-driven evaporation upon reaching thermodynamic equilibrium f
residence, (c) after exfiltration outdoors on a more polluted day in Austin
for each factor in (a) are provided in ESI Table S4† and percent particula

320 | Environ. Sci.: Processes Impacts, 2023, 25, 314–325
for oxidation or other chemical transformations. Deposition of
COA and its derived gases to indoor environments may
contribute to the large organic surface reservoirs predicted to
exist throughout the house.58 Gas-phase oxidation in indoor
environments occurs in polluted urban environments and is
enhanced by window opening, cleaning with oxidative prod-
ucts,59 and other manipulations like ozone-producing air
cleaners or other devices.60 Gas-phase oxidation also occurs
outdoors. For example, recent work showed that near-eld
smoke emissions undergo substantial dilution-driven evapora-
tion, but that subsequent gas-phase oxidation of evaporated
mass formed secondary organic aerosol, resulting in little net
change in total organic aerosol as the plume aged.61–63 The
extent to which COA gases are oxidized and contribute to SOA
formation in urban settings warrants further study.

Due to a lack of data availability and because both cooking
and vehicle emissions are primary sources that are dominated
by hydrocarbons, previous literature has used vehicle exhaust to
predict cooking volatility.8,64 However, Fig. 4 shows that vehicle
emissions have mass in higher C* bins (C*$ 0.01 mg m−3), and
are thus more volatile than COA. Interestingly, vehicle exhaust
is similar to the summed COABBOA + COAoil-1 portions of the
total COA emissions, excluding COAoil-2. Thus, vehicle organic
aerosol is more volatile than COA, and will undergo more
dilution-driven evaporation in the atmosphere. Where the
vehicle VBS loses 58% of its aerosol mass upon dilution to the
outdoor air (low loading), the HOMEChem COA (low loading)
loses only 13–38% of its aerosol mass, with the range driven by
variability in VBS calculated from the different stir-fry experi-
ments. However, chemical transport models that are typically
used to investigate urban and regional air quality would only
the dilution-driven evaporation of aerosol emitted during a stir-fry
w the fraction of mass remaining (solid) for each COA factor due to
or (a) the initial emission, (b) after mixing throughout the volume of the
TX, and (d) on a cleaner day in Austin, TX. The initial mass concentration
te mass remaining (b–d) is provided on top of the bar charts.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Model results from two HOMEChem stir-fry experiments after being transported outdoors in the clean atmosphere scenario, contrasting
VBS derived from observations versus VBS from vehicle emissions, which are sometimes used as a proxy for COA. Model inputs are held constant
except for mass in each C* bin, which come from the VBS. Hash portions of each distribution represent the mass lost to dilution-driven
evaporation after the aerosol has reached thermodynamic equilibrium with the outside atmosphere. The top panel (a) shows the VBS derived
from the first stir-fry, which results in lower-volatility COA described in Fig. 2c. The lower panel (b) shows the second, higher-volatility stir-fry
described in Fig. 2d.
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consider the emission to the outdoor atmosphere (i.e. COA
upon exltration), and the impact of using VBS proles for COA
that are too volatile relative to the initial emission may be
diminished. However, this contrast suggests that chemical
transport models may need to treat indoor and outdoor cooking
emissions separately to accurately capture their impact on
ambient aerosol levels.
4. Conclusions

Recent work in urban areas has demonstrated the growing
importance of volatile chemical products to outdoor air quality
in North American cities.6,65 Indoor cooking is another poten-
tially relevant pollution source, releasing both organic particles
and gases. Here, we provide a comprehensive characterization
of cooking organic aerosol (COA) emissions from stir-fry prep-
aration during a eld campaign. These emissions are substan-
tial and contain three chemical factors consistently: one
representative of biomass-burning (COABBOA) and two from
soybean cooking oil (COAoil-2, COAoil-1). The least volatile
component (COAoil-2) was the most similar to previous urban
measurements of COA, consistent with our hypothesis and
model showing that dilution-driven evaporation inuences the
composition of cooking aerosol observed in the outdoor
This journal is © The Royal Society of Chemistry 2023
atmosphere. However, our observation of a cooking factor that
is chemically similar to biomass burning organic aerosol
suggests that some urban BBOA signals in aerosol mass spec-
trometry observations may include a food cooking sources in
addition to wood smoke and other contributing sources.
Despite carefully scripted activities following just one stir-fry
recipe, the volatility proles of COA varied substantially, high-
lighting the need for further studies of the composition and
volatility of other cooking sources. Such measurements are
essential for better predicting the contribution of indoor cook-
ing to outdoor urban air pollution – not just in North America,
but also urban areas around the globe as cooking is ubiquitous.
This work shows that the fate of cooking organic aerosol brings
this pollutant not just throughout the indoor environment, but
also outdoors. We calculated a movement of a quarter of the
particulate mass to the gas phase through dilution-driven
evaporation indoors; for particles that exltrate from indoors
to outdoors, we calculate a further 6–36% of the initial mass is
lost to dilution-driven evaporation outdoors. The remaining
primary COA is lower-volatility, but the gases released into the
outdoor atmosphere through evaporation can contribute to
secondary chemistry, perhaps even returning to the aerosol
phase. Cooking must be considered an air pollution source not
just through primary emissions of gases and aerosol, but also
Environ. Sci.: Processes Impacts, 2023, 25, 314–325 | 321
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through the dilution-driven evaporation of mass as particles
transport away from the source.
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