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ABSTRACT
Organic aerosol emitted from cooking is a major concern for indoor air quality. During the
House Observations of Microbial and Environmental Chemistry (HOMEChem) campaign, we
simulated cooking, cleaning and occupancy activities in a realistic residential setting and
measured resulting gas- and particle-phase emissions using a High-Resolution Time-of-Flight
Chemical Ionization Mass Spectrometer with a Filter Inlet for Gases and Aerosols (FIGAERO-
HR-ToF-CIMS). We identified �480 molecular formulas for compounds emitted on cooking-
centered days and attributed them to potential sources including cooking, commercial, per-
sonal care products, and occupancy. Compounds with molecular formulas containing car-
bon, hydrogen, and oxygen atoms only (CHO group) composed most of the CIMS-measured
molar fraction at 74-85%, with nitrogen-containing molecular formulas (CHNO group) being
the second largest contributor (12-19%). We investigated the volatility of identified species
based on FIGAERO-CIMS data in three ways: (1) using the maximum desorption temperature
from one-dimensional thermograms, Tmax, (2) calculating gas-particle partitioning, Fp, (3)
using a molecular corridor parameterization to estimate saturation concentrations based on
molecular formulas. We used the kinetic multi-layer model of gas-particle interactions in
aerosols and clouds (KM-GAP) to calculate equilibration timescales and found that under
sampling conditions (T¼ 323 K), it can take up to 14 seconds for equilibrium conditions to
be met, whereas sampling residence times are approximately 3 seconds. The chemical diver-
sity and wide range of volatilities of species sampled during cooking-centered events high-
light the importance of understanding aerosol emissions and partitioning in indoor spaces
where people spend most of their time.
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1. Introduction

Small airborne particles are known to have deleterious
impacts on human health, including increased risk of
mortality, cardiovascular diseases, impaired lung func-
tion, and strokes (Burnett et al. 2018; Nel 2005;
Anderson, Thundiyil, and Stolbach 2012; Pope and
Dockery 2006). In the United States and in most of
the developed world, people spend an average of 90%
of their time indoors, 70% of that within residences
(Klepeis et al. 2001), where pollutant levels can be

orders of magnitude higher than outdoors (Klein et al.
2016). It is therefore probable that most human
exposure to air pollutants occurs within the indoor
environment, specifically within residential homes.
Cooking, one of the most common activities carried
out in a household, has been recognized as a major
contributor to elevated particulate matter (PM) con-
centrations in indoor air (Abdullahi, Delgado-Saborit,
and Harrison 2013; Nasir and Colbeck 2013; Huboyo,
Tohno, and Cao 2011; Wan et al. 2011) and outdoor
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air in urban areas (Elser et al. 2016; Crippa et al.
2013; Mohr et al. 2012; Slowik et al. 2010; Allan et al.
2009). In most developed countries, cooking is consid-
ered the main source of primary PM in the indoor
environment (Wallace 2006).

Previous studies have primarily used Aerosol Mass
Spectrometers (AMS, Aerodyne Research Inc.)
(DeCarlo et al. 2006; Drewnick et al. 2005; Jayne et al.
2000) or offline particle analysis for chemical character-
ization of cooking aerosol. High resolution aerosol
mass spectrometers (HR-AMS) were used to measure
emissions from meat cooking on a propane grill (Mohr
et al. 2009), from seed oils heated in a metallic con-
tainer (Allan et al. 2009), and from cooking oils that
were photo-oxidized in a smog chamber (Liu et al.
2018). A limitation of aerosol mass spectrometers is
their use of flash vaporization (at 600 �C) followed by
70 eV ionization to enable aerosol detection, which
leads to fragmentation of analytes and hinders deter-
mination of the original molecular composition of
sampled species. Off-line particle analysis was used to
study the chemical composition of PM2.5 emissions
from four restaurants in China (Li, Wu, et al. 2021), to
measure emissions from charbroiling and grilling of
meats at a test kitchen (Mcdonald et al. 2003), and to
measure polycyclic aromatic hydrocarbons and alde-
hydes released during beefsteak frying in a model kit-
chen (Sjaastad, Jørgensen, and Svendsen 2010).
Limitations of offline techniques include their relatively
low time resolution and their propensity for artifacts,
such as those associated with the reaction of trace gases
with the particles on the filter, or with the filter itself
(Abdullahi, Delgado-Saborit, and Harrison 2013).

In this work we measured gas- and particle-phase
emissions from cooking using a High-Resolution Time
of Flight Chemical Ionization Mass Spectrometer (HR-
ToF-CIMS) coupled with a Filter Inlet for Gases and
Aerosols (FIGAERO). The FIGAERO-HR-ToF-CIMS
(hereafter referred to as FIGAERO-CIMS) utilizes soft
ionization to provide information on molecular chem-
ical composition and volatility of measured species. It
enables near-simultaneous sampling of the gas and par-
ticle phases, at a time resolution of 1Hz or higher for
the gas phase, and minutes to a few hours for the par-
ticle phase. The FIGAERO-CIMS has the advantage of
measuring molecular composition while avoiding filter-
associated artifacts and providing information on vola-
tility through the quasi-online measurements of the gas
and particle phases. A recent study used the FIGAERO-
CIMS in combination with a HR-AMS to study cooking
aerosol from different meals in a controlled laboratory
setting (Reyes-Villegas et al. 2018).

To determine exposure and health impacts of pol-
lutants, both their chemical composition and parti-
tioning between the gas and particle phases need to
be characterized. The bio-accessibility of PM-associ-
ated pollutants and therefore their impact on human
health varies depending on particle size and partition-
ing of compounds between the gas and particle phases
(Nov�akov�a et al. 2020). Gas-particle partitioning is
determined in part by a compound’s vapor pressure
or volatility (Pankow 1994, 2001). Previous studies
have attempted to constrain organic aerosol (OA)
volatility by thermal evaporation (thermodenuders),
isothermal dilution, or a combination of both meth-
ods (Voliotis et al. 2021; Cain, Karnezi, and Pandis
2020; Louvaris et al. 2017; Karnezi, Riipinen, and
Pandis 2014; Riipinen et al. 2010; Grieshop et al.
2009; Huffman et al. 2008, 2009). The FIGAERO-
CIMS can provide an advantage over previous volatil-
ity measurement techniques in that it measures the
contribution of individual compounds in the gas and
particle phases in near-real time, allowing for a direct
calculation of compound-specific partitioning values
(Lopez-Hilfiker et al. 2014, 2015).

In this work, we characterized aerosol generated from
cooking during the House Observations of Microbial and
Environmental Chemistry (HOMEChem) experiments,
which simulated cooking activities in a realistic kitchen
and home setting. The campaign was a field perturbation
experiment where indoor activities including cooking
were carefully designed and implemented, and where
external conditions such as fluctuations in meteorology
and building parameters were allowed to influence sour-
ces and sinks in indoor air (Farmer et al. 2019). A variety
of instrumentation provided insights into the air pollu-
tant mixture released from cooking. Measurements of
particle size distribution showed PM2.5 concentrations
exceeding 250lg m�3 during cooking activities (Patel
et al. 2020; Boedicker et al. 2021). Measurements of
semi-volatile compounds showed that volatility and parti-
tioning phenomena were key factors influencing SVOC
concentration variability indoors (Lunderberg et al. 2020).
Films over indoor surfaces – likely formed during cook-
ing activities – were found to act as a reservoir for gas-
phase species during ventilation experiments (Wang et al.
2020), and organic films analyzed using offline AMS and
offline Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry (FT-ICR-MS) contained material similar to
cooking organic aerosol measured by an online AMS,
albeit more oxidized and highly viscous (O’Brien et al.
2021). Over 200 particle-phase species (predominantly
fatty acids, carbohydrates, phthalates) released from cook-
ing or sorbed into cooking particles were identified in
real-time using extractive electrospray ionization mass
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spectrometry (Brown et al. 2021). Low volatility siloxane
emissions were observed during oven use identifying cer-
tain appliances as another source of emissions (Katz,
Guo, et al. 2021). Measurements from a gas-phase chem-
ical ionization mass spectrometer showed that elevated
PM concentrations that occurred due to cooking activities
had implications on indoor air quality not only during
the cooking event itself, but also during later cleaning
activities (Mattila et al. 2020).

To the best of our knowledge, the work presented
here is the first to investigate emissions from scripted
cooking experiments in a highly realistic home setting
using a FIGAERO-CIMS instrument, with cleaning and
occupancy activities occurring in parallel. The objectives
of this study were to use a FIGAERO-CIMS to: (1)
identify compounds emitted from cooking-centered
activities, (2) suggest possible sources for these com-
pounds, (3) characterize the compounds’ gas-particle
partitioning indoors and (4) evaluate the equilibration
timescales for partitioning of organic aerosol during
cooking experiments.

2. Methodology

2.1. Campaign set-up

The House Observations of Microbial and
Environmental Chemistry (HOMEChem) campaign was
an indoor air measurement campaign conducted in June
2018 at the University of Texas Test House (UTest
House). The UTest House is a 3-bedroom, 2-bathroom,
premanufactured home located at the J. J. Pickle
Research Campus in Austin, TX. It has a surface area of
111m,2 volume of 250m,3 and heating ventilation and
air conditioning (HVAC) systems which provided a con-
stant outdoor air flow of �0.5 ACH (air changes per
hour) for the duration of the campaign. A description of
the test house floor plan and other campaign set-up
details can be found in Farmer et al. (2019). Some
instrumentation was located inside the UTest House,
while most instruments (including the FIGAERO-CIMS
used in this study) were in air-conditioned trailers beside
the test house at an approximate distance of 5 meters. In
this study, we measured gas- and particle- phase species
using a FIGAERO-CIMS which had four separate inlets
for indoor/outdoor switching and gas-/particle-phase
sampling. We used 1/4" PFA tubing for the gas-phase
inlets and 3/8" O.D. stainless steel tubing for the particle
phase inlets. The indoor inlet lengths from the kitchen
to the instrument were 8.4m and the outdoor inlet
lengths from the outdoor sampling point (top of trailer)
to the instrument were 2.1m. Flow rates through the
inlets were �6L min�1 for the gas phase and �11L

min�1 for the particle phase lines. This is equivalent to
residence times of 1.5 and 2.7 seconds for indoor gas
and particle sampling, respectively.

The campaign included activities of cooking, clean-
ing, and human occupancy. The focus of this study is
cooking-centered days, specifically “Layered days” and
“Thanksgiving days”. Layered days involved the prepar-
ation of breakfast (English breakfast), lunch (vegetable
stir fry), and dinner (beef chili) with cleaning activities
occurring throughout the day (e.g., wiping down coun-
ters with disinfectant wipes, mopping floors with vari-
ous cleaning solutions). The Thanksgiving days
involved preparation of various dishes including a
Thanksgiving turkey, sweet potato casserole, roasted
brussels sprouts, and mulled wine, also with intermit-
tent cleaning activities. Both days included emissions
from occupants who conducted the cooking and clean-
ing activities (Farmer et al. 2019). The subsequent ana-
lysis will focus mainly on cooking events during these
days. We limit the analysis to experiment days in the
second half of the HOMEChem campaign when
FIGAERO-CIMS sensitivity was optimal.

2.2. Iodide FIGAERO-CIMS

The High-Resolution Time of Flight Chemical
Ionization Mass Spectrometer (CIMS, Aerodyne
Research) ran in iodide (I-) mode which provides good
sensitivity toward organic species that are slightly to
highly oxidized, chlorinated (or halogenated) species,
and nitrogenated species (Lee et al. 2014). Ultra-high
purity nitrogen gas (UHP N2) passed through a bubbler
to humidify the reagent gas stream, then through a
methyl iodide (CH3I) permeation tube, and the result-
ing humidified reagent gas stream passed through a
Po-210 source to generate I- and (H2O)I

- ions. The I-

and (H2O)I
- ions encounter the gas-phase analyte (M)

stream in the ion molecule reaction (IMR) region of
the CIMS, forming M.I- or M.I(H2O)

- adducts.
Deprotonation products of inorganic acids and small
organic acids are also present (Lee et al. 2014), but for
this study we focus only on I- adducts. These adducts
then transfer to the Time of Flight (ToF) chamber in
the CIMS where their time of flight is determined,
which is related to their mass-to-charge ratio (m/z).

The FIGAERO inlet on the CIMS enables particle-
phase measurements. Briefly, we collected particles onto
a 1.0mm polytetrafluoroethylene (PTFE) filter (Pall
Corporation) during online gas-phase measurements.
The particle collection period varied from 20-60min
based on the organic aerosol loading conditions (COA)
inside of the house. We standardized the particle collec-
tion start time to align with a start time at the top of the
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hour, which matched up with the start of the cooking
events. The filter material and treatment sequence (e.g.,
temperature ramp-up rate) remained consistent for all
experiments analyzed to ensure thermogram reproduci-
bility. After the simultaneous particle collection and
online gas-phase measurement period, the filter with
deposited particles was moved via an actuator to align
with the HR-ToF-CIMS inlet. During particle-phase
measurement, heated UHP N2 gas passed through the
PTFE filter to volatilize the sampled particles. Particle
desorption took place over 40min during which no gas-
phase measurements were taken. The desorption routine
included 2min of room temperature desorption, 18min
of a temperature ramp from 25-200 �C, 5min of filter
soaking at 200 �C, and 10min of cooling back to 25 �C.
The FIGAERO-CIMS provided hourly particle-phase
measurements and, outside the aerosol desorption
period, online (1Hz) gas-phase measurements. A
detailed description of the working mechanism of the
FIGAERO-CIMS is presented by Lopez-Hilfiker
et al. (2014).

2.3. Data analysis

We analyzed the FIGAERO-CIMS data using Tofware
v2.5.11 (Tofwerk, AG) in Igor Pro v6.37
(Wavemetrics Inc.). The conversion of ion time-of-
flight to mass-to-charge (m/z) was based on 3 cali-
brants: I-, (H2O)I

- and I3
-. The exact m/z values were

subsequently used to assign elemental formulas to
detected analytes. We report ions consistent with iod-
ide-adducts of closed-shell products in Table S2 and
use these for subsequent analyses. Detection of radical
species is unlikely considering the sampling line
length. Although the FIGAERO-CIMS cannot resolve
isomeric ions, a priori information about the emission
source and activities facilitated ion assignment. For
instance, oils used in cooking are more likely to
release organics including fatty acids, while cleaning
events that use bleach are likely to emit chlorine-con-
taining compounds. We cross-referenced identified
species with publicly available databases (e.g.,
Pubchem) whenever possible. We corrected the high-
resolution time-series for background (see Section S1
in Supplement for more details) and normalized sig-
nals by the dominant reagent ion (I-) to account for
changes in instrument sensitivity. For each compound,
we converted the gas- and particle-phase signals to
counts per volume of air sampled as shown in
Equations (1) and (2). We estimated gas-particle parti-
tioning, Fp, as shown in Equation (3) from Stark et al.
(2017). Equation (4) enables calculation of saturation

concentration from partitioning numbers and vice
versa. Our analysis of Fp is limited to compounds
exhibiting unimodal desorption behavior due to the
complexity of separating two (or more) integrals in a
multimodal desorption profile, and to limit the influ-
ence of fragmentation products.

Particle signal
ions

volume

� �
¼

Integrated particle signal ½ions�
Particle collection period min½ ��Particle collection rate

L
min

� �

(1)

Gas signal
ions
sec

� �
¼ Avg: gas signal ions

sec

� �
CIMS sampling rate L

sec

� � (2)

Fp ¼
Particle signal ions

vol

� �
Gas signal ions

vol

� �þ Particle signal ions
vol

� � (3)

C�
i ¼

1� Fpð Þ
Fp

� COA (4)

One-dimensional thermograms, which are plots of
desorption signal versus temperature, provide insight
into the volatility of individual species. The use of
Tmax – the temperature at which the highest signal is
observed in a desorption thermogram – has been pro-
posed as a method of inferring volatility from
FIGAERO-CIMS data (Bannan et al. 2018;
Schobesberger et al. 2018; Lopez-Hilfiker et al. 2014).
We determined Tmax for every compound from its
one-dimensional thermogram. For compounds exhib-
iting multimodal behavior in their thermograms, we
used the first (lowest) Tmax value for subsequent ana-
lysis. Multimodal desorption behavior may indicate
either a decomposition product from a parent ion, or
presence of isomers with different vapor pressures
(Buchholz et al. 2019; Wang and Hildebrandt Ruiz
2018; Stark et al. 2017; Lopez-Hilfiker et al. 2015). A
limitation of this analysis is that some low-concentra-
tion compounds had broad thermograms, making it
challenging to determine a distinct Tmax. Additionally,
Tmax can depend on filter loading (Masoud and
Hildebrandt Ruiz 2021; Huang et al. 2018; Wang and
Hildebrandt Ruiz 2017), which introduces uncertainty
when inferring vapor pressures from Tmax.

We also used two-dimensional thermograms to
visualize the volatility of the entire mass spectrum
(Wang and Hildebrandt Ruiz 2018). Creating two-
dimensional thermograms involves compiling one-
dimensional plots of particle signal (normalized to its
maximum value) versus desorption temperature at
each m/z into a single 2D plot where the vertical axis
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is the unit m/z, the horizontal axis is desorption tem-
perature (�C), and the plot is colored by normalized
signal intensity.

2.4. KM-GAP model setup

We used the kinetic multi-layer model of gas-particle
interactions in aerosols and clouds (KM-GAP) to cal-
culate equilibration timescales (seq) in gas-particle par-
titioning and to simulate the partitioning number (Fp)
for individual compounds with different saturation
concentrations (C0) (Shiraiwa et al. 2012). The mul-
tiple model compartments and layers in KM-GAP
include a gas phase, a near-surface gas phase, a sorp-
tion layer, a surface layer, and a number of bulk
layers. The gas phase diffusion, adsorption/desorption,
surface-bulk exchange, and bulk diffusion were treated
as temperature-dependent (Li and Shiraiwa 2019).
Table 1 shows the parameters and their values which
were inputs to the model.

The particle phase state strongly affects gas-particle
partitioning. The viscosity (g) of organic particles can
be characterized by the glass transition temperature
(Tg), at which the phase transition between amorphous
solid and semi-solid states occurs (Koop et al. 2011).
We predicted the Tg of a compound i with a single
Tmax (i.e., Tmax for unimodal desorption behavior)
using the parameterization of DeRieux et al. (2018):

Tg, i ¼ ðn0C þ ln nCð ÞÞbC þ ln nHð ÞbH
þ ln nCð Þln nHð ÞbCH þ ln nOð ÞbO
þ ln nCð Þln nOð ÞbCO (6)

nC, nH, and nO represent the number of carbon,
hydrogen, and oxygen atoms, respectively. Values of
the coefficients [n0C, bC, bH, bCH, bO, and bCO] are
[12.13, 10.95, �41.82, 21.61, 118.96, �24.38] for CHO
compounds. The analysis excluded compounds con-
taining other heteroatoms (i.e., N or S). We estimated
Tg of organic particles under dry conditions (Tg,org)
using the Gordon-Taylor equation with the Gordon-

Taylor constant (kGT) of 1 (Dette et al. 2014), which
resulted in a predicted Tg,org of 276K (Table 1). We
assumed that the relative mass concentration of each
compound is proportional to its relative intensity in
the mass spectrum.

The phase state of organic particles under humid
conditions depends on the water content in particles
(Mikhailov et al. 2009; Koop et al. 2011). To calculate
the viscosity of organic-water mixtures, we used the
effective hygroscopicity parameter (j) – assumed to
be 0.1 for cooking OA based on a previous study (Li
et al. 2018) – to estimate the water content in organic
particles (Petters and Kreidenweis 2007). We calcu-
lated Tg of organic-water mixtures (Tg,mix) using the
Gordon-Taylor equation with kGT of 2.5 (Koop et al.
2011; Zobrist et al. 2008). We then used Tg,mix to
compute the temperature-dependence of viscosity
using the Vogel-Tammann-Fulcher (VTF) equation,
with the fragility parameter (D) assumed to be 10
based on our previous work (DeRieux et al. 2018).
The viscosity calculated based on the average tempera-
ture measured during the simulated cooking event
provides insight into the phase state of the cooking
OA. Note that the estimated viscosity can be regarded
as a lower bound as we excluded compounds with
multimodal behavior (i.e., multiple Tmax values) or
nitrogen-containing compounds which may have high
Tg. The Stokes–Einstein equation gives the value for
the bulk diffusion coefficient Db, and it was demon-
strated to work well for organic molecules diffusing
through materials with viscosity below �103 Pa s
(Chenyakin et al. 2017). We also computed the viscos-
ity and Db at room temperature to investigate the
effect of viscosity on seq. We investigated the effect of
C0 on seq by varying C0 from 10�2 – 106 lg m�3.

The measured average particle number size distri-
bution (Figure S1) and the mass concentration of total
organic aerosols during the simulated cooking event
were inputs to the KM-GAP model. We did not con-
sider particles with diameter < 20 nm. Their number
concentrations decreased with time during cooking

Table 1. Parameters and their values used in KM-GAP simulations for a specific cooking event.
Parameter (Unit) Description Values

Tg,org (K) Tg of organic particles under dry conditions 276
RH (%) Relative humidity 28
T (K) Temperature 322.8 (average temperature during event)

298 (room temperature)
COA (lg m�3) Mass concentration of total organic aerosols 134

1000 (for sensitivity simulations)
C0 (lg m�3) Saturation mass concentration of the partitioning compounds varied over the range of 10�2–106

g (Pa s) Viscosity of organic particles 2.2� 103 at measured RH and T
5.7� 105 at measured RH and room T

Db (cm2 s�1) Bulk diffusion coefficient 3� 10�12 at measured RH and T
1� 10�14 at measured RH and room T

as,0 Surface accommodation coefficient on free-substrate 1
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events (e.g., 14:05-14:25 shown in Figure S2), indicat-
ing that these small particles underwent coagulation,
which was not considered in KM-GAP. To investigate
the effect of COA on seq, we ran sensitivity simulations
at COA of 103 lg m�3 by increasing the particle num-
ber in each particle size bin (Figures S3 and S4). A
closed system was considered, in which condensation
of compound i leads to a decrease in its gas-phase
mass concentration and an increase in its particle-
phase mass concentration.

The full equilibration timescale (seq) is calculated
when the following criterion is met,

Cp tð Þ � Cp, eq
�� ��
Cp, 0 � Cp, eq

< 1% (7)

where Cp,0 and Cp,eq are the initial and equilibrium
mass concentration of the partitioning compound in
the particle phase, respectively.

These methods to estimate saturation mass concen-
tration (C0) and glass transition temperature (Tg) do
not consider the effects of isomers. While C0 and Tg

are generally well characterized by molecular size and

elemental composition (Murphy et al. 2011; Donahue
et al. 2011), we acknowledge that molecular structure
and functionality can also impact these properties
(Koop et al. 2011). The FIGAERO-CIMS is unable to
measure functionality or structure, which presents a
limitation of this study.

3. Results and discussion

We present the results of various cooking events
including a sequential stir fry, two Thanksgiving days,
and three layered days (which included an English
breakfast, stir fry lunch and chili dinner). Table S1
summarizes the cooking events discussed in this work
and the analysis conducted for each event.

3.1. Molecular composition

Following the procedure outlined in Section 2.3, we
identified 481 compounds in the gas and particle phases
from the FIGAERO-CIMS spectra, 169 of which are
compounds we attribute to cooking activities. Results

Figure 1. "Signature" emissions observed during (a) layered day 4 (b) Thanksgiving day 2. The main cooking events occurred in
the middle time period shown (i.e., beef chili at 16:05-16:25 and sweet potato casserole at 14:05-14:25). The bars are clustered,
with signals for all three time periods starting at zero.
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are illustrated in Figures 1 and 2, and a list of all identi-
fied species and their presumed sources is provided in
Table S2. We use the particle-phase mass spectra from

the FIGAERO-CIMS to identify signature emissions,
which we find to be consistent with the corresponding
cooking events. When occupants prepared beef chili, we

Figure 2. Distribution of measured particle-phase compounds by elemental groups: CHO, CHNO, CHClO, CHClNO, CHN, CHSO,
CHNSO. The distributions are shown for (a) L3_VS: Layered day 3 – Vegetable stir fry 11:35-12:35, (b) L4_EB: Layered day 4 –
English breakfast 9:05-9:25, (c) L4_VS: Layered day 4 – Vegetable stir fry 12:05-12:25, (d) L4_BC: Layered day 4 – Beef chili 16:05-
16:25, (e) TG1: Thanksgiving day 1 – 14:30-15:30, (f) TG2: Thanksgiving day 2 – 14:05-14:25, (g) TG2_cat: Distribution by source cat-
egory for Thanksgiving day 2 – 14:05-14:25. NOx concentrations are shown on the top panel in units of ppbv.

Figure 3. Aggregated signal separated by carbon and oxygen number for (a) CHO for L4_EB (b) CHNO for L4_EB (c) CHO for TG2 (14:05-
14:25) (d) CHNO for TG2 (14:05-14:25). Labeled signals are for identified compounds with the highest abundance within each category.
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observed signature compounds including C6H9N3O2

which is the molecular formula of histidine, potentially
released from beef and beans (Hole�cek 2020), and
C2H2O4 which is the molecular formula of oxalic acid,
potentially released from bell peppers (Luning et al.
1995; as shown in Figure 1a which captures the period
before, during and after the chili was cooked).

Figure 1b shows the particle phase mass spectra
before, during and after a sweet potato casserole was
cooked. We observed notable signals which include
C6H6O3, likely isomaltol, which is released from cara-
melization of sugar (Ito 1977), C17H26O3, likely para-
dol, which is released from ginger (Shi et al. 2021),
and several compounds associated with butter such as
C17H34O2 (potentially margaric acid), C16H32O2

(potentially palmitic acid), and C18H36O2 (potentially
stearic acid) (P�adureţ 2021).

We group the identified molecular formulas into
the following elemental groups: CHO (i.e., the group
of compounds containing only C, H, and O atoms),
CHNO, CHClO, CHNClO, CHSO, CHN, and
CHNSO. Figure 2 summarizes the molar distribution
of identified compounds in the particle phase based
on elemental groups. The distribution is based on the
integrated particle phase signal which is proportional
to molar concentration, assuming uniform mass-
dependent transmission efficiency and uniform sensi-
tivity. For all reported cooking events, the CHO group
has the highest contribution overall (�74% to 85%),
followed by CHNO (�12% to 19%). The prevalence
of the CHO group is consistent with most (I- CIMS-
detectible) cooking emissions being oxidized hydro-
carbons such as fatty acids.

The nitrogen content in organic PM may relate to
the composition of the food being cooked and/or the
concentration of NOx within the kitchen at the time
of cooking. Comparing the elemental distribution of
different cooking events on Layered Day 4 (English
breakfast, vegetable stir-fry lunch and beef chili din-
ner, i.e., L4_EB, L4_VS, L4_BC panels respectively in
Figure 2), we find that the CHNO group contribution
varies from 11.9-18.8%. Indoor NOx levels (associated
with the gas stove pilot lights) were 95.5, 153 and
203 ppbv for the breakfast, lunch, and dinner respect-
ively (Farmer et al. 2019). Based on the ingredients
being cooked (i.e., the meat and plant-based protein
content in the food), we presume that the level of
protein was highest for the chili dinner (which con-
tained beef and beans), followed by the English break-
fast (which contained sausage), followed by the
vegetable stir fry (which included white rice and vege-
tables). The CHNO group contribution for the differ-
ent meals followed the trend of the presumed
nitrogen content of the food, not the trend of the
NOx concentration inside of the house, suggesting
that food nitrogen content impacts the CHNO contri-
bution to organic aerosol from cooking.

Given the continuous cooking activity that took
place on the simulated Thanksgiving days (shown in
panels TG1 and TG2 in Figure 2), we further studied
the categorical distribution of observed compounds
from Thanksgiving day 2 at 14:05-14:25 (which is the
time period with the highest PM concentration).
While the CIMS cannot resolve isomeric ions, we
infer the source category of molecular formulas based
on the event during which they are released. For
instance, for a time-period on “Thanksgiving Day”
when no active cooking took place and people occu-
pied the space, the CIMS measured a molecular

Figure 4. a) Fraction of HR-identified compounds in the par-
ticle phase versus molar mass (m/z) for TG2, particle collection
period of 14:05-14:25. Compounds shown in black are all HR-
identified compounds for this time-period. Compounds shown
in blue are CHO-only unimodal compounds. (b) Fp of non-
nitrogenated compounds in m/z region 133-163 from (a) ver-
sus their oxidation states (OSc).
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formula of C13H22O3, potentially corresponding to
methyl dihydrojasmonate, which has a jasmine scent
and is used in the fragrance formulation of personal
care products. We also detected decamethylcyclopen-
tasiloxane (D5), which is an emerging pollutant of
interest (Charan et al. 2022; Jim�enez-Guerrero and
Ratola 2021; Fu et al. 2020; Coggon et al. 2018;
D’Ambro et al. 2017; Yucuis, Stanier, and Hornbuckle
2013) and is used in personal care products for its
lubricating and sealing properties. Nonetheless, con-
centrations of D5 were fairly low, and ions attributed
to the personal care products category constituted
only a small fraction of PM during these cooking-cen-
tered events. The right-most panel in Figure 2 shows
the molar distribution of identified compounds based
on assigned category (cooking, commercial, personal
care products, occupancy, unidentified). The commer-
cial category mainly comprises cleaning products, with
some contribution from building-related materials
such as plasticizers, dyes, and flame retardants. The
personal care products category includes emissions
from fragrances, sunscreen, etc. The occupancy cat-
egory includes emissions from human skin or breath.
Chemicals were assigned to the unidentified category
when we were able to identify a chemically stable
elemental formula but were unable to infer a potential
structural identity (or when we could not narrow
down potential uses of the compounds based on the
current literature). These compounds may be frag-
ments of larger analytes which further complicates
attempts to infer their molecular identity and/or
potential source. The cooking category had the highest
contribution (61%) to the organic aerosol molar con-
centration, followed by the commercial emissions cat-
egory (10%, presumably primarily cleaning products).
This is expected as the distribution is analyzed for a
time during which continuous cooking of different
Thanksgiving dishes took place over the entire morn-
ing and early afternoon period, with some cleaning
activity in between.

Within the CHO and CHNO elemental groups
shown in Figure 2, we observe that certain com-
pounds dominate the distribution. For example, on
Thanksgiving day 2 at 14:05-14:25, and for the
English breakfast prepared on Layered day 4, contri-
butions from C3, C6, C10 and C18 compounds are
among the most prominent within the CHO group
(as seen in Figure 3 which shows the aggregated par-
ticle-phase signal split by carbon and oxygen number
for the CHO (3 a, c) and CHNO groups (3 b, d)).
During these two cooking events, we measured high
levels of C6H10O5 which has an elemental formula

corresponding to levoglucosan which is widely used as
a tracer for biomass burning (Yumin Li, Fu, et al.
2021). This ion was potentially released from the pyr-
olysis of starch from toasting of bread during the
English breakfast (Bergauff 2010), and from the bak-
ing of the sweet potato casserole during the
Thanksgiving dinner. C18H32O2 and C18H34O2, which
have formulas corresponding to linoleic and oleic
acids respectively, are measured on both days with
slightly higher concentrations observed on the
Thanksgiving day. This is consistent with more fatty
acid emissions from the meals prepared on that day
(such as the Thanksgiving turkey or cooking oils/but-
ter used in preparation of the gravy (P�adureţ 2021)).
Within the CHNO group, C5 compounds are the
most prominent for both events, and compounds with
1-4 oxygen atoms dominate the overall distribution.
The labeled compounds in Figure 3 are the highest
contributors in their respective category – the variety
in these compounds highlights the diversity of chem-
ical species that are released during different cook-
ing events.

3.2. Measuring gas-particle partitioning using
FIGAERO-CIMS

We calculate the partitioning number (Fp) for every
compound based on its gas- and particle-phase signal
(as described in Section 2.3) to quantify gas-particle
partitioning of sampled species. We focus our analysis
on various periods during Thanksgiving day 2, an
experiment day during which organic PM levels were
notably high with concentrations reaching �200lg
m�3 (Katz, Guo, et al. 2021). As seen in Figure 4a, Fp
is generally higher for molecules of higher m/z, con-
sistent with larger molecules having a lower vapor
pressure. There is a stronger positive correlation in
the lower m/z range (73-193) after which the slope
decreases as m/z reaches 200, until the compounds
reach the maximum possible partitioning number at
Fp¼1.0 (m/z 303 and above). Although the general
trend is consistent for unimodal (having one Tmax)
and multimodal compounds, there is some scatter
observed especially in the lower m/z region. Figure 4b
illustrates Fp as a function of oxidation state (calcu-
lated from molecular composition) for all non-nitro-
genated compounds in m/z region 133-163 (Kroll
et al. 2015). We chose a limited m/z region to distin-
guish between the molecular weight effect and the
functional groups effect, and focused on non-nitro-
genated compounds to eliminate the effect of nitrogen
atoms on calculated oxidation state (see Section S6
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and Figure S5 in Supplement). Fp increases with oxi-
dation state, consistent with compounds of a higher
oxidation state having lower volatilities. The scatter
observed in the lower m/z region of Figure 4a is
therefore likely the result of varied functional groups
within a small m/z range affecting volatility behavior.
By definition, Fp¼1 is the maximum possible parti-
tioning fraction so compounds that exceed a certain
vapor pressure will all fall in the plateau region
approaching Fp¼1 (for a certain concentration of
organic aerosol COA).

An additional method of inferring volatility from
FIGAERO-CIMS data is the use of maximum desorp-
tion temperature, Tmax (Bannan et al. 2018; Lopez-
Hilfiker et al. 2014). We compared Tmax values to
partitioning numbers, Fp, for HR-identified species
(Figure S6) and for unit mass resolution (UMR) data
(Figure S7) and found that even though there is a
positive correlation between both measures of volatil-
ity, the correlation is fairly poor, especially for UMR
data. The correlation is slightly stronger for high-reso-
lution data, but with considerable scatter especially for
species within the Fp range of 0.8 to 1.0 (presumably
lower volatility species). One benefit of using both
measures is that thermal decomposition products
(compounds with high Tmax and low Fp) are visually
identifiable (see Figure S6).

An interesting feature of two-dimensional thermo-
grams from HOMEChem is the trend in Tmax versus
m/z. There is a noticeable increase in Tmax with increas-
ing m/z, from m/z 250-800. This differs from 2D-ther-
mograms from environmental chamber data (Masoud
and Hildebrandt Ruiz 2021; Wang and Hildebrandt
Ruiz 2018) where Tmax appears independent of m/z (up
to m/z 350) and where thermal decomposition products
(characterized by low m/z and high Tmax) are clearly
visible (see Figure S8). This is likely due to the

difference in formation mechanisms for the observed
products: for environmental chamber experiments,
products are formed from photochemical reactions that
occur at room temperature (25 �C), whereas for cooking
experiments at HOMEChem, particle-phase products
were likely emitted directly from cooking at high tem-
peratures which makes them inherently more thermally
stable. The chamber experiments were also highly con-
trolled (a single VOC precursor was used) whereas dur-
ing HOMEChem, a large variety of VOCs were present,
which have different volatility behaviors.

3.2.1. Effect of dilution on partitioning
To study dilution effects on partitioning of com-
pounds between gas and particle phases, we focused
on one Thanksgiving Day (TG2) where cooking and
cleaning activities were spaced out throughout the day
and organic aerosol concentrations changed according
to activity levels. We focused the analysis on select
non-nitrogenated compounds that had the highest
overall concentrations (in the gas and particle phases)
during 8 consecutive sampling periods on TG2
(11:00AM to midnight the next day). The marker size
in Figure 5 indicates organic aerosol concentration
during the sampling period (COA range from 0.4-
134 mg m�3) (Katz, Guo, et al. 2021), and the marker
color indicates the time of day during which the par-
ticles were collected. As seen in Figure 5, as the con-
centration of organic aerosol increased, the
partitioning number for compounds of the same sat-
uration concentration generally increased as well, con-
sistent with absorptive partitioning. The trend is
particularly evident in the higher m/z range where
Fp�0.7. A closer examination of three time periods
(14:05-14:25, 17:05-17:25, 00:05-00:25 (next day))
when COA values were about an order of magnitude
apart (see Figure S9) shows that decreasing COA leads

Figure 5. Fp versus m/z for a group of abundant compounds during 8 consecutive sampling periods under different OA loading
conditions on TG2. Size of markers indicates magnitude of COA and their color indicates the sampling period. The solid (green) line
is a fit based on 14:05-14:25 and is added to guide the eye.
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to correspondingly decreasing Fp values. The observ-
able effect of dilution on partitioning suggests that
FIGAERO-CIMS-measured Fp is a reliable indicator of
partitioning behavior. This behavior also points to the
importance of dilution in decreasing particle phase
concentrations: increasing ventilation in the indoor
environment can reduce particulate matter levels by
adding cleaner air and by driving partitioning of com-
pounds back into the gas phase due to lower concen-
trations. A similar analysis to Figure 5 with marker
size corresponding to total particle signal from the
FIGAERO is presented in Figure S10a, and reasonable
correlation is seen between the FIGAERO total par-
ticle signal [ions/s] and AMS COA values [lg m�3]
(Figure S10b).

3.2.2. Comparing partitioning values to saturation
concentration

Given the inability of FIGAERO-CIMS data to pro-
vide structural information, we use an empirical par-
ameterization by Li, P€oschl, and Shiraiwa (2016) to
calculate saturation concentration C0 values based on
elemental compositions, using the subset of measured
species which contain C, H, and O atoms only and
exhibit unimodal desorption behavior (see Sec. 3.2.1).
The parameterization was developed by plotting the
molar masses of a large number of compounds against
their saturation concentration values predicted by EPI
Suite. A “molecular corridor” is established accord-
ingly, and parameters are fit so that we can estimate
the saturation of a compound given its molar mass
(see Section S9 and Figure S11). We use this method
to calculate C0 values for a list of compounds that
were emitted at high concentrations during 2 time
periods on Thanksgiving day 2 – a high activity
period (cooking, occupancy, cleaning) from 14:05-
14:25, and a low activity period (unoccupied house)
from 17:05-17:25. For the two time periods shown in
Figure 6a, we added the gas and particle concentra-
tions of each compound and determined the highest
overall concentrations for each time period. We
focused the analysis on �40 compounds which had
the highest concentrations from each event and which
together constituted 65% of the total signal during
this time. We calculated partitioning numbers Fp for
these compounds and plotted those against their cor-
responding empirically calculated saturation concen-
tration, log(C0). As the saturation concentration of a
compound, log(C0), increases, its partitioning number,
Fp, decreases. The trend follows expected partitioning
behavior where compounds with lower saturation
concentration (i.e., lower volatility) preferentially par-
tition into the particle phase. However, the points do
not fall on the expected Fp at COA¼100 lg m�3 line
(black line) indicating that equilibrium conditions are
not met. Note that the actual COA during the high
activity and low activity periods were 134 and
16.9 lg m�3 respectively.

We calculated the experimental effective saturation
concentration, C�, from measured Fp values based on
Equation (4) for the identified compounds and com-
pared these values to the predicted saturation concen-
tration, C0, from the Li, P€oschl, and Shiraiwa (2016)
correlation, as seen in Figure 6b. The analysis includes
seven time periods from three different days during
the campaign. Several compounds that were observed
during TG2 (high activity period) with C0 	102mg m�3

fall on the 1:1 line. However, for most of the events, the

Figure 6. (a): Fp versus log(C0) obtained from Li, P€oschl, and
Shiraiwa (2016) correlation for two events: a high activity and
a low activity period on Thanksgiving Day 2 (TG2). The black
line indicates expected partitioning behavior at COA ¼ 100lg
m3 whereas actual COA ¼ 133.9 (b) Experimental log(C�) from
FIGAERO-CIMS (calculated from Fp) versus log(C0) from Li,
P€oschl, and Shiraiwa (2016) parameterization based on elem-
ental formulas of HOMEChem compounds, for seven different
cooking events.
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points fall below the 1:1 line, which indicates that their
experimental effective saturation concentration (based
on measured partitioning, Fp) is lower than the pre-
dicted saturation concentration (based on the elemen-
tal formula parameterization (Li, P€oschl, and Shiraiwa

2016)). This indicates that the measured mass fraction
of OA is higher than what would be expected based
on predicted equilibrium partitioning. One explan-
ation for this behavior is that the equilibration time-
scales for the events were longer than sampling

Figure 7. Predicted Fp variations with time for (a-b) condensation and (c-d) evaporation in the closed system and the Fp calculated
by partitioning theory. COA is 134lg m�3; T is 322.8 K and Db is 3� 10�12 cm2 s�1.

Figure 8. Predicted Fp variations with time for (a-b) condensation and (c-d) evaporation in the closed system and the Fp calculated
by the partitioning theory. COA is 134lg m�3; T is 298 K and Db is 1� 10�14 cm2 s�1.
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timescales. The sampling inlet was placed at close
proximity to the source which means that some com-
pounds may have been sampled before fully partition-
ing. Another explanation for the difference between
C0 (pure compound saturation concentration) and C�
(effective saturation concentration, where C�¼cC0) is
the assumption of ideal thermodynamic mixing condi-
tions, where the activity coefficient c is assumed to be
unity. This assumption does not take into account
mixing effects of different organics (their activity coef-
ficients), interactions with water, and interactions with
other inorganic constituents of the sampled aerosol
(Donahue et al. 2014; Shiraiwa et al. 2013; Zuend and
Seinfeld 2012). A brief comparison of experimentally
measured Fp values and literature-based saturation
concentrations (assuming a specific structural for-
mula) is presented in Sec. S10 (Figure S12). While Fp
and saturation concentration values show a negative
correlation, they do not follow the expected trend
based on absorptive partitioning theory (Donahue
et al. 2006) likely due to the assumptions of structural
identity, and general difficulty in obtaining experi-
mental vapor pressures for low volatility compounds.

3.2.3. Equilibration timescales and particle
phase states

To investigate equilibration timescales, we used KM-
GAP to simulate gas-particle partitioning of measured
compounds dominated by condensation or evapor-
ation. The condensation scenarios are simulated with
initial conditions of Cp,0 (concentration in the particle
phase) ¼ 0 lg m�3 and Cg,0 (concentration in the gas
phase) ¼ 22 lg m�3. Figure 7a shows the temporal
evolution of the predicted Fp for condensing com-
pounds with C0 varied from 10�2 to 106 lg m�3 at
measured COA of 134 lg m�3 and T of 322.8K (con-
ditions at Thanksgiving 2 from 14:05-14:25). The cal-
culated viscosity is 2.2� 103 Pa s, indicating that the
cooking OA adopts a semi-solid state. We note that
the directly measured viscosity of organic mixtures
collected from the surface near the stove during
HOMEChem was <104 Pa s (O’Brien et al. 2021). The
sampled film contained organic material with similar
composition to cooking OA measured via an online
AMS during HOMEChem, indicating that cooking
OA may adopt a low viscosity semi-solid phase state
similar to the observed viscosity of organic films
(O’Brien et al. 2021). We show equilibrium Fp values
calculated by partitioning theory (Pankow 1994) at
COA of 134 lg m�3, assuming ideal mixing conditions.
When the system reaches full equilibrium, the pre-
dicted Fp should be very close to the Fp calculated by

partitioning theory. Figure 7b shows the simulated seq
as a function of C0 showing that seq is �18 s. Figure
7c shows the evaporation scenarios with initial condi-
tions of Cp,0 ¼ 20lg m�3 and Cg,0 ¼ 0 lg m�3. The
experimentally detected compounds with measured Fp
and C0 estimated by Li, P€oschl, and Shiraiwa (2016)
are shown in black dots. Interestingly, the measured
Fp of IVOC is close to the simulated Fp at t¼ 0.1 s.
The simulated seq is very close to the seq in the con-
densation scenarios (Figure 7d).

We ran sensitivity simulations at room temperature
(T¼ 25 �C) with Db of 1� 10�14 cm2 s�1 as seen in
Figure 8. At COA of 134lg m�3, comparing with the
scenarios at T of 322.8 K (Figure 7), seq of compounds
with C0 > 1 lg m�3 significantly increases and can be
longer than 103 s (Figure 8b), indicating that gas-
particle partitioning of these compounds is limited by
bulk diffusion. For compounds with C0 < 1lg m�3,
seq does not increase when T decreases, as the gas-
particle partitioning of these lower volatility com-
pounds is in the interfacial-transport limited regime
(Mai et al. 2015). For the evaporation scenarios, the
measured Fp of IVOC are mainly between the simu-
lated Fp at t¼ 1 s and 10 s (Figure 8c).

The simulations indicate that timescales for parti-
tioning compounds to reach equilibrium may be up
to �14 s at 322.8K and up to 15min at 298K. Thus,
the particles could be out of equilibrium since the
cooking activities were highly dynamic in nature (i.e.,
compounds were emitted in an intermittent manner)
and the residence time in the lines (2.7 seconds) was
shorter than this equilibration timescale. This may
partly explain the discrepancy between the measured
and estimated saturation concentrations (Figure 6b)
which assumed equilibrium partitioning. Gas-particle
partitioning of higher volatility compounds is limited
mainly by the bulk diffusion in the semi-solid matrix.

4. Conclusion

We identified �480 unique molecular formulas meas-
ured by the FIGAERO-CIMS during several cooking
events at the HOMEChem campaign and presented for
the first time FIGAERO-CIMS-measured partitioning
values for cooking aerosol generated in a realistic home
environment. Molecular formulas containing C, H, O,
N, Cl, and S atoms were identified and attributed to
potential sources. Compounds containing C, H, O
atoms only (CHO group) constituted the majority of
emissions in the particle phase (�74-85%), followed by
the CHNO group (�12-19%). Gas-particle partitioning
of species showed a dependence on molecular weight,
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functional groups, and dilution, which was correlated
with a decrease in PM concentration and fraction of
measured compounds in the particle phase.
Partitioning values, Fp, provided useful insight into
volatility, and their use in tandem with Tmax helped
with the identification of thermal decomposition prod-
ucts. Fp values were generally well correlated with sat-
uration concentration values obtained from the Li,
P€oschl, and Shiraiwa (2016) parameterization based on
elemental formulas. However, our comparison of
experimentally determined saturation vapor concentra-
tions (calculated from FIGAERO-CIMS-measured Fp)
to saturation vapor concentration values obtained from
the parameterization showed a discrepancy between
the two methods, likely related to the assumption of
equilibrium conditions at the time of sampling. We ran
the KM-GAP model to investigate equilibration time-
scales at different organic aerosol concentrations and
sampling temperatures, and found that it can take up
to 14 seconds to reach equilibrium at the experimental
conditions (T¼ 322 K) (up to 15min at T¼ 298 K),
whereas sampling timescales were shorter (2.7 seconds).
Comparison of experimentally and empirically derived
saturation concentrations suggests that compounds
may have been released primarily in the particle phase
during cooking events and were sampled before they
fully equilibrated with the gas phase. The results pre-
sented in this work highlight the utility of data from
the FIGAERO-CIMS in that it provided data on
molecular composition, partitioning, and valuable
inputs for kinetic and viscosity modeling. Overall, our
analysis highlights the rich variety of compounds a per-
son may be exposed to while cooking in their home.
The impact of dilution on reducing cooking aerosol
concentrations indicates the importance of increasing
ventilation indoors (e.g., by opening windows) to
reduce human exposure to particle-phase pollutants.
The high concentrations of organic aerosol and the
large variety of compounds present during cooking
events emphasizes the importance of considering
human exposure to pollutants in indoor air, especially
in homes, and motivates further investigation into
indoor air pollution mitigation measures.
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