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ABSTRACT: Indoor air quality is important as humans spend
significant time indoors, especially in colder climates. Household
activities, including cooking and home heating, and infiltration of
outdoor air contribute to gases and aerosols indoors. To study
interactions of indoor aerosol sources, a single-particle mass
spectrometer measured the size and chemical composition of
individual aerosol particles inside a residential home in the winter
in Fairbanks, Alaska. We focus on indoor measurements during
nine cooking experiments, including five experiments with indoor
home heating pellet stove burning. The three main single-particle
types identified from the 70,384 individual particles (0.07−2 μm)
measured during cooking were cooking oil-dominant, smoke (from indoor and infiltrated outdoor home heating), and smoke +
cooking oil. Smoke + oil was the most abundant particle type (9−76%, by number, across the cooking experiments). Fatty acids and
tocopherols from cooking oil were present in 71%, by number, of all measured particles during cooking. Indoor number mode
diameters increased following cooking, supporting particle growth via coagulation of cooking oil particles with pre-existing wood
smoke particles indoors and condensation of semivolatile cooking oil onto these particles. The physical mixing of smoke and cooking
oil indoors demonstrates the interactions of aerosol sources in the indoor environment.
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1. INTRODUCTION

Discerning the factors that contribute to poor indoor air
quality is crucial for evaluating adverse human health e3ects as
people spend ∼90% of their time indoors,1 with increased time
spent indoors when outdoor temperatures are low.2 Despite
this, fewer studies have investigated gas- and particle-phase
pollutants indoors than outdoors.3 It is well-known that a
major contributor to indoor aerosol particles is the infiltration
of outdoor air,4−8 with less known about indoor emissions.
Common indoor emission sources include cooking,9,10

cleaning,11,12 smoking and residual smoke,13−15 personal care
products,16 building materials,17 and even humans.18 In many
cases, the emitted gases and aerosol particles are poorly
chemically characterized,19 and additional studies are needed.
Characterizing indoor air is further complicated when
considering the dynamics of infiltrating outdoor air through
building leaks, windows, and doors, the continual re-
equilibration of surface films, potential for reactive chemistry
and gas/particle phase partitioning, and air removal processes

like HVAC (heating, ventilation, and air conditioning)
filtration.20−23

Understanding emissions indoors is crucial as indoor
environments with human activities often have particulate
matter (PM) concentrations that exceed those in the outdoor
environment.24−26 Health-related impacts, including respira-
tory,27 cardiovascular,28 and neurological29 issues, can occur
when people are continually exposed to elevated levels of PM,
particularly PM2.5 (PM with diameters less than 2.5 μm), due
to its size-dependent ability to penetrate deeper into the
lungs.30 More specifically, previous studies have highlighted
the potential health e3ects of cooking-related PM exposure.31
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For example, Du et al.32 showed that 2 days of exposure to
cooking emissions, notably, inhalable particles (PM10; PM with
diameters less than 10 μm), resulted in a significant reduction
of lung function in healthy students. Additional studies have
demonstrated that PM2.5 from cooking can decrease cell
viability and induce oxidative stress,33 which is further
complicated by the presence of additional indoor emissions
sources.34,35 Another consideration for the impact of cooking
aerosol on indoors is that the majority of particles, by number,
generated from cooking experiments are in the ultrafine range
(i.e., below 100 nm),9,10 which have additional uncertain
health impacts.36

Cooking activities contribute an abundance of gas37−39 and
particle emissions to the indoor environment.40−42 Previous
studies have shown that cooking activities lead to significant
increases in PM mass concentrations indoors,9,10,41,43 but the
extent of this increase is highly variable across cooking
techniques and conditions.9 The chemical composition of
cooking-generated aerosol also depends on the ingredients, use
of cooking oil, cooking style, and temperature.44 Indoor
cooking studies with bulk aerosol chemical composition
measurements have found that cooking aerosol is primarily
composed of organic aerosol, by mass.45,46 Brown et al.45

found that fatty acids, carbohydrates, and phthalates generally
dominate the organic aerosol population during cooking. This
cooking aerosol also interacts with gases within the home, as
shown by Lunderberg et al.,47 who found that aerosols can
uptake semivolatile phthalates, likely from vinyl flooring, post
cooking. However, there have been few single-particle
measurements investigating cooking aerosol chemical compo-
sition and its interactions with other gases and aerosols. In
Beijing, China, Ma et al.48 used single-particle mass
spectrometry to identify individual cooking aerosol particles
outdoors based on the presence of fatty acids, in addition to
sulfate, nitrate, ammonium, and secondary organic com-
pounds. However, to our knowledge, the chemical composition
of individual indoor cooking aerosols has yet to be reported,
thus limiting our current understanding of cooking-generated
aerosol particles and their interactions with other indoor
aerosols and gases.
Single-particle measurements can address the large un-

certainty regarding contributions from various sources to the
indoor aerosol population with the source-specific chemical
identification of individual particles. For example, Dall’Osto et
al.49 used single-particle mass spectrometry of indoor air to
identify the contributions of aerosol generated outdoors (e.g.,

dust) and indoors (e.g., tobacco smoke). In addition to the gap
in understanding particles from indoor sources, the chemical
reactions and physical mixing of particles and gases from
indoor sources (e.g., cooking) and outdoor sources (e.g.,
vehicles) can uniquely transform both the size and chemical
composition of indoor particles that are significantly under-
studied.
While indoor air environments are generally understudied,3

there is an even less known about indoor high-latitude
environments,50 despite residents spending more time indoors
due to low temperatures and stricter cold-climate building
codes making houses more airtight. Previous studies in
wintertime Fairbanks, Alaska, have shown that a dominant
source of outdoor aerosol particles is wood smoke, primarily
from residential heating.51−53 However, it is not clear how
these wood smoke particles, both in-home emissions and
infiltrated outdoor emissions, interact in the home environ-
ment in the presence of emissions from indoor activities,
including those generated during cooking.
During January−February 2022, the Alaskan Layered

Pollution and Chemical Analysis (ALPACA) field campaign
occurred in Fairbanks, Alaska, to study indoor and outdoor air
quality in the cold environment.54 In the present work, we
investigate the size and chemical composition of individual
aerosol particles generated during cooking inside a residential
home and the interactions of cooking emissions with existing
indoor particles, including pellet stove emissions. Three types
of cooking experiments were conducted: heating cooking oil (2
experiments), boiling pasta and simmering pasta sauce (2
experiments), and shallow-frying breaded chicken (6 experi-
ments). A home heating pellet stove was also burned indoors
during five of the chicken-frying experiments to explore the
potential interactions between these two emission sources.
Individual particle size and chemical composition were
measured indoors along with size-resolved particle number
concentrations. Additionally, speciated semivolatile gas- and
particle-phase measurements were used to quantify the
contribution of cooking-oil-related species to both phases.

2. METHODS

2.1. Field Campaign and Particle Sampling. The
ALPACA field campaign occurred in Fairbanks, AK, from
January 17 to February 26, 2022.54 An aerosol time-of-flight
mass spectrometer (ATOFMS) (described in Section 2.2),55,56

a scanning mobility particle sizer spectrometer (SMPS, model
3082, TSI Inc.), an aerodynamic particle sizer (APS, model

Table 1. Indoor Cooking Experiment Dates, Types, and Times during the ALPACA Field Campaigna

date experiment type before experiment (AKST) pellet stove burn (AKST) cooking active (AKST) decay (AKST)

01/29/22 pasta/sauce 6:00−9:00 N/A 12:03−13:00 13:00−14:55

01/29/22 oil aerosol generation 1 6:00−9:00 N/A 15:00−15:14 15:14−22:35

01/30/22 oil aerosol generation 2 N/A N/A 13:15−13:30 N/A

01/30/22 pasta + chicken 10:02−12:02 N/A 15:00−16:13 16:13−21:12

02/07/22 mixed 1 7:22−10:22 10:22−13:02 12:22−12:40 13:02−19:21

02/08/22 mixed 2 N/A 9:15−11:45 11:13−11:27 N/A

02/09/22 mixed 3 7:15−10:15 10:15−12:45 12:15−12:30 12:45−20:01

02/10/22 mixed 4 8:30−11:30 11:30−14:02 13:21−13:43 14:02−21:14

02/16/22 mixed 5 11:48−15:00 15:00−17:58 16:47−17:07 17:58−23:58
aActive cooking periods were defined by the duration the kitchen stove was on. Mixed experiments consisted of a pellet stove burning initially for
∼120 min, after which frozen breaded chicken was fried in shallow soybean oil while the pellet stove was still burning. Due to instrument
challenges, particle sizing data were not collected for the oil aerosol generation 2 or mixed 2 experiments. Before experiment periods are defined as
3 h, with deviations for the pasta + chicken and mixed 5 experiments based on data availability.
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3321, TSI Inc.), and a semivolatile thermal desorption aerosol
gas chromatograph (SV-TAG) (described in the Supporting
Information)57,58 were deployed in the attached garage of a
residential home in Fairbanks.54 For the ATOFMS and particle
sizing instrumentation, air was continuously sampled through a
computer-controlled inlet switcher,7 a Nafion dryer, and
insulated copper tubing. The inlet switcher alternated sampling
between outdoor and indoor air every 10 min; only the indoor
data are investigated in the current work. The temperature
inside the house remained constant at ∼21 °C, and the house
air exchange rate was estimated to be 0.19 air changes per hour
during winter based on a blower door test at 50 Pa.54 The
house furnace air recirculation fan was continually operated
with a MERV 4 filter for all experiments except for mixed 5
(Table 1), which had a MERV 8 filter.
The indoor sampling line to the inlet switcher was 10 m long

(outer diameter (OD): 0.95 cm; inner diameter (ID): 0.79
cm), and the sampling lines from the inlet switcher to the
SMPS, APS, and ATOFMS measured 1.8 m (OD: 0.64 cm;
ID: 0.48 cm), 1.4 m (OD: 0.95 cm; ID: 0.79 cm), and 0.9 m
(OD: 0.32 cm; ID: 0.17 cm), respectively. The flow rate and
residence time from the inlet to the inlet switcher were 10 L
min−1 and 3 s, respectively, and the flow rates and residence
times from the inlet switcher to the SMPS, APS, and ATOFMS
were 0.3 L min−1 and 6 s, 5 L min−1 and 0.8 s, and 0.07 L
min−1 and 2 s, respectively. The SV-TAG collected particle-
and gas-phase samples through a separate inlet that alternated
between indoor and outdoor air, sampling hourly (described in
the Supporting Information).
Several perturbation experiments were conducted within the

residential home; we focus herein on nine experiments that
involved cooking, as summarized in Table 1. The two cooking
oil aerosol generation experiments were conducted by
dropping approximately 20 drops of water into soybean oil
(60 mL) that was heated on an electric stove at medium-high
heat for 10 min. For the two pasta boil/sauce simmer
experiments, pasta was added to salted boiling water and
cooked as instructed on the box, after which the pasta sauce
was simmered for 5 min at medium-low heat. After the pasta
boil/sauce simmer, one of these two experiments also included
shallow-frying frozen breaded chicken for 10 min in heated
soybean oil (60 mL). Five “mixed” experiments consisted of
shallow-frying frozen breaded chicken in heated soybean oil in
the kitchen while a home heating pellet stove (Harman P35i)
was burning in the living room. Note that the pellet stove
leaked wood smoke emissions into the house for every mixed
experiment due to a leak in the exhaust seal.54 Reported
cooking experiment times in Table 1 include background
periods, the pellet stove burn time (for mixed experiments),
and active cooking times. Background particle number
concentrations were determined by examining SMPS and
APS data for ∼3 h, depending on data availability, prior to the
experiment start. Decay periods were determined as the time
from the end of active cooking to when particle number
concentrations and mode diameters returned to the back-
ground (i.e., average levels before the experiment start). For
the oil aerosol generation 1 and pasta + chicken experiments,
the number mode diameters did not return to the average
background levels, likely due to the influence of infiltrated
outdoor air during the pollution event that occurred from Jan
29 to the afternoon of Feb 3;54 therefore, the decay period
conclusion was defined as after 30 min of stable particle

number concentration (defined as being within 1 standard
deviation of the prior 3 h particle number concentration).
During all indoor cooking experiments with particle sizing

data (Table 1), 96%, by number concentration, of the
measured 0.013−16.5 μm dm indoor aerosol was between 13
and 661 nm dm. Therefore, only the SMPS size distributions
(12.6−661.2 nm dm for 5 min scans and 14.1−593.5 nm dm for
2 min scans) for cooking experiments with particle sizing data
are discussed herein.
2.2. Aerosol Measurements. The SMPS and APS

measured size-resolved number concentrations of aerosol
particles with 5 min resolution from January 26, 8:10 AKST
to February 6, 22:00 AKST and with 2 min resolution for the
remainder of the campaign. The SMPS measured particles
from 12.6 to 661 nm in electrical mobility diameter (dm). The
APS measured particles from 0.523 to 19.81 μm in
aerodynamic diameter (da). The SMPS and APS data were
combined into a continuous size distribution from 0.01 to 16.5
μm dm, similar to the method described by Khlystov et al.59

For these calculations, we assume a shape factor of 1 and a
density of 1.2 g cm−3 based on previous single-particle
measurements of biomass burning aerosol,60,61 since the
indoor aerosol population in this study primarily consisted of
wood smoke aerosol, as described in Section 3.3. Due to
instrument challenges during the campaign, SMPS and APS
data were not obtained for the oil aerosol generation 2
experiment, and SMPS data were not obtained for the mixed 2
cooking experiment. The aerosol size distribution number
mode diameters were found for each SMPS scan by fitting a
log−normal curve to each size distribution using Igor Pro 8
(Wavemetrics).
An ATOFMS measured the size and chemical composition

of individual aerosol particles from 0.07 to 2 μm in vacuum
aerodynamic diameter (dva) in real time.55,56 In brief, the
ATOFMS uses an aerodynamic lens system that collimates
aerosol particles into a narrow beam. Particles then enter a
sizing region where they individually scatter the light from two
continuous wave lasers (488 and 405 nm, OBIS, Coherent
Inc.). From the time required to traverse these laser beams,
particle speed is calculated and calibrated to dva using 0.09−1.5
μm polystyrene latex spheres (Polysciences, Inc.) with a known
density of 1 g cm−3. Finally, particles enter a Z-configuration
dual-polarity time-of-flight reflectron mass spectrometer
(Tofwerk), where particles are individually desorbed and
ionized by a 266 nm Nd:YAG laser (Centurion, Quantel, Inc.)
to generate positive and negative ion mass spectra for each
particle. ATOFMS mass spectra for 440,455 individual indoor
particles were analyzed in the Flexible Analysis Toolkit for the
exploration of SPMS data (FATES), a MATLAB (Mathworks,
Inc.) toolkit created for analyzing ATOFMS data.62 The results
herein focus on 70,384 individual particles that were measured
during the nine cooking experiments.
From the 70,384 individual particles measured during all

cooking experiments, single-particle mass spectra containing
cooking oil (henceforth referred to as oil-containing particles)
were identified based on the presence of at least one of the
following ions: deprotonated linoleic acid (C18H31O2

−, m/z
−279), oleic acid (C18H33O2

−, m/z −281), stearic acid
(C18H35O2

−, m/z −283), β-/γ-tocopherol (C28H48O2
+, m/z

416), or δ-tocopherol (C27H46O2
+, m/z 402).63−65 These

individual oil-containing particle mass spectra were further
separated into three chemically distinct particle types: cooking
oil-dominant, smoke + cooking oil, and ECOC + cooking oil.
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ECOC + cooking oil particle mass spectra were distinguished
from the other oil-containing particle types based on intense
elemental carbon (Cn

+, m/z 12, 24, 36, ...) and organic carbon
(C3H

+, m/z 37) fragment ions relative to potassium (K+, m/z
39), a common ion marker used for wood smoke.66,67 Cooking
oil-dominant particles were identified from the remaining oil-
containing particles by a linoleic acid ion signal 10-fold higher
than that of sulfate (HSO4

−, m/z −97) and a β-/γ-tocopherol
ion signal higher than that of potassium. Both sulfate and
potassium were selected for the ratios here because they are
the dominant ions in the single-particle mass spectra of
biomass burning aerosol.66−68 The remaining oil-containing
particles were classified as smoke + cooking oil based on the
dominance of potassium (K+, m/z 39) in the mass spectrum,
plus elemental carbon (e.g., C3

+, m/z 36) and organic carbon
fragment ions (e.g., C3H

+, m/z 37), consistent with the single-
particle mass spectral signature of wood smoke.66−68

Examination of the variations in the grouped smoke + cooking
oil mass spectra showed no evidence of additional contributing
sources. The non-oil-containing particle type mass spectra (i.e.,
mass spectra that did not contain the fatty acid or tocopherol
ions) were separated and identified as ECOC and smoke
particle types based on the mass spectral signatures discussed
above, but without the presence of the fatty acids or
tocopherols. The ECOC mass spectra (with and without
cooking oil) are consistent with prior single-particle mass
spectrometry vehicle emission studies.69,70

3. RESULTS

3.1. Increases in Particle Number Mode Diameters
and Number Concentrations during Cooking Experi-
ments. The average indoor aerosol number mode diameter
during background periods, i.e., when no indoor experiment
was being conducted, ranged from 41 to 50 nm (dm). This is
consistent with previous literature showing background indoor
aerosol number mode diameters ranging from 28 to 69 nm in
the absence of indoor activities.9,10,71 The indoor aerosol
number mode diameter varied between experiments (Figures 1

and S1−S5), which we attribute to the complexity of factors
influencing cooking-generated aerosol particles.44

The mixed 1 experiment (Table 1) is discussed here in detail
as an example as it produced 2−30-fold higher particle number
concentrations than the other seven cooking experiments for
which particle sizing data are available (Figures S1−S5). This
high aerosol number concentration is likely due to the high
heat applied during cooking that resulted in breaded chicken
burning. Before the experiment began, the background aerosol
showed an average number mode diameter of 41.8 ± 0.2 nm
(Figure 1), within the range of the average background number
mode diameters observed before the other cooking experi-
ments (41−50 nm dm). The mixed 1 experiment began with
only home heating pellet stove burning. Compared to before
the experiment began, the average number mode diameter and
average aerosol number concentration increased to 65 ± 4 nm
and 1.3 (±0.2) × 105 particles cm−3 (from 3.1 (±0.2) × 103

particles cm−3), respectively, corresponding to a 56% increase
in mode diameter and a 41-fold increase in particle number
concentration, consistent with accumulation of pellet stove
emissions indoors.54 The average particle number mode
diameter during the pellet stove burn was similar to the pellet
stove burn mode diameters ranging from 55 to 91 nm dm
measured by Bari et al.72

During the active cooking portion of the mixed 1
experiment, the aerosol particle number mode diameter and
particle number concentration remained constant at ∼64 nm
and ∼1.3 × 105 particles cm−3, respectively, likely due to the
short duration of active cooking, which lasted 18 min and
included ∼5 min to heat the pan (Figure 1). The number
mode diameter and particle number concentration spiked 6
min after the end of active cooking to 90.1 ± 0.3 nm and 3.0
(±0.3) × 105 particles cm−3, respectively, corresponding to
increases of 41% and 131% compared to immediately before
cooking began. This aerosol particle number mode diameter of
90.1 ± 0.3 nm is in agreement with previous literature showing
a mode diameter of 89.8 nm for particles generated from
heated soybean oil.73 The particle number concentration (3.0

Figure 1. (a) Particle number mode diameters (dm; ranging from 14.1 to 593.5 nm) and particle number concentrations (particles cm−3; 0.01−16.5
μm, dm) from the combined APS and SMPS 2 min scans during the indoor mixed 1 (pellet stove + cooking) experiment. Particle mode diameters
were found by fitting a log−normal distribution to each SMPS scan. Particle number concentrations are shown as a function of marker color and
size, with larger markers representing higher number concentrations. The shaded background, pellet stove burn, and the continued pellet stove +
active cooking periods were defined as 07:22−10:22 AKST, 10:22−13:02 AKST, and 12:22−12:40 AKST, respectively. Active cooking was defined
by the time the kitchen stove was on. (b) Size-resolved aerosol number concentrations measured by the SMPS during the indoor mixed 1 (pellet
stove + cooking) experiment. Time periods when the particle sizing instrumentation was sampling outdoor air are not shown.
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(±0.3) × 105 particles cm−3) is also comparable to the 2018
HOMEChem study, where various cooking experiments
exhibited average 4−100 nm diameter aerosol number
concentrations of 1.5 (±0.2) × 104 to 1.2 (±0.5) × 106

particles cm−3.9 Our study used an electric stove, similar to the
electric hot plate that Patel et al.9 used when cooking stir fry
vegetables. We measured a comparable number concentration
of 1.1 (±0.1) × 104 particles cm−3 for 14−20 nm particles to
Patel et al.9 (4 (±2) × 104 particles cm−3) at 52 min after
cooking started. Therefore, it is likely that unmeasured
particles less than 12.6 nm (dm) may have been present in
this study, as observed previously by Patel et al.9

After cooking ended during the mixed 1 experiment, the
number mode diameter continued to increase to a maximum of
124.8 ± 0.6 nm, which occurred 92 min after the active
cooking period of the mixed 1 experiment (Figure 1). This
corresponds to a 39% increase in the number mode diameter
and a 2.7-fold increase in the particle volume after cooking. For
the initial 30 min after cooking ended, the calculated aerosol
growth rate was 36 nm h−1, which is higher than ∼28 nm h−1

observed by Glytsos et al.74 after onion frying. This 30 min
period had an elevated average surface area concentration of
9.1 (±0.9) × 103 μm2 cm−3, compared to 1.2 (±0.1) × 102

μm2 cm−3 and 1.2 (±0.1) × 103 μm2 cm−3 before the mixed 1
experiment and during the mixed 1 experiment pellet stove
burn, respectively. The elevated surface area concentration is
comparable to previous indoor cooking aerosol literature,
which have found average surface area concentrations ranging
from 5.4 to 14.0 × 104 μm2 cm−341 and 6.8 × 102 to 1.9 × 104

μm2 cm−3,42 and emphasizes the potential contribution of
aerosol coagulation to particle growth.
During the 92 min period of the mixed 1 experiment that the

number mode diameter took to reach its maximum after
cooking ended, the particle number concentration decreased
by 91% to 2.7 (±0.3) × 104 particles cm−3, which is 5-fold
lower than the average number concentration (1.3 (±0.2) ×

105 particles cm−3) during the pellet stove burn but 9-fold
higher than the average background number concentration
(Figure 1). The decrease in particle number concentration is
likely due to a combination of dilution of cooking aerosol from
the kitchen into the rest of the house and aerosol deposition
onto indoor surfaces as ultrafine particles are highly impacted
by di3usional losses.75 The decreasing particle number
concentration may also be influenced by HVAC system
filtration as a furnace fan continuously circulated air in the
house. However, we expect this impact to be minimal as the
furnace filters used in this study were MERV 4 and 8, both of
which have low removal eMciencies (<20%) for ultrafine
particles.76 The simultaneously increasing particle number
mode diameter and decreasing particle number concentration
support contribution from aerosol coagulation. The calculated
diameter of a particle formed from coagulation of a 65 nm
pellet stove smoke particle (number mode diameter) and a 90
nm cooking oil particle (number mode diameter) is 100 nm,
which is below the measured maximum number mode
diameter of 124.8 ± 0.6 nm dm in this study.
To further examine the contribution of coagulation to

aerosol growth, we calculated the polydisperse aerosol
coagulation coeMcient after active cooking ended to be 1.4
× 10−8 cm3 s−1, which is similar to aerosol coagulation
coeMcients from previous indoor aerosol studies.77,78 We also
calculated the theoretical number concentration and number
mode diameter changes due to coagulation, which are

discussed in the Supporting Information and shown in Table
S1. Overall, the increasing aerosol number mode diameter
following active cooking is likely the result of polydisperse
coagulation of cooking-generated aerosol, as well as semi-
volatile cooking gases condensing onto the pre-existing indoor
aerosol particles, likely primarily from the pellet stove
emissions, as discussed in Section 3.2. After the particle
number mode diameter reached a maximum, both the number
mode diameter and number concentration decreased until they
returned to background levels, ∼45 nm and ∼3.6 × 103

particles cm−3, respectively, consistent with particle losses
from ventilation and deposition.
The mixed 1 experiment showed a trend of increasing

number mode diameter and number concentration after
cooking. However, this was just one experiment, and there
can be significant variation in the aerosol population due to
di3erences in cooking parameters (e.g., temperature, cooking
style/method). Thus, the other six cooking experiments with
SMPS and APS data were grouped by mixed experiments
(pellet stove + cooking) or cooking-only experiments (i.e.,
pasta/Sauce, oil aerosol generation 1, pasta + chicken) for a
more comprehensive evaluation of how these indoor activities
influenced the aerosol size distributions. Similar to the average
indoor number mode diameter (41.8 ± 0.2 nm) and average
indoor number concentration (2.4 (±0.2) × 103 particles
cm−3) before the mixed 1 experiment, the average number
mode diameter and number concentration before the other
cooking experiments ranged from 41 to 50 nm and 8 to 30 ×

102 particles cm−3, respectively (Figures S1−S5). The
variability in mode diameters and number concentrations
before the cooking experiments was likely influenced by
activity inside the house prior to the experiments in addition to
variation in infiltrated outdoor aerosol.
The pellet stove burns for the other mixed experiments had

average number mode diameters that ranged from 58 nm to 63
nm (Figures S3−S5), consistent with the average number
mode diameter (65 ± 4 nm) during the mixed 1 experiment
pellet stove burn. All seven cooking experiments with particle
sizing data showed an increase in number mode diameter after
active cooking compared to before cooking. For cooking-only
(nonmixed) experiments, increases in the maximum number
mode diameter after cooking compared to before ranged from
24% to 78%, with the wide range likely due to the di3erent
cooking ingredients/methods used in these experiments. For
the other mixed experiments with aerosol size distribution data
(mixed 3−5), the average number mode diameter during the
pellet stove burn was already elevated compared to the
background and then increased further by 25−46% after
cooking, compared to a 49% increase for the mixed 1
experiment. The highest increase in number mode diameter
after cooking during the mixed 1 experiment is likely due to
elevated cooking emissions resulting from higher heat applied
during this experiment than in the other mixed experiments
(mixed 3−5). The maximum number mode diameter occurred
between 1 and 55 min after cooking ended for the nonmixed
experiments, compared to 127 min−139 min for the mixed 3−

5 experiments, suggesting that semivolatile gases from the
pellet stove burn likely were also condensing onto the particles
during this time frame, thus resulting in prolonged aerosol
growth.
Overall, the mixed 1 experiment resulted in the highest

percentage increase in particle number mode diameter after
cooking and produced the greatest particle number concen-
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tration of all seven cooking experiments discussed above, likely
due to burning the breaded chicken. The increase in particle
mode diameter during all cooking experiments suggests the
condensation of semivolatile gaseous cooking emissions onto
pre-existing indoor aerosol particles and the coagulation of
cooking-generated aerosol with indoor ambient aerosol. The
decrease in the particle number concentration is likely from a
combination of aerosol deposition to indoor surfaces,
coagulation immediately following active cooking, and
HVAC filtration. To further investigate the indoor aerosol
particle population, we used single-particle mass spectrometry
(i.e., ATOFMS) to chemically characterize individual aerosol
particles during cooking experiments, as discussed in Section
3.2.
3.2. Single-Particle Measurements Show Mixtures of

Wood Smoke + Cooking Oil within Individual Particles.
During the ALPACA campaign, the background indoor aerosol
population (from 0.07 to 2 μm dva) was mainly characterized
by residential home heating particles that infiltrated from the

outdoor environment (Figure S6) as there was no indoor
source of wood smoke during these times. During the active
cooking and decay periods of the cooking experiments (Table
1), 70,384 individual particles (0.07−2 μm dva) were measured
by the ATOFMS (Figures S7−S9). Five di3erent single-
particle types were identified: cooking oil-dominant, smoke,
smoke + cooking oil, elemental carbon/organic carbon
(ECOC), and ECOC + cooking oil. The corresponding
average mass spectra of these single-particle types are shown in
Figures 2 and 3. This analysis focuses on three main particle
types: oil-dominant (2.47 ± 0.06%, by number measured),
smoke (26.0 ± 0.2%, by number), and smoke + oil (64.8 ±

0.2%, by number). ECOC, corresponding to infiltrated vehicle
emissions, and ECOC + cooking oil particles comprised 2.72 ±

0.06% and 4.11 ± 0.07%, by number, respectively, of the
measured particles and are discussed briefly. Cooking oil was
identified by the molecular ion peaks for β/γ-tocopherol
(C28H48O2

+, m/z 416) and linoleate (C18H31O2
−, m/z

−279),63,65 as described below. Particles containing both

Figure 2. Average ATOFMS negative and positive ion mass spectra of the following single-particle types: cooking oil-dominant (top; 1764
particles), smoke (middle; 18,251 particles), and smoke + cooking oil (bottom; 45,566 particles), for all cooking experiments.

Figure 3. Average ATOFMS negative and positive ion mass spectra of the following single-particle types: ECOC (top; 1911 particles) and ECOC
+ cooking oil (bottom; 2892 particles) during all cooking experiments.
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wood smoke ion markers (discussed below) and cooking oil
ion markers were classified as smoke + oil.
The average mass spectrum of cooking oil-dominant

particles, shown in Figure 2, exhibits ions corresponding to
deprotonated fatty acids commonly found in soybean oil:
palmitic (C16H31O2

−, m/z −255), linolenic (C18H29O2
−, m/z

−277), linoleic (C18H31O2
−, m/z −279), oleic (C18H33O2

−,
m/z −281), and stearic (C18H35O2

−, m/z −283) acids.79

Molecular ions corresponding to deprotonated linoleic and
oleic acids were observed in 100% and 51 ± 1%, respectively,
of the oil-dominant single-particle mass spectra, by number,
while the other three fatty acids were observed in 13−19% of
oil-dominant particles, by number. Vitamin E analogues α-
tocopherol (C29H50O2

+, m/z 430), β-/γ-tocopherol
(C28H48O2

+, m/z 416), and δ-tocopherol (C27H46O2
+, m/z

402) are also present in soybean oil79 and were observed in 70
± 1%, 100%, and 25 ± 1% of the oil-dominant single-particle
mass spectra, respectively. The average mass spectrum also
shows tocopherol fragment ions C8H9O2

+/C10H17
+ (m/z 137),

C9H11O2
+ (m/z 151), and C10H13O2

+ (m/z 165) that have
been identified in previous literature.63,64 Note that m/z 165 is
also a common polycyclic aromatic hydrocarbon (PAH)
fragment ion;80 however, the relative intensity of m/z 165 is
statistically higher (p < 0.05) in particles containing cooking oil
markers when compared to background smoke aerosol
(particles measured indoors when no experiment was
occurring). Smoke aerosol generated from wood burning
contains PAHs (e.g., naphthalene, acenaphthylene, pyr-
ene),72,81 but smoke solely generated from burning wood
would not contain cooking oil markers (e.g., tocopherols).
This finding supports the identification of m/z 165 as a
tocopherol fragment rather than a PAH fragment during the
cooking experiments.
To support the ATOFMS measurements of soybean oil

compounds in the particle phase, we report data from a Semi-
Volatile Thermal Desorption Aerosol Gas Chromatograph
(SV-TAG) that was deployed during the ALPACA field
campaign to characterize and quantify both gas-phase and
particle-phase compounds (methods described in the Support-
ing Information).57,58 During the mixed 1 and mixed 5
experiments, the SV-TAG quantified the particle-phase
fractions (Fp) of four fatty acids (palmitic, linoleic, oleic, and
stearic) and two mixed tocopherols (δ- and γ-tocopherol). Fp
values ranged from 71% to 93% for the fatty acids and from
92% to 98% among the tocopherols (Figure S10). This
demonstrates that these cooking oil-derived compounds, which
were also measured by the ATOFMS within individual
particles, do have the ability to transition phases but were
primarily observed in the particle phase. The lower percentage
of fatty acids than tocopherols in the particle phase also agrees
with fatty acids being more volatile.82,83 The percentages of all
six compounds in the particle phase were lower for the mixed 5
experiment (71−93%) than for the mixed 1 experiment (86−

98%). The properties and chemical composition of cooking
emissions depend on a number of factors, such as temperature,
which could help explain the di3erence in Fp values during the
mixed 1 experiment. The higher temperature used for the
mixed 1 experiment led to burnt chicken, likely enabling
greater volatilization of cooking oil compounds, which could
then partition from the gas phase to the particle phase and
result in an increased percentage of each compound in the
condensed phase. The mixed 1 experiment also generated a
larger number of larger particles, creating more particle mass

for the oil compounds to partition onto, a key parameter in
phase partitioning dynamics.84,85 These SV-TAG measure-
ments support the identification of cooking oil markers in the
single-particle ATOFMS mass spectra during the cooking
experiments.
Residential wood burning smoke particles were identified

indoors by single-particle mass spectra with intense ion peaks
corresponding to potassium (K+, m/z 39), elemental carbon
(Cn

±, m/z 12, 24, 36, ...), and organic carbon (e.g., C2H3
+, m/z

27) (Figure 2).66−68 Another prominent ion marker in the
average mass spectrum of smoke particles corresponds to
sulfate (HSO4

−, m/z −97),86 which has previously been
observed in wood smoke particles.66,67,87,88 The indoor aerosol
population during periods of no indoor perturbation experi-
ment was primarily composed of wood smoke particles (Figure
S6), and these particles were similar in composition to the
pellet smoke particles measured during the mixed experiments
(Figure 2). Therefore, in this study, smoke particles generated
from the indoor pellet stove could not be chemically
distinguished from infiltrated outdoor residential home heating
particles. However, given the observed large aerosol number
concentration increase upon the start of the pellet stove burns
(Section 3.1), these pellet stove smoke particles are expected
to be in much greater abundance than the infiltrated outdoor
smoke, even within the ATOFMS size range. A subset (30.8 ±

0.3%) of the smoke particles measured indoors contained
levoglucosan (C3H3O2

−, m/z −71; C2H3O2
−, m/z −59;

CHO2
−, m/z −45),66,89,90 a marker of fresh wood burning.91

Levoglucosan rapidly degrades in the atmosphere;92,93

however, the loss rates indoors and in Fairbanks during winter
are unknown. It is worth noting that levoglucosan is not
observed in all types of wood,94 all biomass burning
particles,66,92 or all stages of combustion,88 so this suggests
that the contribution of fresh wood burning to the measured
indoor smoke is expected to be a lower limit.
The house used in this study was located in a residential

neighborhood where many nearby residents use residential
wood combustion (e.g., pellet stoves) to heat their homes.54 In
addition to infiltrated wood smoke, the indoor aerosol
population is also influenced by the infiltration of other
forms of residential heating (e.g., home heating oil
combustion) emissions, as well as vehicle emissions, discussed
below. However, the majority of particles measured during
indoor background periods have a chemical composition
similar to that of wood smoke (Figure S6) and are therefore
classified as such. Another indication that the indoor aerosol
particle population was largely influenced by infiltration of
outdoor wood smoke is through the presence of secondary
aerosol compounds within the background particles. For
example, the oxygenated organic fragment ion (C2H3O

+, m/z
43), indicative of secondary organic aerosol,95 was observed in
95.21 ± 0.04% of the smoke particles observed indoors during
background periods (Figure S6). Similarly, oxalate (HC2O4

−,
m/z −89),96 formed through aqueous-phase reactions, was
observed in 43.13 ± 0.09% of the infiltrated smoke particles.
An additional indicator of infiltration of particles indoors from
outside the house is the presence of ECOC particle types,
indicative of vehicle combustion.69,97 The majority of the
ECOC particles, described below, also contained oxygenated
organics (C2H3O

+, m/z 43), indicative of atmospheric
processing. These high number fractions of background indoor
aerosol particles containing secondary aerosol species further
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support that the background aerosol in the house largely
corresponds to infiltration of outdoor aged aerosol.
Individual particles classified as smoke + oil produced mass

spectral ion markers that were observed for both the smoke-
and oil-dominant particle types (Figure 2), meaning chemical
species from these two sources were mixed within individual
particles. This smoke + oil single-particle mixture is likely the
result of gas-particle partitioning of volatilized cooking oil onto
pre-existing wood smoke particles, as well as coagulation with
cooking oil particles. This shows that di3erent emission
sources (residential wood combustion and cooking oil) can be
observed within the same individual particle, which is
important as home heating and cooking often occur
simultaneously. Even with no active pellet stove burning
indoors (i.e., during nonmixed experiments), individual smoke
+ oil particles were observed during cooking experiments
(discussed in Section 3.3) due to the presence of infiltrated
residential heating emissions from outdoors. This finding
further highlights the importance of understanding the mixing
of residential home heating and cooking oil emissions as
particles containing chemical species from both sources can
coexist indoors, even without an indoor wood burning source
present. The mixing of di3erent chemical species from smoke
and cooking indoors reported here may have implications for
human health that are complex and require further
investigation. It is well-established that inhalation of smoke
can lead to various health issues,98 and inhalation of cooking
fumes has become of recent interest,33 but inhalation of
particles containing compounds from both smoke and cooking
remains largely unconstrained.99

The elemental carbon/organic carbon (ECOC) particle
types were identified based on the presence of elemental
carbon (e.g., Cn

±, m/z 12, 24, 36,...) and organic carbon
fragment (e.g., C2H3

+, m/z 27) ions.100,101 Similar to the
smoke particles discussed above, the ECOC particles were
further classified as ECOC or ECOC + oil based on the
presence of β/γ-tocopherol (C28H48O2

+, m/z 416) and
linolenate (C18H29O2

−, m/z −277)63,65 (Figure 3). Both
ECOC and ECOC + oil average single-particle mass spectra
also show ions corresponding to nitrate (NO2

−, m/z −46;

NO3
−, m/z −62)102 and sulfate (HSO4

−, m/z −97).86 The
ECOC + oil particle type mass spectra also show ion markers
for the suite of fatty acids and mixed tocopherols observed in
other cooking oil-containing particle types.
Similar to the background wood smoke particle type

discussed above, the ECOC and ECOC + oil particle type
mass spectra also show ion markers associated with secondary
organic aerosol (oxygenated organic fragment: C2H3O

+, m/z
43)95 and aqueous-phase reactions (oxalate: HC2O4

−, m/z
−89).96 The oxygenated organic fragment (m/z 43) was
observed in 81.2 ± 0.9% and 73.4 ± 0.8% of the ECOC and
ECOC + oil particles, respectively. Oxalate was observed in
15.9 ± 0.8% and 6.6 ± 0.5% of the ECOC and ECOC + oil
particles, respectively. The presence of both of these marker
ions indicates the individual ECOC and ECOC + oil particles
had undergone accumulation of secondary organic aerosol,
indicative of outdoor atmospheric aging reactions; however,
the fraction of particles that contain these aging markers for
these minor particle types is lower than for the indoor
background smoke particles (95.21 ± 0.04% for C2H3O

+ and
43.13 ± 0.09% for HC2O4

−). This suggests that the infiltrated
ECOC particle types measured during the cooking experi-
ments are less aged than the background smoke particles,
potentially due to the ECOC particle types being less
hygroscopic, taking up less water, and reducing aqueous-
phase secondary organic aerosol formation.
It is important to note that for a particle to be chemically

analyzed by the ATOFMS, it must absorb photons of the
wavelength of the desorption/ionization laser (i.e., 266 nm). A
previous ATOFMS study found that no positive or negative
ions were observed for pure oleic acid particles due to its low
molar absorptivity at 266 nm.90 This is also supported by the
low molar absorption coeMcient (∼1.1 × 102 L mol−1 cm−1) of
linoleic acid, one of the fatty acid markers in this study, at 266
nm.103 As fatty acids are a major component of the oil-
dominant particles, this suggests that the number fractions of
the oil-dominant particles are expected to be lower limits due
to this detection limitation. As a result, the fractional
contributions from the other four individual particle types
(i.e., smoke, smoke + cooking oil, ECOC, and ECOC +

Figure 4. ATOFMS measured number fractions (0.07−2 μm) of each identified single-particle type and of all oil-containing particle types (left
axis) during each cooking experiment, as described in Table 1. The total number of particles analyzed (right axis) during each experiment is also
shown.
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cooking oil) are likely upper limits due to the presence of other
absorbing compounds (e.g., polycyclic aromatic hydrocarbons)
that readily absorb 266 nm photons and produce single-
particle mass spectra.104

3.3. Smoke + Cooking Oil Particles Dominate
Measured Number Fractions during Cooking Experi-
ments. The smoke + cooking oil single-particle type
accounted for 9−76%, by number, of the total individual
particles (0.07−2 μm) measured by the ATOFMS during all
cooking experiments, while the number fraction of the smoke
single-particle type ranged from 16% to 78% (Figure 4).
Generally, experiments were dominated either by particles
classified as smoke or smoke + oil, showing the major
contribution (90.7 ± 0.1%, by number) from smoke
(infiltrated wood smoke from outdoors and/or pellet stove
emissions) to the indoor aerosol population during mixed
experiments (Section 3.2). During experiments in which
smoke + oil particles composed greater than 50% of the
measured particle number fraction, the number fractions of the
oil-dominant and ECOC + oil particle types were also higher.
Specifically, other oil-containing particle types comprised 5−

10% of the particle number fraction for experiments dominated
by smoke + oil particles, compared to 1−3% for experiments
with smoke + oil particle number fractions less than 50%
(Figure 4). The large number fractions of the smoke + oil
particles show that the cooking oil mixed with the pre-existing
indoor smoke particles from the pellet stove and from
infiltrated outdoor air. This is likely due to a combination of
heated cooking oil volatilizing and condensing onto indoor
smoke particles and the coagulation of ultrafine cooking-
generated aerosol with pre-existing indoor smoke.
The mixed 1 and mixed 5 experiments (Table 1) had the

highest number fractions of smoke + oil particles across the
nine cooking experiments, with values of 75.9 ± 0.2% and 74.0
± 0.4%, respectively. The high number fraction during the
mixed 1 experiment was likely due to the high heat applied
during cooking and subsequent chicken burning, which
resulted in a large particle-phase fraction of cooking oil, as
supported by the SV-TAG data (Figure S10). This is
supported further by the mixed 1 experiment having the
highest number fractions of oil-dominant and oil-containing
(i.e., smoke + oil, oil-dominant, and ECOC + oil) particles at

4.7 ± 0.1% and 83.3 ± 0.1%, respectively (Figure 4). The
generation of more cooking oil emissions during the mixed 1
experiment allowed for greater mixing with smoke produced
from the pellet stove and resulted in the highest number
fraction of smoke + oil particles. The highest number fraction
of oil-containing particles (91.0 ± 0.1%) during the mixed 1
experiment was observed 40 min after the active cooking
period and decreased over time (Figure 5). The increasing
number fraction of oil-containing particles aligns with the
particle sizing data discussed in Section 3.1, which shows the
highest aerosol growth rate for the first 30 min after active
cooking during the mixed 1 experiment. We also examined the
cooking oil ion abundances (proportional to mass) in the
smoke + oil particle mass spectra for the mixed 1 experiment,
with the highest ion signals for the fatty acids and tocopherols
observed during and immediately after active cooking (Figure
S11). This further supports the early roles of coagulation of
cooking oil particles with the pre-existing pellet stove smoke
particles as well as condensation of volatilized cooking oil onto
the pre-existing pellet stove smoke particles. After the mixed 1
experiment activities, the contribution of smoke and ECOC
particles (not containing cooking oil) to the measured particle
number fraction increases (Figure 5) due to the removal of the
pellet stove and cooking-generated aerosol through deposition,
ventilation, and coagulation. This is expected as the indoor
background aerosol is primarily composed of infiltrated wood
smoke (Figure S6).
For two experiments, pasta/sauce and mixed 3, no oil-

dominant particles were measured, and only small number
fractions of oil-containing particles (12.8 ± 0.1% and 10.8 ±

0.1%, respectively) were measured. No cooking oil was used
during the pasta/sauce experiment; however, soybean oil is a
common ingredient in store-bought pasta sauce and therefore
likely explains the small fraction of oil-containing particles
observed. Despite the consistent cooking procedures imple-
mented in this study (Section 2.1), variability in cooking
occurred as the breaded chicken during the mixed 3
experiment was unintentionally cooked at a lower heat than
in the other mixed experiments, resulting in the chicken not
being fully cooked. This lower temperature resulted in a
reduction in volatilized cooking oil and led to no oil-dominant
particles being measured during this experiment. This is

Figure 5. Number fractions of single-particle types, including the total number fraction of oil-containing particles (left), and total numbers of
particles analyzed (right), per 20 min, after the mixed 1 experiment. Active cooking was from 12:22−12:40 AKST.
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supported by the low number of particles chemically analyzed
by the ATOFMS for the mixed 3 experiment (Figure 4) and
the lower particle number concentrations than in the other
mixed experiments measured by the particle sizing instrumen-
tation (Figure S3).
Of all the measured individual particle mass spectra that

contained cooking oil marker ions, the largest number fraction
of cooking oil-containing particles was from 0.1 to 0.2 μm dva
(81.9 ± 0.2%), and the number fraction decreased with
increasing particle diameter, down to 45.9 ± 0.3% for 0.6−1
μm (largest size bin, as selected based on suMcient ATOFMS
particle statistics; Figure 6). The increase in the number
fraction of oil-containing particles from 0.6 to 1 μm compared
to 0.5−0.6 μm could be a result of larger particles having more
mass to uptake gaseous cooking emissions, thus increasing the
number fraction of oil-containing particles at these larger
particle diameters. Furthermore, we examined the cooking oil
ion abundances in the smoke + oil particle mass spectra during
the mixed 1 experiment as a function of the particle diameter.
We found the highest ion abundance (proportional to mass)
for all cooking oil species in the smallest size bin (0.1−0.2
μm), with decreasing abundance with increasing particle
diameter (Figure S12). The greatest mass of cooking oil for
smaller particle diameters agrees with smaller particles
coagulating, as well as accumulating more semivolatile species
via condensation based on the Kelvin e3ect. The number
fraction of oil-dominant particles was also the largest from 0.1
to 0.2 μm (dva) at 6.9 ± 0.3% and decreased with increasing
particle diameter to a contribution of 0.5 ± 0.1%, by number,
from 0.4 to 0.5 μm (Figure 6). Based on prior literature41,105

and the cooking experiment particle size distribution data
herein (Figures 1 and S1−S5), cooking-generated aerosol is
typically dominated in number by ultrafine aerosol. This
suggests that a large fraction of the ultrafine (<100 nm)
particles below the ATOFMS measurement range likely
contained cooking oil.

4. CONCLUSIONS

In this work, the chemical composition of individual indoor
aerosol particles was measured during cooking experiments in
a residential house in Fairbanks, AK, during the winter to
broaden our understanding of chemistry in understudied

indoor environments. During cooking experiments, the
majority of individual aerosol particles measured by the
ATOFMS contained cooking oil components: fatty acids and
mixed tocopherols. During periods without cooking, most of
the measured particles were identified as smoke, from the
indoor home heating pellet stove or from infiltration of
outdoor residential heating emissions. During all nine cooking
experiments, the majority of individual indoor particles, by
number, existed as mixtures of cooking oil and smoke, resulting
from the coagulation of pre-existing smoke particles with
cooking oil particles and condensation of volatilized cooking
soybean oil onto pre-existing smoke particles. This conclusion
is supported by particle sizing data that showed that the
average indoor particle mode diameter increased after all
cooking periods.
The chemical composition of the indoor background aerosol

in the house mainly consisted of smoke from the infiltration of
outdoor residential home heating emissions. Residential wood
combustion is a prominent aerosol source in high-latitude
environments.52 Wood burning stoves have been shown to
contribute to the indoor environment through direct emissions
while burning106 and from residential heating particles
penetrating indoors from the outside, as observed in this
study. Outside of wintertime environments, another important
source of smoke includes wildfire emissions, which can also
infiltrate indoors and impact indoor air quality.107 Therefore,
the results of mixed cooking oil and smoke particles are also
relevant for this scenario, particularly given increasing wildfire
smoke emissions across Alaska108 and the Western U.S.109

Furthermore, this study also shows that cooking oil can mix
with other types of infiltrated combustion particles, including
those generated from vehicle combustion.
Di3erences across indoor activities, especially cooking, can

significantly impact the chemical and physical properties of the
resulting emissions.44 This variability is demonstrated in this
study as replicates of cooking experiments yielded varying
particle number concentrations, diameters, and individual
chemical composition across experiments of the same type.
In particular, replicate mixed (pellet stove + cooking)
experiments were conducted and resulted in variations in the
average particle number concentration by an order of
magnitude, attributed to unintentional di3erences in cooking

Figure 6. Size-resolved number fractions of single-particle types: smoke + oil, ECOC + oil, oil-dominant, smoke, and ECOC (left axis) and number
of particles measured in each size bin range by the ATOFMS (right axis) during all nine cooking experiments.
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temperature. Characterizing the indoor environment as
realistically as possible, e.g., when multiple indoor sources
are present simultaneously, is crucial to understand human
exposure to particulate matter indoors. This work also shows
that di3erent indoor sources, such as a home heating pellet
stove and cooking, can impact physical mixing of various
gaseous and particulate emissions, which may result in
unconstrained multiphase chemistry and uncertain health
impacts. Therefore, it is essential to continue to study and
understand the complex relationships that influence indoor air
quality, particularly in understudied low-temperature environ-
ments, where other outdoor air infiltration sources and time
spent indoors are expected to di3er from those in warmer
environments.
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