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Abstract

The air composition and reactivity from outdoor and indoor mixing field campaign was

conducted to investigate the impacts of natural ventilation (ie, window opening and closing)

on indoor air quality. In this study, a thermal desorption aerosol gas chromatograph (TAG)
obtained measurements of indoor particle- and gas-phase semi- and intermediately volatile organic
compounds both inside and outside a single-family test home. Together with measurements from

a suite of instruments, we use TAG data to evaluate changes in indoor particles and gases at three
natural ventilation periods. Positive matrix factorization was performed on TAG and adsorbent
tube data to explore five distinct chemical and physical processes occurring in the indoor
environment. Outdoor-to-indoor transport is observed for sulfate, isoprene epoxydiols, polycyclic
aromatic hydrocarbons, and heavy alkanes. Dilution of indoor species is observed for volatile,
non-reactive species including methylcyclohexane and decamethylcyclopentasiloxane. Window
opening drives enhanced emissions of semi- and intermediately volatile species including TXIB,
DEET, diethyl phthalate, and carvone from indoor surfaces. Formation via enhanced oxidation was
observed for nonanal and 2-decanone when outdoor oxidants entered the home. Finally, oxidative
depletion of gas-phase terpenes (eg, limonene and a-pinene) was anticipated but not observed due
to limited measurement resolution and dynamically changing conditions.
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1| INTRODUCTION

Although people in developed nations spend up to 90% of their time indoors,12 the
chemistry and composition of indoor air remain understudied, especially compared to

the outdoor environment.2 Evaluating air quality in residential dwellings is particularly
important for several reasons. First, although building standards (eg, for minimum air
change rates and moisture control) have been established over the past several decades,*®
many residential structures fail to meet these standards, especially older buildings.

Newer buildings, designed to minimize outdoor-to-indoor infiltration for improved energy
efficiency, often have higher concentrations of airborne pollutants that are released indoors
from materials and activities.®.” Concentrations and composition of indoor particles

and gases are influenced by common human activities such as food cooking®-16 and
cleaning.1’-24 As in outdoor air, some directly emitted “primary” gas-phase pollutants can
undergo oxidation to produce “secondary” pollutants, which partition to the particle phase
to form secondary organic aerosol (SOA), as commonly occurs when gas-phase terpene
molecules (eg, limonene and a-pinene) from cleaning products and air fresheners react with
ozone (03).2529

Recent research has advanced understanding of how infiltrating outdoor-originating
pollutants influence the indoor environment.39-34 For example, in their investigation of
outdoor-to-indoor particle transport within a multi-use building, Johnson et al32 found that
for several aerosol particulate components, including black carbon, nitrates, sulfates, and
organic aerosol (OA), particulate infiltration is affected by variables including the indoor-to-
outdoor temperature gradient and relative humidity. However, the impact of these variables
in a home with natural ventilation (eg, window opening and closing to regulate indoor
temperature) is not well-characterized.

Natural ventilation is increasingly promoted as an environmentally and economically
sustainable practice to meet home cooling requirements, particularly as a warming global
climate drives higher outdoor temperatures.3%36 From their visual survey, Johnson and
Long3’ report that frequent household window/door opening (>35% of surveyed instances)
was associated with low land area, low population density, and economic status below the
poverty line. Morrison and Date®8 observed that averaged over all seasons, 46% of homes
nationwide had at least one window open on a given day. In addition to increasing outdoor
pollutant transport indoors by increasing air exchange rates (AER), natural ventilation
causes changes in temperature, pressure, humidity, and gas/particle concentrations inside
the home that alter the phase partitioning of semivolatile and intermediately volatile
organic compounds (SVOCs and IVOCs, respectively). Many indoor-originating pollutants,
including phthalates and aldehydes, are classified as S/IVOCs and partition at relevant
time scales between the gas and particle phases depending on temperature, pressure, and
particulate matter (PM) concentrations.3° Because respiratory deposition is dependent on
chemical and physical properties such as diffusivity, particle aerodynamic diameter,40:41
and particle hygroscopicity,¥2-44 greater understanding of pollutant phase partitioning is
needed to improve inhabitant toxicant exposure estimates.
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To investigate the influence of natural ventilation on indoor air quality in a residential
dwelling, we conducted the air composition and reactivity from outdoor and indoor mixing
(ACRONIM) study at a single-family residence in urban St. Louis, Missouri, USA. Our goal
was to measure a wide range of gas- and particle-phase contaminants inside and outside a
residence and to determine how increasing natural ventilation influences the composition of
these pollutants. The ACRONIM study was conducted with four major sampling conditions
over which we varied home occupancy and the extent of natural ventilation by opening
windows. In this work, we present data from the first three sampling periods wherein the
home was unoccupied.

2| MATERIALS AND METHODS

In this study, a suite of instruments obtained chemical and physical measurements of
particles and gases both inside and outside the home. Among the instruments deployed

was a thermal desorption aerosol gas chromatograph (TAG), which provided hourly in situ
chemically speciated measurements of particles and gases in the SVOC and IVOC volatility
ranges.*>46 |n addition to the TAG system, volatile organic compound (VOC) adsorbent
tubes collected higher-volatility gases that were subsequently quantified offline using gas
chromatography-mass spectrometry (GC-MS) and high-performance liquid chromatography
(HPLC). Other instruments deployed include gas monitors for O3 and nitrogen oxides
(NO,), a scanning mobility particle sizer (SMPS) for particle size distributions, and an
optical particle counter (OPC) for size distribution measurements of larger particles.

Gas- and particle-phase compounds were identified and quantified, and positive matrix
factorization (PMF), a common statistical data analysis tool for outdoor measurements, /=52
was applied to key contaminants to determine the extent of covariance of chemical

species throughout the study period. Results of this method reveal trends in compound
concentrations as the degree of natural ventilation in the home is varied, providing insight
into potential indoor contaminant sources as well as physical and chemical processes
affecting concentrations of these contaminants in the home.

2.1| Field site and measurement strategy

The ACRONIM field campaign took place at a single-family residence in urban St. Louis,
MO, USA. The home is located approximately 0.5 km south of US Interstate 44 and 2 km
west of US Interstate 55 (Section S1, Figure S1). In addition to nearby highways, potential
sources of background outdoor OA include regional power plants and local industry, railroad
traffic, and biogenic OA originating from photochemically aged isoprene and monoterpenes
emitted largely from forested regions to the southwest of St. Louis.5354

The study lasted from July 22 to August 4, 2016 and was divided into four sampling periods:

1. Windows Closed (WC; 7/22/16 22:00-7/29/16 14:00): The test home was closed
to the outdoor environment. The first VOC adsorbent tube was collected starting
7/22/16 at 22:00, and other instruments began sampling subsequently as they
became available.
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2. One Window Opened (1WO; 7/29/16 14:00-7/31/16 10:00): One window was
opened on the southeast side of the home.

3. Two Windows Opened (2WO; 7/31/16 10:00-8/1/16 18:00): The southeast
window remained open, and an additional window was opened on the northeast
side of the home.

4. Home Occupied (8/1/16 18:00-8/4/16 10:00): Researchers occupied the
residence and performed typical household tasks (eg, cooking and cleaning).
Results from this sampling period are not presented in this manuscript and will
be addressed in future publications.

The test home was unoccupied during the first three sampling periods. All doors and
windows (other than those opened during the IWO and 2WO sampling periods; Section

S1, Figure S2) were closed. The home consists of a basement, a ground floor, and

an upstairs level. The basement doorway was sealed off during the study and is not
considered part of the home HVAC volume (ie, no air vents or returns located in the
basement). Air conditioning (AC) was on to regulate temperatures inside the home and
cycled approximately every hour throughout the study period. The AC circulates indoor air
using a blower and passes through a filter that was installed new at the start of the study.
Air duct vents are located in each room, and the main air return on the measurement floor is
located in the home’s kitchen. A floorplan for the sampling floors of the home is provided in
Figure S2, Section S1.

Hexafluorobenzene (HFB) and octafluorotoluene (OFT) tracer gases were placed in an
upstairs bedroom and in the living room, respectively, and continuously emitted through a
fixed diffusion tube throughout the study period. Tracer gas concentrations were measured
by offline gas chromatography-mass spectrometry (GC-MS) analysis of gas adsorbent tubes
collected through inlets located in the instrument trailer (see Figure S2). Air exchange rate
was determined as follows:

-1 ETracer

AER(h ) =7 xCr— o
where E774c0ris the known tracer emission rate (0.48 pg h™1 for HFB, 0.28 pg h™2 for OFT),
Vis the volume of the home (509 m3), and C7;4.iS the tracer concentration (ug m=3).
Because HFB was not reliably calibrated for mass during GC-MS analysis, AER is reported
in h~1 for OFT only. However, because signal-to-noise ratios were higher for HFB than for
OFT, and because the HFB integrated abundances obtained here are typically in the linear
dynamic range for this GC-MS method, HFB raw integrated abundances are used to evaluate
trends in AER in subsequent analysis and discussion. Furthermore, because the emitters
were placed on separate floors, the similarity between trends in inverted raw integrated HFB
abundances and OFT-derived AERSs illustrates that the house is well mixed until the second
window is opened (Figure S3).

A diagram of the experimental setup is provided in Figure 1. Indoor sample line inlets were
installed at the center of a first-floor room on the southwest side of the house, inside a
window that was otherwise sealed (see Figure S2). Outdoor sample line inlets were installed
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on the roof of the house, approximately 6 m above the ground. Cyclones were installed

at each particle sample line inlet and provided a particle cutoff (a)s0) of approximately

2.2 um under typical flow rates of 18.5 L min~1. A subset of instruments sampled on an
indoor/outdoor switching schedule between two insulated 7.6 m x 1.27 cm inner-diameter
(i.d.) copper lines. Indoor/outdoor sample switching was achieved using two ball valves,
which directed flow alternately through the outdoor and indoor sample lines with 2-hour
time resolution. Instruments on this switching schedule sampled through 0.952 cm i.d. and
0.635 cm i.d. copper lines down-stream of the ball valves. All instruments on this schedule
sampled continuously through either the indoor or outdoor sample line with the exception of
the TAG, which only sampled for 30 minutes every hour and drew flow through a built-in
bypass line when not sampling to maintain constant total flow through the main inlet.
Because active flow was not maintained through non-sampling lines, data collected within 5
minutes of a valve switch are discarded.

2.2 | Instrumentation

Figure 2 illustrates the sampling schedule over a typical 4-hour period, and Table 1
provides a list of instruments with their respective measurement, sampling resolution,

and location. Particle size distributions were measured alternately indoors and outdoors
using a scanning mobility particle sizer (SMPS; Model 3081 DMA, Model 3022A CPC,
TSI, Inc). In this work, we report SMPS data as mass concentrations for particles with
diameters within 14-673 nm, assuming spherical particles and a density of 1.2 g cm™3.

An indoor PM optical particle counter (Lasair |1 Mobile Particle Counter, Model 510,
Particle Measuring Systems), which sampled aerosol inside the bedroom of the home (same
location as main inlet lines), complemented indoor particle concentration measurements
obtained with the SMPS, and extended to larger particle sizes, although only for a few
wide-range size bins (Figure S4). An aethalometer (AE33, Magee Scientific) measured
aerosol light absorption at seven wave-lengths spanning the near ultraviolet to near infrared
spectrum (370-1050 nm); however, indoor measurements were below the detection limit
for most of the study and are therefore not reported in this work. Nitrogen oxide (NOy)
concentrations were obtained using a trace-level NO-NO,-NO, analyzer (Model 42i-TL,
Thermo Fisher Scientific; data provided in Figure S5). Indoor and outdoor O3 concentrations
were measured simultaneously using separate inter-calibrated O3 monitors (Indoor: Model
211, Outdoor: Model 202, 2B Technologies). Temperature and relative humidity (RH)
sensors (Davis instruments Vantage Pro2, Sensor model 6382) recorded outdoor and indoor
RH and temperature throughout the study period (Figure S6). While temperature gradient
effects on indoor species are evaluated in subsequent discussion, RH gradient effects are not
examined in this work, as RH primarily affects gas-to-particle partitioning of water-soluble
compounds32-%:56 which were not evaluated in detail using TAG or VOC chemical data.
Previous work has demonstrated that lower indoor RH relative to outdoor RH will result

in a loss of particle mass as water-soluble species within infiltrating particles increasingly
partition to the gas-phase.32

\olatile organic compound adsorbent tubes sampled organic gases simultaneously indoors
and outdoors throughout the study period. Standard stainless-steel adsorbent tubes
(Markes International, Inc) were packed with 300 mg of Tenax-TA (Sigma-Aldrich) and
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conditioned prior to sample collection. Adsorbent tubes were calibrated by adding known
amounts of analytical standards to the sorbent and analyzing by thermal desorption-gas
chromatography-mass spectrometry (TD-GC-MS) as described in Section S3.

Two separate polytetrafluoroethylene (PTFE) sample lines were deployed for VOC transfer,
with one inlet located outside and one inside at locations described in Section S1 (Figure
S2). Each sample line pulled at a flow rate of 10 L min~1. An automated sampling

system was used to take adsorbent tube samples from the two air streams separately and
simultaneously, switching to new sampling tubes every 4 hours. Sub-samples from the main
flow were drawn through each adsorbent tube at ~0.02 L min~2 for 4 hours for a total of
approximately 4.8 L (actual flow rates were recorded for each sample). After sampling,
sorbent tubes were capped, sealed in aluminum foil, and stored temporarily in portable
coolers with cold packs. Within 24 hours, they were transferred to a refrigerator until
analyzed. All sample tubes were pre-labeled with sequential numbers, which were logged
along with flow rates, date, time, and sample location.

The TAG sampled aerosol on the indoor/outdoor switching schedule, collecting for 30
minutes every hour at typical flow rates of 15 L min~L. Although the TAG was designed for
particle measurements, previous studies have demonstrated that the TAG can collect semi-
and intermediately volatile gases via diffusion to the collection cell’s interior walls.*6:57 To
assess relative contributions of collected gases and particles, the TAG sampled alternately
through a parallel-plate carbon denuder (Sunset Laboratory, Inc) and a 0.952 cm i.d.
copper bypass line. Switching between the denuder and bypass line was achieved using

an automated three-way ball valve (Swagelok Company). This sampling schedule allowed
collection of a denuded (particles only) and a non-denuded (particles and gases) sample
for each 2-hour indoor or outdoor sampling period. We note that with this version of the
TAG collection cell, the collection efficiency of the gas fraction of the SVOC and IVOC
molecules becomes less efficient as the phase partitioning begins to favor the gas-phase.46
The approximated particle fractions (7,) reported here become less accurate (and represent
an upper limit of 7,) as values go below 0.5 and are dominantly present in the gas-phase.
However, relative changes across window-opening conditions can still be informative on
the direction of phase equilibrium changes, and we therefore report the observed values in
Section 3.

The TAG’s sample collection and analysis methodology have been described in previous
work.4554 Briefly, aerosol is collected through an inertial impactor onto the surface of a
custom collection and thermal desorption (CTD) cell. Following collection, the sample is
thermally desorbed at 310°C over a helium stream, through a heated transfer line (310°C),
and onto a GC column held at 40°C, where the sample recondenses. Within the GC (Model
6890, Agilent Technologies), the recondensed material is separated through a 30 m x

0.25 mm i.d. capillary GC Rxi-5Sil MS column with a non-polar 0.25-um-thick stationary
phase (Restek Corporation). An electron ionization quadrupole mass spectrometer (Model
5973, Agilent Technologies) serves as the detector and scans over the ion range 29-450
miz. Instrument performance was evaluated regularly using a C1p-Cy4g even alkane standard
(Sigma-Aldrich) as well as a multi-component standard that included deuterated alkanes,
polycyclic aromatic hydrocarbons (PAHS), alcohols, aldehydes, monoterpenes, and various
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other compounds (Section S4 and Table S1). Standard solutions were injected as liquids onto
the surface of the CTD cell using the injection port developed by Kreisberg et al.8

During sample thermal desorption, the CTD cell is ramped at 50°C min~1 over a helium
carrier stream. While some material volatilizes during desorption, a fraction of the collected
sample is too thermally labile to successfully volatilize and instead decomposes into smaller
gas-phase fragments, which elute between minutes 6 and 16 of analysis in the thermal
decomposition period of the chromatogram (Figure 3).54 In this study, the TAG thermal
decomposition period was used to evaluate indoor infiltration of outdoor particles using
two outdoor-originating species: sulfates (/7/z64) and isoprene epoxydiol-derived SOA
(IEPOX SOA, mlz82). Since sulfate aerosol has few indoor sources, is minimally reactive,
and exhibits low volatility,59 it has been used in previous indoor air quality studies as

a tracer for infiltrating outdoor aerosol.32 Similarly, IEPOX SOA is a suitable tracer for
infiltrating outdoor aerosol because it has a well-characterized regional source%-63 and has
been measured in ambient collections in the St. Louis area.>*:63 Data from previous field
work demonstrate that for both fragment ions, the TAG decomposition signal agrees well
with ions measured by an AMS.%4

2.3 | Data analysis

Adsorbent tubes were analyzed by thermal desorption followed by TD-GC-MS (analysis
details provided in Section S3). Thermal desorption aerosol gas chromatograph compounds
were identified using the National Institute for Standards and Technology (NIST) MS search
program version 2.0g, available for download at chemdata. nist.gov/mass-spc/ms-search/.
The Palisade complete mass spectral library (600K edition, Palisade Mass Spectrometry)
was also used to supplement compound identification. Compounds are reported with varying
degrees of certainty according to the following criteria: (A) The compound was positively
identified using standard injections; (B) the compound was identified with a match quality
above 75% using mass spectral libraries; and (C) the compound was identified with a
low-to-moderate match quality, between 25% and 75%, using mass spectral libraries.
Compound identifications and integrations were facilitated by the TAG ExploRer and
iNtegration package software (TERN, version 2.1.10),%4 written for Igor Pro (version
6.38B01, Wavemetrics, Inc). Integrations were performed on a single ion for each compound
and reported as relative ion signal abundance, and in some cases, the multi-peak fitting
package (MPF2, built into Igor Pro) enabled integration of co-eluting peaks.

Positive matrix factorization is a widely utilized tool to determine groupings of covarying
components. For atmospheric studies, it has been used to separate input gas or particle
chemical components into covarying groups (or factors). Individual factors are typically
interpreted as representations of specific sources or transformative processes within the
context of other supporting data and information. In this study, PMF calculations were
performed on a subset of integrated TAG compounds to evaluate major groupings of
compounds that could be associated with similar sources or transformation processes.
Species included in PMF analyses were chosen to span a variety of volatilities and
compound classes across the full GC retention time range. Additionally, to capture broad
trends driven by gradual window opening rather than short-timescale emission events, we
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only included compounds present in 30% of chromatograms or more across the study
period.

Positive matrix factorization calculations were performed separately on peak abundances
from denuded (particles) and non-denuded (particles and gases) chromatograms and in both
cases included both indoor and outdoor samples. For each case, a compound integration
matrix with mrows (number of chromatograms/samples, each with a corresponding
collection time) and 77 columns (number of compounds) and a corresponding m x n

error matrix were supplied to the PMF2 algorithm.#” PMF results were evaluated and
post-processed using the PMF Evaluation Tool version 3.00A developed for Igor Pro.4° To
illustrate basic trends that occur with natural ventilation, we present a simple three-factor
solution for both denuded and non-denuded data. Positive matrix factorization analysis
details, including a description of error calculation methods, pre-processing methods,
residuals, and other relevant calculated parameters, are provided in Section S6, Figures
S7-S10 and Tables S3-S5. A similar PMF analysis was performed separately on adsorbent
tube VOC species and is evaluated along with the two previously described TAG PMF
analyses.

3| RESULTS AND DISCUSSION

3.1|] Windows closed

Example TAG chromatograms for each sampling condition, taken during the WC period,
are displayed in Figure 3. A full compound list is provided in Table S2 (Section

S5). From indoor and outdoor chromatograms across the study period, 206 individual
compounds were identified with mid- to high certainty (identification confidence of “C”

or above). As demonstrated in Figure 3, non-denuded chromatograms collected indoors
exhibit high overall abundances compared to denuded chromatograms collected either
indoors or outdoors, indicating large gas-phase fractions of SVOCs and IVVOCs indoors.
Within the indoor chromatograms, total compound-period integrated signals in non-denuded
chromatograms exceed those in denuded chromatograms by a factor of approximately 3
during the WC sampling period (Section S7, Figure S11).

Indoor compounds, prior to window opening, are dominated by plasticizers (eg, phthalates)
and personal care product additives (eg, isopropyl myristate and various siloxanes). The two
compounds with the highest peak abundances across all indoor chromatograms are diethyl
phthalate and trimethyl pentanyl diisobutyrate (trade name TXIB, Eastman Chemical),
which coelute at minute 29, but are distinguishable through distinct mass spectra. Shields et
al% report both compounds in the indoor atmosphere of commercial buildings with varying
occupant densities. In their study, TXIB, a plasticizer often used in vinyl products (eg,

floor and wall coverings, hand tools), was detected in particles in over 50% of commercial
buildings surveyed.5> Other plasticizers measured in indoor and outdoor chromatograms
include several phthalate esters (dimethyl phthalate, diethyl phthalate, dibutyl phthalate, and
others), which are commonly measured in indoor particles and gases,55-89 and 2-ethylhexyl
benzoate, a monobenzoate that has been reported as an additive to nitrile rubber’® as well as
an ingredient in cosmetics and fragrances.’1.72

Indoor Air. Author manuscript; available in PMC 2021 September 03.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fortenberry et al.

Page 9

High indoor gas concentrations relative to outdoor gas concentrations were also observed in
VOC adsorbent tube data. Individual compound concentrations (z one standard deviation)
for selected compounds are provided in Table S6 (Section S8). Prior to window opening,
indoor VOCs were dominated by aldehydes and ketones, most significantly formaldehyde,
acetaldehyde, and acetone, with average concentrations of 10.4 + 2 ppb, 11.7 + 4

ppb, and 78.5 + 20 ppb, respectively. Aldehydes are common indoor pollutants that
originate primarily from building products and human activity (eg, combustion from food
cooking and tobacco smoking).”374 Specifically, formaldehyde is commonly emitted from
wooden furniture and flooring, as well as some fabrics.”® Typical indoor formaldehyde
concentrations range from 20 to 60 ug m=3, two to six times as high as those observed in
this unoccupied home study.” Acetaldehyde is emitted from construction lumber and as a
by-product of incomplete combustion from food-cooking,”4 and previously reported indoor
concentrations range from 10.5 to 60 ppb.”3.76.77 Although formaldehyde and acetaldehyde
are often observed as by-products of cigarette smoking,’® no contribution from smoking

is expected in the non-smoking test home. Acetone, which may originate indoors from

a variety of sources including cleaning products and nail polish remover,”%-81 exhibits

the highest average concentration of any single VOC species quantified in the home. A
wide range of indoor acetone concentrations have been reported in previous literature. For
example, Shah and Singh82 report typical indoor concentrations of 8 ppb, and Weisel et al83
report an average concentration of 87 pug m=3 (approx. 87 ppb) over a range of <12-2900 ug
m™~3, with the highest concentrations occurring in urban rather than rural homes.

Other VOCs measured in significant concentrations inside the home include monoterpenes
(eg, limonene, a-pinene, B-pinene, -y-terpinene), oxidized monoterpenes (eg, fenchyl
alcohol, camphor, a-terpineol), siloxanes (eg, hexamethyl siloxane, octamethyl siloxane,
decamethyl siloxane), aromatic hydrocarbons (eg, benzene, toluene, naphthalene),

and alkanes (eg, methylcyclohexane, ethylcyclohexane, undecane). Monoterpenes and
oxidized monoterpenes are common indoor contaminants originating from cleaning
supplies,17.18.21.22.84 ang siloxanes are ubiquitous in cosmetics and personal care
products.85-90 Benzene, toluene, ethylbenzene, and xylene (BTEX) result from fossil fuel
combustion and often originate outdoors. However, known indoor sources include building
materials, paints, and cleaning products.13:91-93 Similarly, infiltrating fuel combustion
products may also contribute to indoor alkane concentrations,%4-96 but alkanes can also
originate from materials common indoors.13

3.2 | Natural ventilation impacts

To assess the impact of increased natural ventilation on different compounds, and to
elucidate various sources and chemical and physical processes affecting components in

the home’s indoor air, we use PMF to group compounds that covary over time. In Figures
4-7, we explore these trends by averaging indoor chromatogram factor abundances (/) over
each of the three natural ventilation conditions, then dividing each average by the average
obtained at the windows closed condition (/). At the windows closed condition, this
normalization results in a ratio (#/y¢) of 1, and an increase or decrease in #/jcin the
window-opened conditions represents the fractional enhancement or depletion (respectively)
of that component within the indoor air. Error bars for #/,c values were obtained by
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propagating the standard deviations in integrated abundances across the // /¢ calculations.
N1y values for each compound included in PMF analyses are provided for TAG and VOC
compounds in Tables S7 and S9 (Section S9).

Positive matrix factorization results from calculations on both denuded (particles only)
and non-denuded (particles and gases) TAG chromatograms are displayed in Figures 4

and 5, respectively, with calculation details provided in Section S6. In each figure, time
series are given in panel A, //y¢cin panel B, and fractional factor loadings for each
included compound in panel C (tabulated in Tables S3 and S4). In both denuded and
non-denuded analyses, a three-factor solution provided one factor associated with indoor-
originating compounds (Factors 2-ND and 2-D) and one associated with compounds
undergoing significant enhancements in emission, formation, or infiltration rates following
window opening (Factors 1-ND and 1-D). We also obtain a less abundant factor into which
outdoor-to-indoor infiltrating components load (Factors 3-ND and 3-D). The abundance
of these outdoor-originating species may be influenced by recent infiltration as well as

by equilibrium phase partitioning from indoor reservoirs of deposited material which had
previously infiltrated from outdoors.

Positive matrix factorization was similarly performed on 30 integrated compounds from
outdoor and indoor VOC adsorbent tube collections. We chose a two-factor solution to group
covarying VOCs, with Factor 2-VOC-ST corresponding to indoor-originating compounds
experiencing depletion with window opening, and Factor 1-VOC-ST encompassing
compounds that undergo less depletion. Though in general, we observe higher VOC
concentration indoors than outdoors, many of the compounds loading into Factor 1 have
both outdoor and indoor sources, (eg, o- and p-xylene, decanal).93:97:98 We provide factor
time series and // /¢ over the three natural ventilation conditions in Figure 6.

From TAG and VOC adsorbent tube PMF results, we selected several key compounds

to illustrate chemical and physical processes occurring as natural ventilation is increased.
Individual raw abundance time series for each selected compound are provided Section S7,
Figures S12 and S13. Figure 7 displays indoor trends in select TAG and VOC adsorbent
tube compounds as / /- across three natural ventilation conditions observed in particles
(denuded; 7A); approximate particle-phase fraction (7), estimated as the ratio of denuded
(particles) to non-denuded (particles + gases) averages at each condition (7B); gases (from
VOCs and approximate TAG £, 7C); and gases corrected for dilution at each window-
opening period by normalizing each #/to the corresponding HFB /# /- (7D). Although
VOC adsorbent tubes sampled with windows closed starting on 7/22/2016, this figure only
incorporates VOC WC data obtained while the TAG was online (ie, starting on 7/27/2016)
to maximize comparability between TAG and VOC adsorbent tube data. The TAG gas-phase
component (7C) was approximated as non-denuded (particles and gases) minus denuded
(particle) abundances at each natural ventilation condition. Raw abundances for displayed
TAG- and adsorbent tube-measured species are provided in Section S7 (Figures S12 and
S13, respectively). In general, compounds displayed in Figure 7 are grouped according to
trend with window opening. For example, gases primarily affected by dilution decrease

in abundance with window opening but have /¢ values similar to HFB (Figure 7D).
Species that undergo enhanced gas-phase emissions and oxidative formation exhibit /# /¢
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values that increase across the two window-opened periods (Figure 7C,D), and increased
gas-to-particle partitioning is reflected in increased particle-phase /#/,cand f, (Figure
7A,B). Limonene and a-pinene, which are expected to react with O3 indoors, are not
significantly depleted beyond dilution, which is reflected in HFB-normalized /# /¢ (Figure
7D). Finally, outdoor-originating compounds exhibit consistent # /¢ values in both the
particle and gas-phases across the window-opening periods (Figure 7A,C), demonstrating
that these species rapidly partition when entering the indoor environment.

To evaluate the impact of outdoor-to-indoor transport of TAG- and adsorbent tube-
measured species, indoor-to-outdoor abundance ratios (#O) for each compound at each
natural ventilation condition are provided in Tables S8 and S9, respectively. This

outdoor normalization strategy has been used to evaluate net changes in indoor species
concentrations as a result of outdoor species infiltration.32:9%-104 Although this metric

has limited utility for pollutants existing predominantly indoors, 195 #0Ois helpful for
understanding trends in compounds with significant concentrations in both the indoor and
outdoor environments. As demonstrated in previous work, changes in species abundance due
to mechanisms other than mechanical losses (eg, particle deposition and filtration) can be
evaluated by normalizing species-specific #Oto sulfate #0.32104 Sulfate-normalized #/O
ratios ([ Ol z 62 Tor different TAG species were obtained for each natural ventilation
condition by normalizing average # O values to average TAG decomposition period m/z 64
signals. These ratios are given in Table S8.

As with indoor abundances in previous figures, /O averages at each natural ventilation
condition are normalized to /O at the windows closed condition to display fractional
enhancement and depletion for each compound ([#O)/[# O] y/c; Figures 8 and 9). As with
Ny, standard deviations are obtained from compound integrated abundances over each
natural ventilation condition, propagated through the calculations, and displayed as error
bars. For TAG-measured compounds, we provide these values obtained in denuded and
non-denuded chromatograms. Partitioning estimates (ie, 7, and gas-phase approximations)
were not attempted for the outdoor components due to high observed temporal variability
in compound loadings. From outdoor TAG data obtained in Riverside, CA, Williams et
al*6 modeled seasonal partitioning behavior as a function of vapor pressure and number
of carbons for several compound classes, including alkanes, lactones, and PAHSs. Based on
these data, each compound displayed in Figure 8 is expected to exhibit a low particle-phase
fraction outdoors in the summertime (7, < 0.2), with the exception of y-nonalactone (7, ~
0.25) and pyrene (7, ~ 0.5). Therefore, we expect the non-denuded [/ OJ/[/ O] yc values
to primarily reflect trends in the gas-phase. In general, when outdoor concentrations for a
given compound are stable, [#O)/[/ O] yc trends mirror /1y trends (Figure 7). Notable
exceptions are discussed individually in subsequent sections.

From trends in these compound abundances, we observe four distinct chemical and
physical processes occurring when the AER is increased by window opening: outdoor-to-
indoor transport, indoor species dilution, enhanced emission of indoor species, and species
formation via oxidation. We also evaluate the potential for oxidative depletion of certain
compounds (eg, limonene and a-pinene) that were expected to react with infiltrating ozone.
We discuss and present evidence for each of these processes individually.
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3.2.1| Outdoor-to-indoor transport—Measurements from the SMPS, the OPC, and
the TAG demonstrate the influence of outdoor particle infiltration on indoor particle
concentrations and composition. Figure 10 gives time series for TAG decomposition sulfate
(mlz64; 10A) and IEPOX (/m/z82; 10B), along with SMPS total mass concentrations

(for particles with diameters within 14—673 nm, assuming spherical particles and an
approximate density of 1.2 g cm=3; 10C), OPC PM); particle counts (Figure 10D), and

O3 concentrations indoors and outdoors (Figure 10E). Thermal desorption aerosol gas
chromatograph decomposition /282 and m/z 64 were corrected for excessive noise caused
by detector saturation according to methods outlined in Section S10. We observe minimal
gas-phase contributions to both TAG decomposition /282 and m/z64 (Figure S14) and
therefore include non-denuded and denuded chromatograms in the same time traces. A
reasonably high correlation is observed between /264 and /282 for outdoor samples (72
= .56), and an even higher correlation for indoor samples (/2 = .72; Figure S15). Marais

et al106 observe similar correlations between measured sulfate and IEPOX ambient aerosol,
reporting /2 values of .82 and .52 for ground-level and boundary layer field measurements,
respectively. As sulfates increase aqueous aerosol acidity, the epoxide bonds in IEPOX
species undergo acid-catalyzed ring opening and subsequently react with sulfate to form
organosulfate products.80-107-109 | the southeastern United States, these organosulfates
contribute as much as half of all IEPOX-derived SOA.60.110.111

In the TAG decomposition and SMPS data, indoor and outdoor measurements converge once
windows are opened. Indoor PMq number concentrations measured by the OPC are low
throughout the study but do increase by nearly a factor of 3 by the second window-opening
period. While outdoor particle mass concentrations (Figure 10C) remain stable during

the first window-opened period, they exhibit greater variation after the second window is
opened, which is mirrored by indoor concentrations during that time. A depletion in outdoor
mass concentrations, as well as TAG IEPOX and sulfate signals, begins around midnight

on 8/1/2016 and coincides with a regional rain event occurring between midnight and 7

Am on that day (Figure S6). Previous work has demonstrated that PM1 concentrations can
be affected by rain washout (though to a lesser extent compared to larger particles),112:113
so this event could partially account for the observed depletion in infiltrating particulate
species.

Significant changes in indoor O3 were only measured after the second window opening. A
very small increase in 0zone may be below the instrument detection limit during the first
window-opening period. Alternatively, low observed O3 concentrations following the first
window opening could result from non-uniform mixing in the house. However, as Oz is
rapidly removed indoors by surface reactions,114 some reduction in surface reactivity could
occur over time. This reactivity would decrease O3 surface uptake and increase the ratio of
indoor to outdoor ozone concentrations.115.116

Outdoor-originating compounds identified in the TAG and associated with PMF Factors 3-D
and 3-ND include PAHs (eg, pyrene, benz[a]anthracene) and heavy alkanes (eg, docosane
and pentacosane). In general, outdoor PAH and oxy-PAH (eg, 9H-fluoren-2-one, 9,10-
anthracenedione) concentrations are associated with incomplete combustion, particularly
from vehicle emissions in urban settings.®* Similarly, long-chain alkanes have been
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measured in diesel exhaust.%4-%6 Levoglucosenone, a cellulose decomposition product, 117
was also observed in TAG chromatograms and has been previously associated with biomass
burning aerosol.>% Notably, levoglucosan, a less volatile cellulose decomposition product
commonly used as a biomass burning tracer,118-121 was not observed in any outdoor TAG
samples. Outdoor abundances of -y-nonalactone do not have a single clear source, though
the compound is used as a coconut-like perfumant92 and has been observed in beer!22 and
American whiskey23 as a by-product of fermentation.124:125 Ramalho et al26 have reported
airborne alkyl lactones as products of cellulose degradation in building materials.

Based on TAG-sulfate-normalized //Oratios (Figure 8 and Table S8), several particle-
phase compounds loading primarily into Factor 3-D, including 9,10-anthracenedione, 1,4-
dimethylanthracene, and tetracosane, exhibit increases in indoor abundances consistent with
outdoor-to-indoor infiltration. However, for other compounds loading into factors 3-D and
3-ND, variations in indoor abundances with natural ventilation are more complex. While
indoor and outdoor S/IVOCs will ultimately equilibrate over long time scales, short-term
phase partitioning dynamics depend on relative fugacities between phases indoors and
outdoors, as well as indoor-to-outdoor differences in RH and temperature. As displayed

in Figure 7A,C, /1, for pyrene and -y-nonalactone remains relatively stable in the particle
and non-dilution-normalized gas-phases with window opening, consistent with relatively fast
equilibration between outdoor and indoor concentrations. In addition, indoor surfaces play
a key role in the equilibration of outdoor-originating S/IVOCs in the indoor environment.
Over time, infiltrating particles and gases will partition to these surfaces, resulting in a
reservoir of these compounds in organic surface films. Subsequently, whenever natural
ventilation is increased, S/IVOCs in the particle phase will equilibrate rapidly with the
indoor environment (gases, particles, and surfaces), resulting in stable indoor gas-phase
concentrations. For example, increased gas-phase -y-nonalactone after the first window
opening (Figure S12), reflected in a net increase in [#O)/[/# O] ¢ (Figure 8), could

result from surface-to-gas partitioning as previously deposited material equilibrates with
infiltrating -y-nonalactone in the particle phase. Since most compounds measured by the
TAG in this study are S/IVOCs (Table S2), we expect a combination of these factors to drive
changes in indoor abundances with natural ventilation.

3.2.2| Dilution of indoor species—Following window opening, several gas-phase
species were depleted at the same rate as the gas-phase tracers, indicating that indoor
concentrations are primarily affected by dilution for these compounds. These species include
methylcyclohexane, emitted indoors by glues, paints, and other materials,'27 and cosmetic
component cyclopentasiloxane (D5 siloxane).85-90

From TAG PMF results, we observe a similar trend in both Factors 2-D and 2-ND (Figures
4 and 5, respectively) with window opening, which comprises many of the TAG-measured
indoor-originating solvents, plasticizers, and personal care product components. Among the
key TAG-measured components examined in Figure 7, the gas fraction of pentadecane,
tetradecamethylhexasiloxane, and D7 siloxane exhibits the greatest decrease with window
opening (Figure 7C), though do not appear to decrease as much as the indoor gas-phase
tracers (Figure 7D). If these compounds are emitted entirely from indoor sources, this
trend, when considered along with particle-phase depletion of these species (Figure 7A),
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could indicate partitioning from the particle to the gas-phase with changing concentration
gradients inside the home. Additionally, altered convection patterns could drive increased
deposition of particles, contributing to net particle-phase depletion of these compounds.

3.2.3| Enhanced emission of indoor species—Notably, several compounds
originating indoors exhibited enhancement following window opening despite significant
dilution. From non-denuded TAG PMF results (Figure 5), Factor 1-ND displays this trend
with window opening, where some compounds are enhanced only indoors (not outdoors)
when the windows open. Factor 1-D from particle-phase PMF results exhibits this trend

as well (Figure 4), reflecting gas-to-particle partitioning of these species as windows are
opened. Though relative factor loadings may vary between denuded and non-denuded
measurements for a given compound, Factors 1-D and 2-D generally have contributions
from personal care product ingredients (eg, isopropyl myristate?8 and DEET29), perfumes
(eg, hedionel30 and a-cedrenel3l), and plasticizers (eg, diethyl phthalate, dibutyl phthalate,
and dimethyl phthalate loading into both indoor factors 1 and 2).85-69 Carvone, which

was primarily observed in non-denuded indoor chromatograms, is an oxidized terpene

that, like other terpenes, emits as a primary product from wood, paints, and scented

indoor items, but also originates from gas-phase oxidation of limonene.132.133 Although
the limonene-ozone pathway might contribute partly to carvone concentrations, we do

not expect significant carvone production through this mechanism based on low observed
limonene concentrations.

As particle outdoor-to-indoor infiltration rates increase with window opening, S/IVOCs
abundant in the gas-phase are expected to partition to the increased surface area provided
by infiltrating particles. This trend is reflected in Figure 7A,B, which displays increases

in particle-phase S/IVOC abundances and 7, values across the three window-opening
conditions. Temperature gradients from outdoors to indoors are also expected to influence
S/IVOC phase partitioning: Positive temperature gradient with respect to the indoor
environment (ie, indoor temperatures are lower than outdoor temperatures) will further
drive S/IVOCs to the condensed phase, while a negative gradient will promote partitioning
of S/IVOC:s into the gas-phase. Because the temperature gradient exhibits a diurnal trend
(Figure S6), temperature-driven gas-to-particle partitioning is expected to vary diurnally
as well. However, we predict that temperature gradient effects are small with respect to
gas-to-particle partitioning driven by increasing particle mass concentrations (Section S11).

To further evaluate the impact of gas-phase S/IVOC condensation onto infiltrating outdoor
particles, # /¢ for the particle-only fraction of several compounds loading into Factors

1-D and 2-D (enhanced and indoor factors, respectively; Figure 4) were normalized to

the TAG’s decomposition m/z64 I/ 1,y (Section S12 and Figure S18), which serves as

a chemical tracer for infiltrating outdoor aerosol (Figure 10B). Compounds loading into

the indoor-originating Factor 2 (pentadecane, tetradecamethylhexasiloxane, D7 siloxane, a-
cedrene) are still depleted across the window-opening conditions following normalization to
TAG-measured sulfate, indicating they experience more significant dilution in the gas-phase
and/or less significant gas-to-particle partitioning with window opening. Sulfate-normalized
TXIB, which loads primarily into Factor 2-D, yet loads significantly into Factor 1-D, is
depleted to a lesser extent. By contrast, compounds that remain consistent or even exhibit

Indoor Air. Author manuscript; available in PMC 2021 September 03.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Fortenberry et al.

Page 15

enhancement across the three natural ventilation conditions after sulfate normalization
include isopropyl myristate, DEET, and diethyl phthalate, all of which load primarily into
Factor 1 (the indoor enhancement factor). Increased partitioning to infiltrating particles with
window opening, in conjunction with enhanced indoor gas-phase emission rates, would
account for the trends observed in these compounds across the study period.

As shown in Figure 7C,D, we observe enhancements in certain contaminants in both

TAG and VOC adsorbent tube data that are not attributed to outdoor infiltration. Previous
studies have shown that for certain gas-phase indoor pollutants, including naphthalenel34
and phthalates, 135136 depletion rates do not match enhanced ventilation rates if dilution
alone is considered.126:127 This discrepancy can be attributed in part to enhanced species
partitioning from surface films to the gas-phase, which is driven by changes to gas-phase
concentration gradients at the surface boundary layer.135.137.138 Additionally, in a competing
effect, increased AERs can promote higher near-surface air velocities, which increase gas-
to-surface mass transfer coefficients and therefore drive gas-phase pollutant concentrations
down.138-140 The data obtained in this study reflect a strong enhancement effect for many
gas-phase pollutants, particularly for S/IVOCs measured with the TAG. Therefore, for these
compounds, we expect that increases in vertical concentration gradients with increased AER
are the predominant drivers for changes in emission rates.

Although the average AER was similar for the two window-opening conditions (Figure S3),
the dilution of the tracers emitted upstairs (HFB) and downstairs (OFT) differed more with
two windows open. This suggests that opening the second window resulted in poorer whole-
house mixing and altered the direction of airflow through the house, affecting different
surfaces with different organic film compositions and thicknesses. Thus, the enhancements
observed in compounds loading into PMF Factors 1-ND and 1-D are not entirely due

to changes in AER. Additionally, enhancement effects are dependent on the compound’s
volatility. A volatile compound partitioning predominantly into the gas-phase is more likely
to remain in the gas-phase and will therefore be strongly affected by dilution and other
gas-phase processes. By contrast, compounds in the S/IVOC volatility range will instead
partition partly to indoor surfaces, resulting in the development of a surface film reservoir;
when windows are opened and gas-phase compound concentrations are depleted close to the
surface films, compounds from the reservoir are driven into the gas-phase, resulting in the
observed enhancement. We observe the influence of volatility on enhancement effects in the
data. For example, when comparing trends in D5 and D7 siloxanes (two minimally reactive
species with similar chemical properties), the less volatile D7 siloxane exhibits an increase
with window opening above dilution effects while the more volatile D5 siloxane does not.
When considered in the context of previous work, our results suggest that window opening
drives multiple concurring phase partitioning effects, each of which impacts overall indoor
gas-phase pollutant concentrations depending on indoor environmental characteristics and
time scales.138

3.2.4| Formation of indoor species through oxidation—Several compounds
produced through indoor oxidation were included in PMF analysis and evaluated across
the three natural ventilation conditions. The compounds evaluated for potential secondary
origins loaded significantly into Factors 1-D and 1-ND (enhanced) in either or both of the
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TAG PMF results (Figures 4 and 5), and based on previous literature, we largely attribute
their increase with natural ventilation to enhanced oxidative formation with increased
outdoor-to-indoor transport of oxidants, particularly O3. Figure 7 demonstrates increases

in both particle- and gas-phase abundances for nonanal and decanone, two species produced
as a result of oxidation processes in the indoor environment.

Nonanal has been studied extensively in the indoor environment and is a product of surface
film ozonation. Weschler et al'#! determined that several aldehydes (pentanal through
decanal) can be produced from ozonation of unsaturated organics on carpeting, suggesting
unsaturated fatty acids as potential precursors. Wang and Morrison!42 also found significant
nonanal emissions from carpeting, particularly from carpet less than a year old. In addition
to carpeting, indoor nonanal is produced from unsaturated fatty acid ozonation mediated by
a variety of indoor surfaces.116:142 For example, in their field investigation of secondary
chemistry in five test homes, Wang and Morrison!16 found that nonanal was the most
predominant secondary aldehyde produced from any surface, with particularly high emission
rates in kitchens, where surface films have significant contributions from cooking oils. In the
unoccupied study, we did not observe significant concentrations of unsaturated fatty acids

in the gas or particle phases. For this reason, we hypothesize that the increase in indoor
nonanal with window opening is coming dominantly from surface reactions with precursors
in organic surface films.

Like nonanal, indoor 2-decanone is enhanced in both particle and gas-phases with window
opening, potentially due to oxidative chemistry. 2-decanone has been measured in emissions
from used (but not new) linoleum floors as a product of degradation reactions.143 In their
study of gas-phase emissions from carpet, Morrison and Nazaroff144 report that aliphatic
ketones, including 2-decanone, are produced almost exclusively from ozonation of gas-phase
primary carpet emissions.

3.2.5| Depletion of indoor species through oxidation—Limonene and a.-pinene
are expected to react rapidly with O3 relative to other common indoor VOCs.114 To evaluate
potential oxidative depletion for these two compounds, we examined indoor concentrations
and found that when normalized to the indoor gas-phase tracer, they were not depleted
beyond statistical significance (Figure 7D).

The lack of observable depletion beyond dilution could occur for several reasons. First,
competing processes could contribute to increasing monoterpene concentrations with
window opening. For example, limonene and a-pinene could undergo some enhanced
emission from surfaces, which might overshadow oxidative depletion at these time scales.
Outdoor limonene and a-pinene concentrations could also contribute to increased indoor
concentrations through more efficient outdoor-to-indoor transport at higher AERs, though
this effect is likely small based on low observed outdoor abundances (Figure S12).

More likely, observations of limonene and a.-pinene ozonation are limited by low time
resolution and limits of detection. Based on trends in indoor ozone concentrations (Figure
10), these monoterpenes are expected to deplete most rapidly with two windows opened.
Additionally, we anticipate a diurnal pattern in depletion rates, since outdoor ozone
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concentrations are highest in the mid-afternoon (Figure 10). However, since the two-
window-opened unoccupied period was only 32 hours long, and because the adsorbent tubes
collected across 4 hours, patterns in oxidative depletion are difficult to identify in these data.
Furthermore, we attempted to track monoterpene oxidation products with window opening,
but with the exception of carvone (which may be both a primary emission and a limonene
oxidation product), we were unable to reliably quantify potential oxidation products across
the duration of the study period in either TAG or VOC data. Given that each precursor
produces a variety of oxidation products,145-149 we expect many products to be below
limits of detection for both chemical analysis methods as they were operated here. Despite
this limitation, newly developed techniques for analyzing unresolved complex mixtures
(UCM) may provide greater insight into trends in compounds and compound classes that
would not otherwise be detectable.>1:52 This improved analysis will be the subject of future
publications.

4| CONCLUSIONS AND IMPACTS

Five distinct chemical and physical processes resulting from changes in indoor natural
ventilation were explored using TAG and VOC adsorbent tube measurements taken during
the unoccupied period of the ACRONIM field campaign. Simple two- and three-factor

PMF solutions, obtained from integrated chromatographic compound abundances across
indoor and outdoor collections, allowed for rapid grouping of compounds into covarying
factors, facilitating exploration of these processes across three natural ventilation conditions.
Although low time resolutions for chemical measurements (=4 hours) challenged our
investigation of the rapidly changing indoor environment, the in situ collection and
molecular-level analysis provided by the TAG improve upon techniques used to investigate
indoor OA molecular composition from previous studies.

The findings presented in this work suggest that the overall indoor air quality impacts

of natural ventilation depend on multiple factors, including indoor pollutant abundances
(eg, high gas-phase S/IVOC abundances due to offgassing of building materials and
personal care products), outdoor pollutant abundances (eg, outdoor particle concentrations
and composition, O3 concentrations), and AER. The contributions of each process will
therefore vary between buildings and their surrounding environments, necessitating future
investigation across a variety of test homes in a variety of locations. Additionally,

human occupancy presents additional challenges to assessing natural ventilation impacts
on indoor air quality. For example, while opening windows can mitigate indoor pollutant
concentrations from activities like food cooking or cleaning, infiltrating O3 can drive
oxidation of these particles and gases to form secondary products, and clothing and

skin can drive formation of secondary particles and gases through surface-mediated
ozonation.3:150.151 The influence of human occupants is therefore critical to understanding
natural ventilation impacts on the indoor environment and will therefore be explored in
future work.
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Practical Implications

. Natural ventilation influences indoor concentrations of particle- and
gas-phase organic pollutants via five distinct chemical and/or physical
mechanisms.

. The contribution of each mechanism to total indoor air quality depends on

factors including outdoor pollutant concentrations, air exchange rates, and
surface films present inside the home.

. Occupant window-opening behavior is influenced by desired temperature

control or perceived air quality modifications, and we find that while
window opening can diminish some indoor-originating pollutants, it can
simultaneously increase emission rates of semi- and intermediately volatile
species and oxidation products.
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FIGURE 1.

Diagram of experimental setup. Instruments with gray outlines and text collected data that
are not provided in this manuscript and are included in the figure primarily to illustrate
balanced flows. Flow rates (L min~1) are included for each instrument in italicized text
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| |
20 25

Retention Time (min)

Example total ion chromatograms obtained during the WC sampling period: (A) indoor
non-denuded and denuded chromatograms, and (B) outdoor non-denuded and denuded
chromatograms. All four chromatograms were collected within a 4-h time span. Note

the higher abundance scale (J~axis) for indoor samples. Selected compounds are labeled
with numbers, which correspond to numbered compounds in Table S2. Italicized numbers
correspond to higher peak abundances that exceed the y~axis range

Indoor Air. Author manuscript; available in PMC 2021 September 03.

40



Page 30

[ dusiyjueusyd[o]ozueg

Fortenberry et al.

S m. Q T -Ayjeweospexay ‘auexo|ISejo00j0A)
B er I0) === susjhuaydig
232 s —
0838 b == | euesoolausH
22 5 ======uouesqz
§== i 2 | -iAuayd-g-lAyew-g‘L ‘L -0IPAYIP-€Z ‘Budpul-HL —_
£29 _ & —— O
ey | = | (iAusydiAyjow-y)-} ‘suouey3 ~
B === Buojoe|euou-ewweb m o
oom = S — s S 2
) [ -opAyip-p'e “suousieyiydeN-(He) L = & .-
_m e ] susdapena) -1 m Q ..nw._ m
& e sualyjuBUayd c % c 5
L1 5 BduazuaqifideH W - © &
3 e 3U0-6-UBION|4-HE o e = =
H w T e URINIOZUBQIQ e » O m
_— | susyjuelon|4 0O D v @©
- S R o P m m
a = XL T o O
o) | 18)S8 |AYaW ‘pioe OloueoapoQq = o £ %
_m | 19]S8 [OUBYJeAXOUBYd ‘IO OloUuBINQOS| m m — \.C/
- e QUaUoWI w = m'm\ N
S | SlEleyIud Ayewia 2 ~ =
° e -|[Ayjoweape .8} ‘auexolise}dayojoA) = A v H\
f @ st ououaydozusg il =
@] 3} (%2}
_— s E ) L = c <
T T T T T | - AYJOWIBOBPEL]S) ‘OUBXO|ISEXOH F © 5.2
=] © © < N o —— - Ay)ow-¢ ‘auedapejuad ~ 2 O =
-z ¢ >0 © S
—_ oM | J0)SO |AXBY|AYIe-Z ‘PlOE Dl0ZUBY = c
m " ] uelAyd c < £ o
-
i BUeIPad Bjeq © M o o
& o) ——T QUBDSPEJUS] % 3 |an w
» m 2 ) B E—— ]| QUBOSPE)dOH o < 172)
W Qg o 08 o —— e BUBIPaD Byd|E = »n 5 9
g 2228 Qeeg q =S¢ e (/Aidoy|Ajuad-|) ‘cuszuag = - O O
€ o ~0383T F28s < © <
S8a¢ m g an.mm 1 - g m — = (1A00lAiNg-| ) ‘euszuoeg 2 n T w -
o © 5850 &Y 5550 I= [[Buoipausceiyuy-0L'6 ==
] g8 B T £ O ©
2 mm++ ; mmu_A+ - [[Buesooener. o O L
wo g W= - F [Bueskuyp TE 2 c o
X se© [Buesoour 2 3 s 35
s NS < < — [ 8l10zewyiosizueg-z*| o U = m
W A B r8s ojeozuag |Aizueg T = m i=}
3 i e —[@uoussoon|bora 5 -~ © © 3
S N 0B L ——]| 91eywied |Adoidos| “— w K= R @
= N © | unewnod C T o= v
s \ B3 e[ TeueuoN 25 e s 2
£ M - S o ——— & susipeiewidooelepues ..m m = £ £
o ) I8 s R ] S o 5%
X 4 b —__[Je}s0 |Aylow ‘pIoe dlouBdSpEXSH » o o € o
[ o | PIfRUOL LS 9 g =
£ se —— | (AospuyAyiew-|) ‘euszueg S »w o 885
& <o | _ = =
| Il g o8 [aRayal || sueospeuoN o= o & ©
5 o oS3 QOO | ®1eleyd IAnaiq — Mm ..m._v m ..nm
o 3 Ny LI 10/ DI0UBO -9 3
2 H RIS EER e L <8 o & S
2 L L2 < ieh | -0UBIAYIBWIAUBYd-Z ‘[BUEO Wl e o3 C
o a3 se 555 — —=[Teueospog Hez3 81 3
2 hE, L <5 B85 B = opljoxeleD b > = o 9
H Qseg < T © O ) = C [<%
° r - £588 8% o 5| O}RISUAN |AdOudos) 0] T ¥ L 1S
£ -8 .mw Yy | -siqauapl|Axayo|oho- L ‘| ‘euszueg = c < |onu. % S
2 8§57 = EDm = eusdriyjuy Ayewig LS & o
i 3 m i v_A + || 19159 |AINqOSIIP ‘PIoE OlleUiyd
G 4 133a
T T T1° 17 P17 1 T 1 T °9 1 T T T T T T T T
g882°g88e°ggegec 9 0 B ¥ ® N - O
=
< souepuNnqy Jojoe4 ) H |eubis jo uonoe.l4
- =

EPA Author Manuscript EPA Author Manuscript EPA Author Manuscript

Indoor Air. Author manuscript; available in PMC 2021 September 03.



Page 31

Fortenberry et al.

[[@uoussoon|bore
[ duesooig
——¢| suashiyy
“F==——1 ~(1Aoepujihyjow-| ) ‘suszueg
=== -|Ayjoweoapexay ‘auexo|ISe}o00|oAD
=& eusjAusydig
=———— T euesooog
“=—F=—— -sIqauap||Axayojoko-,| | ‘suszueg
=== py dlleyyd
e -(JAusydjAyjow-y)-| ‘suoueyiy
======——3"" uojoe|euou-ewweb

| duesoolouaH
= = -JAusyd-g-/AyowL-¢‘| ‘L -0IPAYIP-€‘Z ‘BuBPUl-H|

Factor 3-TAG-ND

T

3 Windows Closed
=3 One Window Open
@ Two Windows Open|

Factor 2-TAG-ND
!
[
[}
N
[~
[7]
Q
2
[=X
o
T

T
o
c
]

i

£
c
o
S

2

ic

[ -oipAyip-p'e ‘suousieyyden-(Hz)L
=] -AXOUBYd-Z ‘louBy}3
=/ uauowW|]
=] OPIIOXE[ED
|| QUOJOYdOS]|
e -|AY}OIEOS .S} ‘BUBXO|ISEXOH
s==gmsi]| [UBOSPOQ
|| JO)SO |OUBYI9AXOUBYd ‘IO OlOUBINQOS|
[ 19)S9 |AY}oW ‘pIOE OlouBdapOQg
— == sua|pelew|dooeiepueg
=== suoueos-g
=== BUBDBPEUON
=== -|Ayjoweoapeua] ‘auexo|iseldayojohD

Factor 1-TAG-ND

®) 4_
o
<

£ s e [EIXL
S s =] BUBDBPEIOO
£ 8 22 el GUBOBPEJUR
H %. - o & | OJE[eUIYd AYieIa
° = =————0=1 dueoapejdey
2 Sk =t -oUBJAYOWIAUBYA-Z ‘[EUEIOO0
- | O)RjRYIYd [Ayjeung
® | -(|A)daYy|AJuad-| ) ‘auszuag
= AMn s =t BuejAyd
g L S8 e <(jAJ00JAING- | ) ‘OUSZUSY
m. d S <= e BUBIPAD BYdJE
s aR e 5 10S3 |AXBYIAYJE-Z ‘PIOE O10ZUBY
o d | BUOUBYdOZUBY
B B [Puesooejuag
g i s@ — deleyyd(Axayifyie-z)-1a
> M 2 = -JAxoyie(AxojAuadoid-z)-z-lAyiew-1]-| ‘jouedoid-g
£ t<¥=} = suaiyjueusyd[o]ozueg
° e ===t -JAY}OWIP-0| ‘g ‘BUO-Z-UBIPEDSPUN-6'G
= —_[@uesooensl
@ =1 PIOY dlouejoQ
£ s¢e ———| S}esAingosiouow [oipauejuad-¢‘g-iAylewL 422
[ <9 [aYa)a) == ajeywied |Adoidos|
& 8s z= | BUOIPBUBDBIYUY-0L'6
3 z ad m m.n_u mm ===t 1330
g2 o 2 ~ EER || SUOIPOH
S ot oo " oS <A | OUBSOOL]
0 z2 ZE . %z o se i ——=3)eleyiud inaig
2 35p5 B8 ,80 0Zpf <35 288 ——F=——{3udoRIYlY [AyBWIg
5§ &5E8 25880 <388 gg 588 === 10}S0 |AINGOSIIP ‘PIOE Olleyyd
2 HOgE RESE F3sE L8 LW [ TeueuoN
s HLTS 0TS -8B H AN
S 5850 5550 55<° @ v~ === OJEJSUAW |Adoudos)
T E ~~_A + Bk a_n + 1 B& v_n + o EEN == Jo)se |AYjow ‘pioe dlouedapexaH
£o £e L ¢ = ®eozuag |Azueg
[ 3 [@lozelyiosizueg-z‘ 1
I T T I "k T T 1 I T Ll | 1 [ T T T T T T T
REREOYYNE~RBEE ° SRR R
< o X eubis Jo uonoel
< @ouBpuUNqy Jojoe oz |eubls J oel4

FIGURE 5.

Three-factor PMF solution for non-denuded (particles and partial gases) TAG integrated
and (C) compound factor loadings (see Table S4)

compounds. Analysis details are provided in Section S4. Shown here are (A) time series

for each of the three factors, split into indoor and outdoor chromatograms; (B) indoor
chromatogram factor abundances normalized to windows closed conditions (#/¢) for each

factor;
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Two-factor PMF solution for VOC adsorbent tube integrated compounds. Analysis details

are provided in Section S4. Shown here are (A) time series for each of the two factors,

split into indoor and outdoor chromatograms; (B) indoor chromatogram factor abundances
normalized to windows closed conditions (/ /) for each factor; and (C) compound factor

loadings (see Table S5)
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FIGURE 7.

Indoor changes observed for selected TAG compounds (indicated with black text) and VOC

adsorbent tube compounds (indicated with red text) across the three natural ventilation

conditions. Shown are (A) the particle-only fraction of TAG compounds (denuded
abundances) normalized to WC conditions; (B) approximate 7, for TAG compounds,
calculated as the ratio of average denuded (particle) to average non-denuded (particle
+ gas) abundances; (C) gas-phase values for VOCs and the gas fraction of TAG
compounds, approximated as non-denuded (particle + gas) minus denuded (particle); and

(D) approximate indoor gases normalized to the indoor tracer molecule HFB // /- at each
ventilation condition, effectively correcting for altered air exchange with window opening
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Indoor-to-outdoor ratios, normalized to windows closed conditions ([# O)/[# O] y.c) for

Denuded
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selected TAG compounds across the three natural ventilation conditions: (A) particles only

(denuded abundances); (B) particles and gases (non-denuded abundances)
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Indoor-to-outdoor ratios, normalized to windows closed conditions ([# O)/[# O] ) for
selected VOC adsorbent tube compounds across the three natural ventilation conditions
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Indoor and outdoor time series for key species measured throughout the study: (A)
integrated /m/z82 TAG decomposition abundances, a marker for IEPOX aerosol; (B)
integrated /m/z 64 TAG decomposition abundance, a marker for sulfate aerosol; (C)
SMPS-measured total mass concentrations, assuming spherical particles and densities of
1.2 g cm~3; (D) Indoor OPC-measured PM; particle number concentrations; and (E)

O3 concentrations (lower indoor concentrations on primary y~axis and higher outdoor
concentrations on secondary y~axis)
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