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Abstract

Sources, Physicochemical Transformations, and Inhalation Exposures
of Indoor Organic Chemicals

by

David Matthew Lunderberg

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Allen H. Goldstein, Co-chair

Professor Ronald C. Cohen, Co-chair

Modern human populations spend ∼90% of their time indoors. Moreover, concentrations
of well-studied organic chemicals in indoor air are often orders of magnitude higher than
equivalent outdoor concentrations. Considering that airborne organic pollutants can impact
human and environmental health, it is critical to understand the sources, physicochemical be-
havior and modes of exposure of airborne organic chemicals in the indoor environment. This
dissertation improves scientific understanding of these topics via analysis of time-resolved
measurements of organic pollutants acquired in three normally-occupied residences and test
houses over several months.

Until recently, researchers have largely used offline measurement approaches to study indoor
air quality. Time-averaged samples are collected over a period spanning hours to weeks and
then returned to the laboratory for subsequent analysis. While this approach is well-suited
for survey-based analyses where pollutant concentrations are measured at many different
sampling sites, the limited time-resolution inhibits study of dynamic processes that influence
indoor air quality. Recent advances in instrumentation permit continuous monitoring of
airborne organic chemicals with high chemical specificity on minute-by-minute and hourly
time-scales over extended observation periods. This dissertation reports key findings from
several months of time-resolved measurements of volatile organic compounds (VOCs) as
measured by proton-transfer reaction time-of-flight mass spectrometry (PTR-ToF-MS) and
semivolatile organic compounds (SVOCs) as measured by semivolatile thermal desorption
aerosol gas chromatography in two normally-occupied residences (H1, H2) and a test house
with scripted experiments (HOMEChem).

In Chapter 2, time-varying concentrations and gas-particle phase partitioning of phthalate
diesters, a class of compounds of public-health interest, are reported at the H2 site. The
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dynamic behavior of four reported phthalates is observed to be related to their vapor pres-
sure and physicochemical parameters such as temperature and particle mass concentration.
These findings are generalized in Chapter 3 where it is suggested that volatility-dependent
partitioning processes are the principle drivers of SVOC dynamic behavior. As part of this
analysis, observations are connected to a theoretical model that assumes kinetic equilibrium
with organic surface films commonly found indoors. Furthermore, it is observed that certain
SVOCs can be deposited on surfaces during large emission events and then re-emitted into
bulk air during future particle-emission events. In these scenarios, particles were inferred
to enhance mass transport from condensed-phase reservoirs to bulk air. A high-resolution
exposure assessment is conducted for VOCs in Chapters 4 and 5. Source apportionment
analysis, a risk-based prioritization analyses and experimental estimates of intake fractions
are reported for >200 VOCs. In contrast to expectations, a key finding suggests that for
most VOCs, time-averaged exposure are attributable to the building and its static contents
rather than episodic emission-events like cooking related to occupants or outdoor-to-indoor
transport.
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Chapter 1

Introduction

1.1 Motivation

The average American is expected to spend roughly 90% of his or her lifespan, more than 70
years, indoors.[1] Considering that releases of pollutants indoors are often up to 1,000× more
impactful to human exposures than equivalent outdoor releases (Figure 1.1.1), it is critical to
understand the physical and chemical processes controlling airborne concentrations of indoor
pollutants.[2] What are the principal sources of organic chemicals in indoor air? How long do
emitted chemicals persist and what are the dominant removal mechanisms? What fraction
of these chemical emissions enter into a person’s lungs and are these exposures important
for health? This dissertation considers gas- and particle-phase concentrations of semivolatile
organic compounds (SVOCs) and volatile organic compounds (VOCs) in indoor air to answer
these questions.

1.1.1 What are SVOCs?

Exact definitions vary, but SVOCs can be roughly defined as organic chemicals with boiling
points between 240 and 400 ◦C.[3] SVOCs constitute a diverse class of organic compounds
presenting diverse indoor dynamic behavior, and can be found in dust, surface films, airborne
particles, and the gas phase. The dynamic behavior of indoor SVOCs is expected to be influ-
enced by chemical- and volatility-dependent partitioning between these reservoirs. SVOCs
in the indoor environment originate from static indoor sources, episodic source events related
to occupant activity, outdoor-to-indoor transport, and chemical transformations. Many in-
door SVOCs are of relevant health interest[4] and exposure to particulate matter, composed
in part by SVOCs, is one of the world’s leading mortality risk factors, causing >4 million
premature deaths in 2015.[5]

Airborne SVOCs may be observed indoors for months and even years after original source
events as SVOCs partition onto indoor surfaces.[6] Some SVOCs such as pentachlorophenol
(PCP), dichlorodiphenyltrichloroethane, (DDT), polychlorinated biphenyls (PCPs), certain
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Figure 1.1.1: In Panel A, time-activity patterns as reported by Klepeis et al. (2001) are
presented.[1] In Panel B, emissions and exposure data for particle concentrations as reported
by Smith (1988) are presented.[2] Estimated particle emissions from coal power plants are
>26 times greater than particle emissions from environmental tobacco smoke. In contrast,
estimated population-level exposures to particles are >64 times greater for environmental
tobacoo smoke than for coal power plants. These values roughly conform to the “Rule
of 1,000” where indoor pollutant releases are ∼1000 times more likely to be inhaled than
equivalent outdoor releases.

flame retardants, and certain perfluoroalkyl substances are legacy compounds that have not
been used for decades and are still commonly found in indoor air.[4, 5, 8, 9]

1.1.2 What are VOCs?

VOCs are higher in vapor pressure than SVOCs and can similarly be roughly defined as
organic chemicals with boiling points between 50 and 240 ◦C.[3] Thousands of VOCs have
been observed indoors, each attributable to unique source profiles which include static indoor
sources such as building materials or furnishings,[10] episodic activities such as cooking,[11,
12] outdoor-to-indoor transport,[13] and indoor chemistry.[14] The relative contributions
from each source are not well understood for most VOCs in most buildings. VOC concen-
trations are modulated by physicochemical parameters such as the ventilation rate,[15] tem-
perature (via interactions with condensed-phase reservoirs[16] and temperature-dependent
emissions from building materials[12]), and humidity.[17] Unlike SVOCs, airborne VOCs are
generally expected to be found in the gas phase. Exposures to many specific VOCs are as-
sociated with adverse health outcomes, including impaired cognitive function, asthma, and
cancer.[18–22]
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1.1.3 Knowledge Gaps and Opportunities

Historically, time-averaged measurements have been used in studies of VOCs and SVOCs in
indoor air.[4, 7, 13] Under these study designs, indoor air is captured on filters or sorbent
tubes and returned to the lab for subsequent analysis, often by gas chromatography mass
spectrometry. These analytical methods yield concentration measurements with high chemi-
cal specificity and low temporal resolution, limited by practical limitations of sampling. The
methods are often applied in survey-based study designs where time-averaged measurements
of indoor air are acquired over sampling periods ranging from hours to weeks at singular
locations in hundreds of buildings. While these study design can be used to understand
pollutant concentrations at the population-level, they are not well suited to studying indoor
dynamic processes.

Advancements in available analytical instrumentation now permit time-resolved measure-
ments with high chemical specificity over extended monitoring periods. Chemical-ionization
mass spectrometers can be used to quantify VOCs on timescales of seconds to minutes. On-
line thermal-desorption mass spectrometers can be used to quantify SVOCs on timescales
of tens of minutes. When applied to singular residences, it is now possible to report time-
resolved measurements of hundreds of unique chemicals in air at multiple locations. Together,
these advancements in analytical capabilities can be used to study the many dynamic pro-
cesses that occur indoors.

1.2 Methods

This dissertation interprets measurements of indoor air quality gathered at three separate
locations. Measurements were collected at two normally occupied California residences,
designated H1 and H2.[23, 24] At H1, measurements were collected in both the summer (∼10
weeks) and winter (∼5 weeks) seasons. At H2, measurements were collected in the winter
season (∼10 weeks). Both residences are wood-framed single-family homes constructed in
the first half of the 20th century. Two regular occupants were present at the H1 site and three
regular occupants were present at the H2 site. A third monitoring campaign was conducted
at the UTest House during the HOMEChem campaign in Austin Texas.[25] At HOMEChem,
researchers conducted a series of controlled experiments simulating typical household events
such as cooking and cleaning.

At each location, the composition of indoor and outdoor air was analyzed (Figure 1.2.1).
Concentrations of VOCs were monitored in six different locations every 30 minutes as quan-
tified by proton-transfer reaction time-of-flight mass spectrometry (PTR-ToF-MS).[23] The
PTR-ToF-MS measurement cycle dedicated 5-minutes to each location with the first few
minutes excluded to allow for sampling line equilibration. Concentrations of two key ox-
idative species, ozone and nitrate, were also quantified via spectroscopic methods. Particle
concentrations were quantified by an ultraviolet aerodynamic particle sizer (UV-APS) and
a series of optical particle counters (OPCs). Inert tracer gases were intentionally released
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Figure 1.2.1: Experimental study design during residential monitoring campaigns

throughout the residences to estimate the ventilation rates and intrazonal mixing flow. A
network of >50 wireless sensors was used to evaluate temperature, humidity, occupant ac-
tivity, appliance-usage, and door and window position throughout each residence or test
house.

During the H2 winter campaign, additional measurements were collected. Concentrations
of indoor SVOCs were quantified every hour by semivolatile thermal desorption aerosol gas
chromatography (SV-TAG). Concentrations of outdoor SVOCs, indoor gas-particle phase
partitioning, and outdoor gas-particle partitioning were also quantified every four hours by
SV-TAG.[24] A scanning mobility particle sizer was used to measure particle size distribu-
tions of fine-mode particles. During the HOMEChem campaign, additional measurements
of indoor air quality were collected by >13 collaborating research groups.[25]

1.3 Map

This dissertation is divided into two parts. The first half of the dissertation investigates
the physicochemical behavior of SVOCs. In Chapter 2, concentration and gas-particle par-
titioning data of four phthalate diesters at the H2 site are presented as an initial case study.
Findings from the phthalate case study are generalized in Chapter 3, where SVOC concen-
trations from H2 are aggregated into bins defined by volatility and then compared against
physicochemical parameters including temperature and particle mass. Additional study of
phthalate diesters and cyclic siloxanes observed during the HOMEChem campaign are used
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to support findings from the H2 campaign, namely that SVOCs interact with surfaces in a
volatility-dependent manner.

The second half of the dissertation investigates human exposure to VOCs using time-
resolved concentration and activity data collected during the H1 summer, H1 winter, and H2
winter monitoring campaigns. In Chapter 4, a source-apportionment analysis and risk-based
prioritization are presented for exposures to >200 VOCs at the H1 summer, H1 winter, and
H2 winter campaigns. In Chapter 5, experimental estimates of inhalation intake fractions
are presented for individual occupants during the same monitoring periods. In Chapter 6,
key results are summarized and suggestions for future research are presented.
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Chapter 2

Characterizing Airborne Phthalate
Concentrations and Dynamics in a
Normally Occupied Residence

This chapter is adapted from:

Lunderberg, D.M.; Kristensen, K.; Liu, Y.; Misztal, P.K.; Tian, Y.; Arata, C.; Wernis,
R.; Kreisberg, N.; Nazaroff, W.W.; Goldstein, A.H. Characterizing Airborne Phthalate Con-
centrations and Dynamics in a Normally Occupied Residence. Environ. Sci. Technol. 2019,
53, 337–7346.

2.1 Abstract

Phthalate esters, commonly used as plasticizers, can be found indoors in the gas phase,
in airborne particulate matter, in dust, and on surfaces. The dynamic behavior of phtha-
lates indoors is not fully understood. In this study, time-resolved measurements of airborne
phthalate concentrations and associated gas-particle partitioning data were acquired in a
normally occupied residence. The vapor pressure and associated gas-particle partitioning of
measured phthalates influenced their airborne dynamic behavior. Concentrations of higher
vapor pressure phthalates correlated well with indoor temperature, with little discernable
influence from direct occupant activity. Conversely, occupant-related behaviors substantially
influenced the concentrations and dynamic behavior of a lower vapor pressure compound,
diethyl hexyl phthalate (DEHP), mainly through production of particulate matter during
cooking events. The proportion of airborne DEHP in the particle phase was experimentally
observed to increase under high particle mass concentrations and lower indoor temperatures
in correspondence with theory. Experimental observations indicate that indoor surfaces of
the residence are large reservoirs of phthalates. The results also indicate that two key fac-
tors influenced by human behavior – temperature and particle mass concentration – cause
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short-term changes in airborne phthalate concentrations.

2.2 Introduction

Past indoor measurements of semivolatile organic compounds (SVOCs) have generally uti-
lized sample collection methods that yield time-averaged results over sampling periods on
the order of a day to a week.[1–3] Higher time-resolution measurements of indoor SVOCs are
needed to investigate indoor dynamic processes relevant to understanding emissions, concen-
trations, and exposures. A few studies have explored the dynamic behavior of phthalates
directly in real residential settings or in test houses.[4–6] In this study, we report an extensive
sequence of phthalate diester measurements with hourly resolution in a normally occupied
residence. Phthalate diesters are SVOCs of anthropogenic origin whose metabolites have
been found in more than 95% of the US population.[7,8]

Several known and suspected adverse health effects are associated with phthalate expo-
sures, including impaired reproductive development,[9, 10] infertility,[11, 12] asthma,[13, 14]
and obesity.[15, 16] Phthalates are industrially produced and utilized on large scales. Ph-
thalates are found broadly throughout the environment: in soil,[17, 18] in sediment,[17, 19]
in wastewater,[17, 20] in indoor and outdoor air,[21, 22] in the Arctic,[23] and in biota.[24,
25] Certain phthalates are commonly found at elevated concentrations indoors and have
been reported on surfaces, in settled dust, in airborne particles, and in the gas phase.[1,
22, 26] The abundance of airborne indoor phthalates indicates potentially important con-
tributions to human exposure.[27] Ingestion, dermal uptake from direct contact, air-to-skin
dermal absorption, and inhalation represent major modes of phthalate exposure, with rela-
tive strengths that are related to compound volatility. Exposure to lower volatility species,
such as diethyl hexyl phthalate (DEHP), occurs primarily by ingestion. Higher volatility
species, such as dibutyl phthalate (DBP), are subject to additional non-dietary modes of
exposure, and exposure to the highest volatility phthalates, such as diethyl phthalate (DEP)
and dimethyl phthalate (DMP), is expected to be dominated by nondietary routes such as
inhalation and dermal absorption.[28–33] Because, on average, people spend 90% of their
time indoors and 60% of their time in their own residence,[34–36] it is important to under-
stand and characterize the processes driving indoor airborne phthalate dynamic behavior,
especially in residences.

Chemical properties of phthalates are related to their industrial uses and affect their phys-
ical behaviors. Phthalates with higher vapor pressures, such as DMP, DEP, and DBP, can
be found in high abundance in certain cosmetics, personal care products, and medications.
[31, 37–40] Phthalates with lower vapor pressures, such as DEHP, butyl benzyl phthalate
(BBzP), and diisononyl phthalate (DINP), are widely used as plasticizers, constituting large
mass fractions of certain building materials.[41, 42]

Increased temperature should favor partitioning of phthalates into the gas phase. How-
ever, prior field studies comparing phthalate concentrations across similar indoor environ-
ments have yielded mixed results regarding the role of temperature. Some survey-based
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studies did not find correlations between temperature and gas-phase phthalate concentra-
tions.[26, 43, 44] Gaspar et al. noted that concentrations of three higher vapor pressure
phthalates, DEP, diisobutyl phthalate (DIBP), and DBP, correlated with temperature while
two lower vapor pressure phthalates, BBzP and DEHP, did not.[32] Conversely, an in-depth
study in a test-house demonstrated that a 9 ◦C temperature difference could change concen-
trations of two lower vapor pressure phthalates, BBzP and DEHP, by 300%.[6] Qualitatively,
these results corroborate findings from laboratory studies.[45, 46]

Particle concentration is known to affect the airborne abundances of lower volatility
SVOCs, including lower vapor pressure phthalates such as DEHP and BBzP. Liu et al.
developed a model characterizing how airborne particulate matter affects SVOC fluxes be-
tween indoor surfaces and indoor air, predicting that elevated particle concentrations could
markedly increase SVOC emission fluxes from surfaces.[47] Total airborne SVOC abundances
are expected to increase with elevated particle concentrations as SVOC material partitions
from reservoirs such as dust or surfaces onto airborne particulate matter. However, full equi-
librium partitioning of SVOCs to particles may not be reached for lower volatility species
when the ventilation timescale (reciprocal of the air-exchange rate) is less than the timescale
to approach equilibrium.[48–50]

Chamber studies have been undertaken to explore the role of particle concentration and
composition on SVOC behavior. Benning et al. showed that the emission rate of DEHP is
enhanced in the presence of ammonium sulfate particles.[51] Similarly, Lazarov et al. demon-
strated that increased particle concentrations enhanced the emission rate of organophosphate
flame retardants from materials.[52] Recent experiments by Wu et al. found DEHP parti-
cle/gas partition coefficients are higher in the presence of organic particles (squalane and
oleic acid) than in the presence of inorganic particles (ammonium sulfate).[53] Weschler and
Nazaroff described an equilibrium model of indoor SVOC partitioning between the gas phase
and settled dust using the octanol-air partitioning coefficient (Koa); that model can also be
applied to airborne particles.[49] In Equation 2.1, the particle-gas partition coefficient, Kp,
is determined where fom part refers to the volume fraction of organic matter in airborne
particles, and ρpart refers to the density of particles.

Kp =
Koa ×Kp

ρpart
(2.1)

Now, let Cp refer to the particle-phase SVOC concentration, let Cg refer to the gas-phase
SVOC concentration, and let TSP refer to the mass concentration of airborne particles.
Then, the particle fraction of airborne SVOCs can be estimated using Equation 2.2.

Fp =
Cp

Cg + Cp

=
TSP ×Kp

1 + TSP ×Kp

(2.2)

Weschler and Nazaroff describe how gas-phase SVOC abundances are expected to decrease
with increased particle concentration, while total airborne (gas-plus-particle) SVOC concen-
trations are expected to increase. The magnitude of these effects increases with increasing



CHAPTER 2. CHARACTERIZING AIRBORNE PHTHALATES 11

particle concentration.[48] This study presents a more detailed investigation of a subset of
SVOCs reported by Kristensen et al.[54] Here, we report hourly measurements of four phtha-
lates – DEP, DIBP, DBP, and DEHP – in a normally occupied northern California residence
over a two-week monitoring period. We examine their dynamic behavior and explore the
factors controlling their concentrations, emissions, and gas-particle partitioning. We inves-
tigate how the physicochemical properties of phthalates – specifically their vapor pressure
and octanol-air partition coefficient – affect dynamic behavior. This work has relevance for
modeling efforts assessing indoor SVOC exposure as there are limited experimental data
available for model evaluation.[55–58] The results also have potentially important implica-
tions for better understanding human phthalate exposure and opportunities for exposure
mitigation.

2.3 Methods

2.3.1 Field Site

Measurements were conducted at a normally occupied single-family residence in Contra
Costa County, California, from 7 December 2017 to 4 February 2018. The single-story
California ranch style wood-framed house was built in 1951, with 180 m2 (1970 ft2) of living
space. The house temperature was controlled by a forced air gas-furnace with the thermostat
programmed to operate only during morning (6:45 – 7:15 AM) and evening (5:45 – 10:00 PM)
hours. Occasional variations in the baseline heating cycle were applied by manual occupant
override, or by operating a vented gas-fireplace situated in the family room. A MERV 13
filter in the central-heating system efficiently removed particulate matter from recirculated
indoor air when the furnace fan was on. The house contained a kitchen, living/dining room,
family room, three bedrooms, and two bathrooms. Regular household activities included
cooking, social gatherings, and professional house cleanings, as reported by Kristensen et
al.[54] Data analyses presented here focus on the period 16 – 27 December 2017, the longest
interval of SVOC monitoring with consistently high data quality and well characterized
experimental parameters. Phthalate behavior trends were characterized during two distinct
periods in this interval differentiated by house occupancy status. The house was regularly
occupied (the “occupied period”) from 16 to 21 December. The house was unoccupied (the
“vacant period”) from 22 to 27 December.

2.3.2 Instrumentation and Measurement Methods

The semivolatile thermal desorption aerosol gas chromatograph with in-situ derivatization
(SV-TAG) is a two channel GC mass spectrometer instrument that quantifies gas-plus-
particle or particle only concentrations of organic species and their associated gas-particle
partitioning with hourly time resolution. Organic compounds with vapor pressures ranging
from C14 to C30+ alkanes are routinely measured, with limits of detection varying from high
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parts-per-quadrillion to low parts-per-trillion depending on the compound of interest.[59–63]
SV-TAG was housed in a temperature-controlled shed adjacent to the house and sampled air
from the dining room and from the outdoors. Indoor concentrations were acquired hourly.
Outdoor concentrations, outdoor-gas particle partitioning, and indoor gas-particle partition-
ing were acquired every four hours on a rotating sampling basis. Three phthalate species
(DEP, DBP, and DEHP) were identified and quantified using authentic external standards
and a fourth (DIBP) was identified referencing mass spectra available in the NIST/EPA/NIH
Mass Spectral Library. Detailed descriptions of SV-TAG operation, including instrumental
positioning, instrumental sampling schedules, potential biases, and method quality assur-
ance, are contained within the SI.

2.3.3 Supporting Measurements

Metadata collected in the house were used during source apportionment. A series of Smart-
Things motion sensors (temperature/motion; n = 8), SmartThings position sensors (door
and window position/temperature; n = 34), SmartThings appliance sensors (n = 5), Ne-
tatmo weather stations (temperature/relative humidity/pressure/noise/CO2; n = 10), and
HOBOTM sensors (temperature/humidity; n = 10) were used to characterize household
state, indoor environmental parameters, and occupant activities. In this report, “indoor air
temperature” refers to the temperature measured in the family room. Temperature sensors
throughout the house strongly covary with the house heating cycle with small differences
observed between main living spaces and the hallway. Occupants also kept detailed activity
logs recording the timing of their presence/absence within the house and general activities,
including cooking, cleaning, and sleeping. A Grimm 11-A aerosol spectrometer sampled con-
tinuously to quantify particle number concentrations in 31 diameter bins between 0.25 and 32
µm. Mass concentrations were calculated using an assumed particle density of 1.67 g cm−3

based on densities commonly used in the literature for characterizing ambient PM2.5.[64,
65]

2.4 Results and Discussion

Airborne concentrations of four phthalates (DEP, DIBP, DBP, and DEHP) were quantified
with hourly time resolution throughout the normally occupied (Dec 16–21) and vacant (Dec
22–27) periods. Key characteristics of these phthalates and overall measurement results
are summarized in Table 2.4.1. Other phthalates commonly reported in indoor air studies
– including DMP, BBzP, DINP, and diisodecyl phthalate (DIDP) – were not identifiable
above the background chromatographic signal, suggesting that their concentrations were
much lower than those of the four reported phthalates. The three higher-vapor pressure
phthalates, DEP, DIBP, and DBP, were present at median concentrations of 196 ng m−3,
133 ng m−3, and 93 ng m−3, respectively, for the occupied period. These concentrations
are generally consistent with past surveys of indoor environments; for example, median
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concentrations of DEP (330, 590, 180; ng m−3), DIBP (130, N/A, N/A; ng m−3), and DBP
(140, 220, 310; ng m−3) were reported in surveys of (1) northern California residences, (2)
Cape Cod MA residences, and (3) Boston MA indoor environments, respectively.[1, 22, 66]

Throughout the occupied period, concentrations of higher vapor pressure phthalates dis-
played remarkably small temporal variance. Maximum and minimum concentrations of
DIBP and DBP differed by ≤ 32% from the mean (RSD ≤ 11%), and concentrations of
DEP fluctuated by no more than 47% (RSD = 15%). In contrast, indoor concentrations
of DEHP were highly variable, ranging from 1.6 to 112 ng m−3 during the occupied period
(RSD = 183%) and from 2.3 to 8.8 ng m−3 during the vacant period (RSD = 34%). The
median DEHP concentration during the occupied period (4 ng m−3) was considerably lower
than median residential concentrations reported in the surveys mentioned previously (77 ng
m−3, 68 ng m−3, N/A).

In a recent study of the dynamic behavior of volatile organic compounds in an occupied
residence, Liu et al. used measured mean-to-median ratios (MMR) to classify indoor species
emissions as being primarily from static contents (MMR < 1.06) or primarily related to
episodic occupant activities (MMR > 1.5).[67] In Table 2.4.1, we show that MMR < 1.06
for all three higher volatility phthalates, during both the occupied and unoccupied periods.
These low values are strongly suggestive of the importance of ongoing emissions from static
sources in the residence. In contrast, for DEHP during the occupied period, MMR = 2.1,
indicating the importance of episodic events controlling the release of DEHP into indoor air.

Concentrations of DEP, DIBP, and DBP were significantly higher indoors than outdoors
at all times. On average, phthalate concentrations were 3 times higher indoors than outdoors
for DEP and 3.5 times higher for DBP and DIBP. Average concentrations of DEHP during
the occupied period were 2.5 times higher indoors than outdoors, and were roughly equivalent
between the indoors and outdoors during the vacant period. Outdoor time series for the
analysis periods are displayed in Figures 2.7.3 and 2.7.4.

2.4.1 Dynamic Phthalate Concentrations

Figure 2.4.1 presents time series of phthalate concentrations and indoor air temperature. Diel
plots of concentrations and temperature are shown in Figures 2.7.5 and 2.7.6. Concentrations
of the primarily gaseous species (DEP, DIBP, and DBP) are characterized by a stable back-
ground with small perturbations associated with the indoor air temperature. Temperature
profiles were regulated by wintertime home heating applied in mornings (6:45-7:15 AM) and
evenings (5:45-10 PM) and, accordingly, DEP, DIBP, and DBP concentrations were higher
on average during the warmer waking hours and lower during cooler sleeping hours. By con-
trast, concentrations of DEHP were much lower at baseline levels but exhibited substantial
episodic enhancements during the occupied period. Multiple factors are expected to influ-
ence indoor phthalate concentrations. Among these are ongoing background emissions from
static building materials and furnishings, episodic primary emissions from product usage,
and dynamic phase-partitioning flows between indoor air and reservoirs including surface
films and dust. Reversible sorptive interactions would be sensitive to dynamic changes in
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Table 2.4.1: Characteristics of observed phthalate species along with major measurement
results.

DEP
diethyl

phthalate

DIBP
diisobutyl
phthalate

DBP
dibutyl

phthalate

DEHP
diethylhexyl
phthalate

Properties

Log Saturation
Vapor Pressureb

-6.83 -8.30 -8.47 -11.85

Log Koa
b 8.21 9.62 9.83 12.89

CAS Number 84-66-2 84-69-5 84-74-2 117-81-7
Chemical Formula C12H14O4 C16H22O4 C16H22O4 C24H38O4

Mol. Weight (g/mol) 222.24 278.35 278.35 390.56

Indoora

Occupied Conc. 201 ± 30 133 ± 15 91 ± 8 9 ± 16
Mean-to-median Ratio 1.03 1.00 0.99 2.13
Vacant Conc. 200 ± 16 135 ± 17 93 ± 10 4.1 ± 1.4
MMR 1.01 1.01 1.00 1.15
Occupied Fp 0.05 ± 0.03 0.12 ± 0.01 0.16 ± 0.04 0.74 ± 0.22
Vacant Fp 0.04 ± 0.01 0.11 ± 0.01 0.14 ± 0.02 0.68 ± 0.17

Outdoora

Occupied Conc. 36 ± 21 44 ± 10 31 ± 5 3.4 ± 0.4
Vacant Conc. 54 ± 17 45 ± 6 32 ± 4 3.9 ± 0.8
Occupied Fp 0.16 ± 0.08 0.19 ± 0.03 0.21 ± 0.04 0.79 ± 0.18
Vacant Fp 0.11 ± 0.02 0.16 ± 0.02 0.19 ± 0.02 0.59 ± 0.20

a All values are reported as mean ± standard deviation. Total (gas-plus-particle) con-
centrations are reported in ng m−3. Fraction in particle phase (Fp) is defined as the
measured SVOC concentration associated with particles divided by the total (gas-plus-
particle) concentration. Mean Fp is reported as the average of calculated values in the
analysis window. Variability of Fp is reported as the standard deviation of the popula-
tion.

b Phthalate saturation vapor pressures vary by orders of magnitude among published
measurements, but generally decrease with increasing molecular weight. Values of the
saturation vapor pressure in atm and the octanol-air partition coefficient (Koa) as de-
termined by theory are reported by Salthammer et al. at T = 298 K.[68]

physical conditions, such as temperature and airborne particle concentrations, which would
alter equilibrium partitioning between condensed and gaseous phases. Static emissions may
contribute to a stable background, whereas episodic emissions of sufficient strength would
be readily apparent from the time series of concentrations. Cosmetics, personal care prod-
ucts and medication are commonly reported sources of DEP, DIBP, and DBP.[31, 37–40]
Strikingly, although multiple residents applied multiple personal care products throughout
the campaign, no episodic concentration enhancements were observed for the three higher
volatility phthalates.

SVOCs may interact with the envelope of household occupants at meaningful rates, such
as during uptake on clothing or dermal absorption.[48] However, no associations were ob-
served between occupancy and DEP concentrations. Weak associations between (increased)
occupancy and (decreased) concentrations of two phthalates, DIBP and DBP, were observed
during the occupied period (Figure 2.7.2).
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Figure 2.4.1: Total (gas-plus-particle) concentration time series of four phthalates over the
occupied (left) and vacant (right, in gray) periods. Indoor air temperature is displayed in
the upper panel. The horizontal axis is labeled with day of the month, December 2017.

2.4.2 Temperature and Surface-Air Equilibration

The hourly-averaged concentrations of the four measured phthalates are compared with in-
door air temperature in Figure 2.4.2. The extent to which concentrations correlate with
temperature diminishes with increasing molecular weight and decreasing vapor pressure.
Specifically, DEP concentrations exhibited strong temperature dependence during both the
vacant and occupied periods, whereas DBP and DIBP concentrations exhibited only mod-
erate temperature dependence. Average DEP concentrations were essentially equivalent be-
tween the occupied (201 ng m−3) and vacant (200 ng m−3) periods and strongly correlated
with the house heating cycle. Overall, however, indoor air temperatures were slightly colder
(∼2 K) during the vacant period than the occupied period. It is possible that the measured
air temperature was not fully representative of reservoir surface temperatures throughout the
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Figure 2.4.2: Total (gas-plus-particle) indoor-air concentrations of DEP, DIBP, DBP, and
DEHP versus temperature. Data are differentiated by color between the occupied (red) and
vacant (blue) periods, and regression lines correspond to an exponential fit. Units of measure
on the fit parameters are inverse temperature for k (1/K) and concentration for A (ng m−3).

residence and that the air-surface temperature relationship was different between occupied
and vacant periods.

Conversely, DEHP was characterized by a low baseline concentration punctuated by
episodic spikes unrelated to temperature. It is well known that the emissions of DEHP,
which can be a major constituent of certain types of materials such as vinyl flooring, in-
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crease strongly as temperature increases.[46] Remarkably, airborne DEHP concentrations
displayed no observable correlations with temperature in the occupied period in this study.
Furthermore, concentrations were weakly anticorrelated with temperature during the vacant
period. Evidence suggests that airborne DEHP, which is primarily a particle-phase com-
pound, was effectively removed by filtration during the morning and evening house-heating
intervals (Figure 2.7.6).

Observed concentrations of DEP, DIBP, and DBP, were several orders of magnitude be-
low their respective gas-phase saturation concentrations. DEHP was roughly one order of
magnitude below its gas-phase saturation concentration. (Vapor pressure values are as re-
ported in Salthammer et al.; substantial variation in vapor pressures exists throughout the
literature.[68]) Interactions between organic surface films and the bulk air may influence
airborne SVOC concentrations and these interactions have been modeled using octanol-air
partition coefficients.[69] Observed median concentrations of each phthalate species strongly
correlate with the octanol-air partition coefficient (log-log plot, R2 = 0.94, Figure 2.7.7),
a parameter describing the strength of interactions between air and a model organic film.
Furthermore, the dynamics associated with the observed heating cycle may be tied to ther-
modynamic changes in the octanol-air partition coefficient. Temperature dependence of the
saturation vapor pressure, which is anticorrelated with the octanol-air partition coefficient,
has been experimentally determined for DIBP and DBP.[70] In Figure 2.7.8, the concentra-
tions of DIBP and DBP are plotted against their saturation vapor pressures as a function of
indoor air temperature, revealing a strong positive correlation (R2 = 0.71). Together, these
factors suggest that substantial condensed-phase reservoirs exist throughout the residence
and that Koa could be a key controlling variable related to both dynamics and observed
airborne concentrations with additional contributions possible from static sources. Addi-
tionally, these factors suggest that the decreasing abundance of larger phthalate homologues
(CDEP > CDIBP > CDBP > CDEHP) may be coupled to their physical parameters such as their
respective vapor pressures and octanol-air partition coefficients.

2.4.3 Particle Loading Influences DEHP Concentrations

Indoor particle mass concentrations strongly correlated with total (gas-plus-particle) DEHP
concentrations during the vacant and occupied periods. Occupant activities like cooking can
markedly influence indoor particle concentration, composition and size distribution. Particle
resuspension also can occur during occupant activities, but this process is more important
for coarse particles and less important for particles smaller than 2.5 µm that are sampled by
SV-TAG.[71] The effects of occupant-associated particle sources are explored in Figure 2.4.3,
which displays DEHP concentrations against PM2.5 concentration and activity type during
the occupied period. Notwithstanding diversity among particle sources, a linear relationship
between particle mass concentration and total airborne phthalate concentrations is observed
with DEHP accounting for about 0.3% of indoor PM2.5 by mass. DEHP concentrations
are strongly associated with particle emission events from cooking. The absence of cooking
events over the vacant period affected average DEHP concentrations. While concentrations



CHAPTER 2. CHARACTERIZING AIRBORNE PHTHALATES 18

Figure 2.4.3: Total (gas-plus-particle) DEHP concentrations during the occupied period
are compared against PM2.5 concentration. Concurrent indoor activities with the potential
to influence airborne SVOC concentrations are highlighted: cooking, candle combustion, and
cleaning. Units of measure on the fit parameters are ng µg−1 (parts per thousand) for the
slope, m, and ng m−3 for the intercept, b.

of DEP, DIBP, and DBP were similar between the occupied and vacant periods, the average
concentration of DEHP over the occupied period was nearly two times greater than during
the vacant period.

It has been demonstrated in both modeling and chamber studies that the presence of air-
borne particles can enhance DEHP emissions from surfaces.[51, 72] Particles enhance surface
mass transfer by increasing the gas-phase concentration gradient in the near-surface bound-
ary layer. Particles act as an airborne sink, sorbing SVOCs from the gas-phase, thereby
depleting gas-phase SVOCs in the bulk air and effectively increasing SVOC flux from sur-
faces. Similarly, total airborne concentrations of species with high Kp values are expected
to increase with particle mass concentration, with minimal effect on low Kp species that are
predominantly in the gas-phase.

It is worthwhile to consider whether direct cooking emissions of DEHP might account for
episodic concentration enhancements. Food-borne DEHP has been reported at low ppb to
low ppm concentrations. When oily food has been stored in jars with PVC gaskets, DEHP
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can approach upper ppm concentrations.[73] We considered a hypothetical emission event
where food-borne DEHP was fully transferred into residential air and assumed a food-borne
phthalate concentration of 10 mg kg−1, a typical upper bound. Assuming one kg of food
cooked, a cooking event could release an upper bound of 10 mg of DEHP from food, which,
when diluted throughout the house volume of 380 m3, would yield a transient peak DEHP
concentration of up to 25 ng m−3. However, this value is below the measured concentrations
associated with many cooking events, suggesting that direct DEHP emission from food was
not a dominant contributor to airborne DEHP enhancements during major source events.
Instead, we infer that the increased airborne particle concentrations enhanced the net rate
of transfer of DEHP from static sources and/or from indoor surface films to indoor air.

PM2.5 concentrations strongly correlated with airborne DEHP concentrations under va-
cant conditions (Figure 2.4.4). Total (gas-plus-particle) concentrations of DEHP were com-
parable between the indoors and outdoors over the vacant period (Figure 2.7.4). However,
outdoor DEHP-bearing particles are not expected to penetrate the building envelope with
full efficiency. For the duration of the vacant period, indoor PM2.5 was always less than
or (approximately) equal to outdoor PM2.5 concentrations with an average indoor:outdoor
particle mass ratio of 1:4 for the duration of the vacant period. Because no occupants were
present and because indoor particles were intermittently removed in association with the
filter in the house’s forced air heating system, nearly all indoor particles are believed to have
originated from outdoor intrusion through the building envelope. Over the vacant period,
outdoor DEHP constituted 0.10% of outdoor PM2.5 by mass on average. Together, these
observations suggest that particulate matter entering the house rapidly acquires DEHP from
indoor dust, surfaces, and the gas-phase such that DEHP comprises 0.24% of indoor PM2.5
by mass with contributions from both indoor and outdoor sources. Similar relations be-
tween airborne DEHP concentrations and PM2.5 are observed during the occupied period
(event-driven spikes excluded), albeit with greater variability.

2.4.4 Gas-Particle Partitioning

The higher vapor-pressure phthalates (DEP, DBP, DIBP) were present primarily in the gas-
phase (Table 2.4.1). Their particle fractions, while small, consistently increased as their
molecular size and associated octanol-air partition coefficients increased (Fp values follow
this order: DEP < DBP < DIBP). The particle-phase fraction of these species was largely
independent of particle mass concentration and temperature in the ranges encountered in the
studied residence. Observed particle fractions for DEP, DIBP, and DBP (5%, 12%, 16%,)
were qualitatively similar yet quantitatively higher than those estimated by Weschler and
Nazaroff who reported expected particle fractions to be 0%, 3%, and 5%, respectively.[49] In-
creasing particle mass concentration can drive gas-particle partitioning towards the particle
phase. Airborne gas-particle partitioning of DEHP is associated with both PM2.5 concen-
tration and indoor air temperature as revealed in Figure 2.4.5. At PM2.5 concentrations
above 3 µg m−3, airborne DEHP concentrations were predominantly in the particle phase.
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Figure 2.4.4: The gas-plus-particle concentration of DEHP is compared against PM2.5
concentration during the vacant period (A) and the occupied period when no cleaning,
cooking, or combustion events were occurring (B). Units of measure on the fit parameters
are ng µg−1 (parts per thousand) for the slope, m, and ng m−3 for the intercept, b.

Similar effects are observable with cooler temperatures promoting partitioning into particles
and an increased Fp.

Using the model described in Equation 2 an apparent partition coefficient K∗
p was evalu-

ated to be 2.4 ± 0.3 m3 µg−1 under observed conditions. This empirically-derived partition
coefficient is affected by assumptions about equilibrium conditions, the temperature, and
by the experimental approach. Time-scales to approach gas-particle phase equilibrium vary
depending on Koa values and particle size.[48, 50] For DEHP, gas-particle equilibration time
scales may approach hundreds of hours for particle diameters in the vicinity of 2.5 µm and
would be minutes to hours for particle sizes near 100 nm. Considering the residence’s average
air-exchange period of 2.2 h, the DEHP phase-partitioning system may be far from equilib-
rium for larger particles but is expected to be at or near equilibrium for smaller particles.[48,
50, 54] Experimentally, the Fp values were determined only for particles smaller than 2.5
µm, the SV-TAG particle-size cutoff. In addition, the stated PM2.5 concentrations do not
include particles with diameters smaller than 250 nm that were not quantified by the Grimm
11-A OPC.

Using the van’t Hoff equation, and assuming equilibrium conditions, K∗
p is expected

to change by roughly 3× over the observed indoor temperature range (288 – 294 K).[74]
After normalizing each particle fraction measurement from the measured indoor air tem-
perature to the standard state temperature, the best-estimate K∗298

p value at T = 298 K
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Figure 2.4.5: The particle fraction of DEHP is compared against PM2.5 concentration,
with points colored by indoor air temperature. The lower right panel highlights the low
PM2.5 concentration region between 0 and 4 µg m−3.

is 0.80 ± 0.09 m3 µg−1 (Figure 2.7.9). This value can be compared to the partition coeffi-
cient calculated using the model developed by Weschler and Nazaroff (3.2 m3 µg−1), which
assumed equilibrium conditions, a log Koa value of 12.9, a particle density of 1 × 106 g
m−3, and a volume fraction of organic matter associated with airborne particles (fom part) of
0.4.[49] The particle partitioning coefficient determined from this field-monitoring campaign
is larger than has been reported in laboratory studies where Kp = 0.032 m3 µg−1 for ammo-
nium sulfate particles, 0.23 m3 µg−1 for oleic acid particles, and 0.11 m3 µg−1 for squalene
particles.[51, 70] A recent theoretical prediction yielded Kp = 0.19 m3 µg−1.[74] Given the
order of magnitude variability in Kp depending on literature source, particle composition,
and ambient temperature, determinations of the apparent partition coefficient in real indoor
environments are valuable. As the relative gas-particle abundance can influence consequent
exposures and potential health risks, such observations and inferences are relevant for im-
proving our understanding of the nature and significance of human phthalate encounters in
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indoor environments.

2.4.5 Implications

Among the four quantified phthalates, concentrations of three higher-volatility species (DEP,
DIBP and DBP) were found to be influenced mainly by indoor air temperature, whereas the
lower volatility species (DEHP) varied with systematic and episodic indoor airborne particle
mass concentrations. Ultimately, factors observed to affect airborne phthalate concentrations
were indirectly related to human behavior. Spikes in DEHP concentrations were associated
with particles generated by episodic emission events related to occupant activities such as
stovetop cooking, oven usage, and candle combustion. Dynamic changes in gas-phase ph-
thalate concentrations largely followed the occupant-influenced indoor temperature cycle.
Overall gas-phase abundances may be related to factors external to the indoor temperature
cycle such as the octanol-air partition coefficient and the presence of static sources in the res-
idence. Perturbations affecting DEHP concentrations were also observed in association with
particle removal by filtration during the operation of the central forced-air heating system.

Increased understanding of the factors that control airborne phthalate concentrations is
important to gain insight into human phthalate exposure. The complex partitioning be-
havior exhibited in the case of DEHP suggests that human exposure assessments relying
on static measures of concentrations and gas-particle partitioning are incomplete. In this
residence, increasing PM2.5 concentrations from 0.5 µg m−3 to 3 µg m−3 could drive DEHP
completely into the particle phase, thereby altering the inhalation mode of occupant expo-
sure. This level of PM2.5 perturbation was regularly encountered during cooking events.
These results illustrate that variable particle mass concentrations may influence occupant
uptake by altering both DEHP concentrations and gas-particle partitioning. This finding
points to the potential utility of particle reduction techniques as a means of reducing indoor
airborne exposure to low-volatility phthalates and related SVOCs.
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[14] Callesen, M.; Bekö, G.; Weschler, C. J.; Sigsgaard, T.; Jensen, T. K.; Clausen, G.; Tof-
tum, J.; Norberg, L. A.; Høst, A. Associations between selected allergens, phthalates,
nicotine, polycyclic aromatic hydrocarbons, and bedroom ventilation and clinically
confirmed asthma, rhinoconjunctivitis, and atopic dermatitis in preschool children.
Indoor Air 2014, 24, 136–147.

[15] Buser, M. C.; Murray, H. E.; Scinicariello, F. Age and sex differences in childhood and
adulthood obesity association with phthalates: Analyses of NHANES 2007–2010. Int.
J. Hyg. Environ. Health 2014, 217, 687–694.

[16] Harley, K. G.; Berger, K.; Rauch, S.; Kogut, K.; Claus Henn, B; Calafat, A. M.; Huen,
K; Eskenazi, B.; Holland, N. Association of prenatal urinary phthalate metabolite
concentrations and childhood BMI and obesity. Pediatr. Res. 2017, 82, 405–415.

[17] Fromme, H.; Kuchler, T.; Otto, T.; Pilz, K.; Müller, J.; Wenzel, A. Occurrence of
phthalates and bisphenol A and F in the environment. Water Res. 2002, 36, 1429–
1438.

[18] Zeng, F.; Cui, K.; Xie, Z.; Wu, L.; Luo, D.; Chen, L.; Lin, Y.; Liu, M.; Sun, G.
Distribution of phthalate esters in urban soils of subtropical city, Guangzhou, China.
J. Hazard. Mater. 2009, 164, 1171–1178.

[19] Yuan, S. Y.; Liu, C.; Liao, C. S.; Chang, B. V. Occurrence and microbial degradation
of phthalate esters in Taiwan river sediments. Chemosphere 2002, 49, 1295–1299.

[20] Zolfaghari, M.; Drogui, P.; Seyhi, B.; Brar, S. K.; Buelna, G.; Dubé, R. Occurrence, fate
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2.7 Supporting Information

2.7.1 SV-TAG Operation

In this study, the SV-TAG resided in an external temperature-controlled shed built specifi-
cally to contain instrumentation throughout the campaign. The SV-TAG unit was situated
approximately 0.5 m from the residence. The SV-TAG instrument is equipped with two
sampling cells that are operated in parallel. One sampling cell was dedicated to measur-
ing indoor gas-plus-particle concentrations. It sampled through a 1.6-m stainless steel inlet
extending from the house’s dining room. The inlet was positioned approximately 30 cm
from the exterior room wall and 1.5 m above the floor. A second cell alternately collected
indoor air from the same indoor inlet or from a separate outdoor air sampling port through
a 2.0-m stainless steel tube extending outside the shed. The second cell was switched hourly
among four states: indoor gas-plus-particle, indoor particle only, outdoor gas-plus-particle,
and outdoor particle only, with a complete cycle occurring every four hours. Gas-phase re-
moval for the particle-only measurements was accomplished by passing sample air through
a carbon monolith denuder (500 channels, 30 mm OD × 40.6 cm; MAST Carbon) thereby
removing all gas-phase organic compounds from the air stream before collection. Particle-
only measurements (and corresponding gas-particle partitioning measurements) determined
by the denuder method have, if any, a negative bias due to repartitioning and loss within
the denuder.[1] Gas-particle partitioning of phthalates may be influenced by sorption of
gas-phase species to sampling lines; however, past investigations indicate that such biases
are minimal for the experimental conditions of this study.[2,3] Concurrent gas-plus-particle
measurements in the two cells were used to normalize any cell differences when quantifying
gas-particle partitioning. This cell-correction factor was adjusted downwards in the case of
DEHP such that gas-particle partitioning maximized at 100% in the particle phase.

Both cells sampled air at 10 L min−1 through a PM2.5 cyclone (BGI, Inc.; SCC 2.654) for
the first 15 minutes of each hour for the duration of the campaign. During sampling, the cell
temperatures were controlled at 30 ◦C. After sample collection, the captured organic mass
was thermally desorbed by raising the collection cell temperature to 320 ◦C. The organic
mass was carried by helium gas saturated with a derivatization agent, MSTFA (N-methyl-
N-(trimethylsilyl)trifluoroacetamide, > 98.5%, Sigma Aldrich), towards a concentrating trap
before valveless injection into an Agilent 7890A gas chromatograph. Separation was achieved
by linearly ramping the temperature (50 ◦C to 330 ◦C, over 14 minutes) with helium flow
(0.5 standard cm3 min−1 to 1.0 standard cm3 min−1 through minute 12, then 1.0 standard
cm3 min−1 to 3.0 standard cm3 min−1 to the end) through the column (Restek, Rtx-5Sil
MS, 20 m × 0.18 mm × 0.18 µm). Species exited from the column into an Agilent 5975C
quadrupole mass spectrometer (MS) for subsequent electron impact (EI) analysis. Mass
spectral interpretation and quantification used a single-ion peak fitting approach via the
TERN software.[4]

Time-resolved measurements of DEP, DIBP, DBP, and DEHP were acquired hourly. Peak
areas were normalized by deuterated internal standards to account for cell-loading matrix
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effects and a general ion source decline over the duration of the field campaign. DBP, DIBP,
and DEHP were normalized to dibutyl phthalate-3,4,5,6-d4 (Sigma Aldrich), a deuterated
analogue of DBP. DEP was normalized to a deuterated isotopologue of pentadecanol, consid-
ering similarities in retention time. Absolute concentrations were determined by multipoint
linear calibration curves with a zero-point intercept that were generated every four days
during the campaign. Calibration standards from the EPA 525 update phthalate esters mix
were added to a 50/50 methanol/chloroform solution with other relevant chemical standards.
Limits of detection (LODs), set at 3× the background chromatographic signal, are analyte
dependent and variable depending on acquisition parameters, instrument status, chromato-
graphic coelutions, and matrix interferents. These same factors affect uncertainties, which
are typically less than 20% on a relative scale.[5] Typical LODs for DEP, DIBP, and DBP
were on the order of 10 ng m−3. Typical LODs for DEHP were on the order of 1 ng m−3.

Throughout the campaign, three phthalate species (DEP, DBP, and DEHP) were iden-
tified by authentic external standards and a fourth (DIBP) was identified referencing mass
spectra available in the NIST/EPA/NIHMass Spectral Library.[6, 7] Major phthalate species,
excluding dimethyl phthalate, have a prominent characteristic ion at m/z = 149. This char-
acteristic ion was used to search for other phthalate species during periods with high temper-
ature and high particle mass concentrations, when phthalate concentrations are expected to
be highest. No additional species above background chromatographic signal were identified
as phthalates; see Figure 2.7.1 of the Supporting Information.

2.7.2 SV-TAG Quality Assurance and Quality Control

Method blanks were conducted at the beginning, middle, and end of the sampling campaign
by injecting pure solvent containing only deuterated internal standards onto the thermal
desorption collection cells via an automated liquid injection system. Possible contamination
of blanks by phthalates could occur from incomplete desorption of the collection cells, or from
release of plastic components within the SV-TAG system. Such artifacts were minimally
observed. Measured phthalate signals during method blank measurements relative to the
prior gas-plus-particle measurement were: DEP: < 0.5%; DIBP: <3%; DBP: <4%; DEHP:
<5%.

The primary purpose of the internal standard was to account for any changes in the
efficiency of the analytical system as a function of time during the experiment. A solvent so-
lution containing 45 deuterated internal standards was injected onto the thermal desorption
collection cell on top of each ambient air sample by an automated injection system. These
internal standards encompassed a broad range of chemical functionalities and volatilities.
All internal standards qualitatively showed similar trends, with decreased responses being
observed as the campaign progressed owing to degraded performance of the mass spectrom-
eter’s ion-source as it become dirtier. Internal standard responses were restored after an
ion-source cleaning. Some variability in response was also observed, presumably because of
sample matrix effects; these were corrected based on the internal standard response.
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External standards were run every 25 hours such that a three-point calibration curve was
generated every three to four days. After internal standard normalization to account for
changes in the mass spectrometer’s ion-source and sample matrix effects, calibration curves
did not significantly differ over the course of the measurement period.

Although particle densities are known to vary, such as during different types of source
events, we assume a constant particle density of 1.67 g cm−3 in congruence with past stud-
ies.[8,9] Sensitivity testing was conducted by renormalizing particle mass concentrations
using densities of 1 and 2 g cm−3, approximately spanning the range of expected values.
Using these extrema, the slope of Figure 2.4.3 could vary between 1.9 and 3.8 ng µg−1 (parts
per thousand), the slope of Figure 2.4.4A could vary between 1.4 and 2.8 ng µg−1 (parts per
thousand), and the resulting estimate of K∗

p in Figure 2.4.5 could vary between 2.0 and 4.0
m3 µg−1.

Non-representative house venting occurred between the occupied and vacant periods;
four associated measurements were excluded from analysis. One single-point particle con-
centration determined from the Grimm 11-A particle counter on 21 Dec 2017 was similarly
excluded. The point corresponded to the beginning of an emission event and may not have
been fully representative of the house because of incomplete mixing.
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2.7.3 Supporting Figures

Figure 2.7.1: The response of ion m/z = 149 is plotted against the chromatograph retention
time on 16 Dec 2017, a period of high particle loading when phthalate levels are expected
to be elevated. Phthalate diesters (other than dimethyl phthalate) have a prominent char-
acteristic ion at m/z = 149. In the above spectrum, DEP, DIBP, DBP, and DEHP were
clearly identified in comparison to a mass spectral database and the known retention times
of authentic external standards (EPA 525 phthalate esters update mix: DMP, DEP, DBP,
DEHP, butyl benzyl phthalate). No other species above chromatographic background levels
were identifiable as phthalates in reference to the NIST/EPA/NIH Mass Spectral Library
over the selected analysis periods.
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Figure 2.7.2: Upper: Total (gas-plus-particle) indoor phthalate concentrations are plotted
against temperature during waking hours of the occupied period. Lower: The residuals of
respective exponential fits are compared against residential occupancy, where uncertainties
correspond to the standard error of the mean. Parameters of the exponential fits (y = A×ekx)
are: A = 3.5 × 10−12, k = 0.109, R2 = 0.73 (panel A), A = 1.8 × 10−3, k = 0.038, R2 =
0.15 (panel B), A = 1.6 × 10−3, k = 0.038, R2 = 0.23 (panel C). Units of measure on the fit
parameters are inverse temperature for k (K−1) and concentration for A (ng m−3).
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Figure 2.7.3: The gas-plus-particle outdoor concentrations of DEP, DIBP, DBP, and DEHP
are displayed, where the shaded region corresponds to the vacant period.
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Figure 2.7.4: The total (gas-plus-particle) indoor and outdoor concentrations of DEHP
are displayed, where the scaling emphasizes baseline concentrations and excludes episodic
concentrations above 9 ng m−3. The shaded region corresponds to the vacant period.
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Figure 2.7.5: Diel plots (median, interquartile range by hour of day) are shown for gas-plus-
particle DEP, DIBP, and DBP concentrations and indoor air temperature over the occupied
(upper frames) and vacant (lower frames) periods.

Figure 2.7.6: Diel plots (median, interquartile range by hour of day) are shown for gas-
plus-particle DEHP concentrations and PM2.5 particle loading over the occupied (left frame)
and vacant (right frame) periods.
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Figure 2.7.7: The median gas-phase concentration in ng m−3 of each phthalate species
over the vacant period is compared against the octanol-air partition coefficient at T = 298
K (as reported by Salthammer et al.[10]) on a log-log scale. A linear least-squares fit of the
transformed data is presented.
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Figure 2.7.8: The measured gas-phase concentrations of DIBP and DBP are displayed
against the calculated saturation vapor pressure at the measured indoor air temperature.
Vapor pressures for DIBP and DBP as a function of temperature were calculated according
to Wu et al.[11] Units of measure for the fit parameters are ng m−3 Pa−1 for the slope, m,
and ng m−3 for the intercept, b.
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Figure 2.7.9: Each particle fraction value of DEHP is normalized from ambient air tem-
perature to 298 K using the van’t Hoff equation and assuming -116,700 J mol−1 as the
phase-change enthalpy.[12] Normalized particle fractions are compared against PM2.5 mass
concentrations as measured throughout the campaign. The inset panel highlights the dy-
namic region with PM2.5 concentrations between 0 and 4 µg m−3. Three datapoints with
experimentally determined Fp greater than one were defined to have maximum particle:gas
fractions of 100:1 (i.e., Fp = 0.99) to facilitate the normalization process.
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S. V.; de Sá, S. S.; Martin, S. T.; Alexander, M. L.; Palm, B. B.; Hu, W.; Campuzano-
Jost, P.; Day, D. A.; Jimenez, J. L.; Riva, M.; Surratt, J. D.; Viegas, J.; Manzi, A.;
Edgerton, E.; Baumann, K.; Souza, R.; Artaxo, P.; Goldstein, A. H. Ambient gas-
particle partitioning of tracers for biogenic oxidation, Environ. Sci. Technol. 2016,
50, 9952–9962.

[4] Isaacman-VanWertz, G.; Sueper, D. T.; Aikin, K. C.; Lerner, B. M.; Gilman, J. B.; de
Gouw, J. A.; Worsnop, D. R.; Goldstein A. H. Automated single-ion peak fitting as
an efficient approach for analyzing complex chromatographic data. J. Chromatogr. A
2017, 1529, 81–92.

[5] Isaacman, G.; Kreisberg, N. M.; Yee, L. D.; Worton, D. R.; Chan, A. W. H.; Moss,
J. A.; Hering, S. V.; Goldstein, A. H. Online derivatization for hourly measurements
of gas- and particle-phase semi-volatile oxygenated organic compounds by thermal
desorption aerosol gas chromatography (SV-TAG). Atmos. Meas. Tech. 2014, 7,
4417–4429.

[6] Yee, L. D.; Isaacman-VanWertz, G.; Wernis, R. A.; Meng, M.; Rivera, V.; Kreisberg, N.
M.; Hering, S. V.; Bering, M. S.; Glasius, M.; Upshur, M. A.; Gray Bé, A.; Thomson,
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Chapter 3

Surface emissions modulate indoor
SVOC concentrations through
volatility-dependent partitioning

This chapter is adapted from:

Lunderberg, D.M.; Kristensen, K.; Tian, Y.; Arata, C.; Misztal, P.K.; Liu, Y.; Kreis-
berg, N.; Katz, E.F.; DeCarlo, P.F.; Patel, S.; Vance, M.E.; Nazaroff, W.W.; Goldstein,
A.H. Surface emissions modulate indoor SVOC concentrations through volatility-dependent
partitioning. Environ. Sci. Technol. 2020, 54, 6751–6760.

3.1 Abstract

Measurements by semivolatile thermal desorption aerosol gas chromatography (SV-TAG)
were used to investigate how semivolatile organic compounds (SVOCs) partition among in-
door reservoirs in (1) a manufactured test house under controlled conditions (HOMEChem
campaign) and (2) a single-family residence when vacant (H2 campaign). Data for phthalate
diesters and siloxanes suggest that volatility-dependent partitioning processes modulate air-
borne SVOC concentrations through interactions with surface-laden condensed-phase reser-
voirs. Airborne concentrations of SVOCs with vapor pressures in the range of C13 to C23
alkanes correlated with indoor air temperature. Observed temperature dependencies were
quantitatively similar to theoretical predictions that assumed a surface-air boundary layer
with equilibrium partitioning maintained at the air-surface interface. Airborne concentra-
tions of SVOCs with vapor pressures corresponding to C25 to C31 alkanes correlated with
airborne particle mass concentration. For SVOCs with higher vapor pressures, which are
expected to be predominantly gaseous, correlations with particle mass concentration were
weak or nonexistent. During primary particle emission events, enhanced gas-phase emissions
from condensed-phase reservoirs partition to airborne particles, contributing substantially to
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organic particulate matter. An emission event related to oven-usage was inferred to deposit
siloxanes in condensed-phase reservoirs throughout the house, leading to the possibility of
reemission during subsequent periods with high particle loading.

3.2 Introduction

In indoor environments, semivolatile organic compounds (SVOC) dynamically partition be-
tween the gas phase and various condensed-phase reservoirs, such as airborne particles,
surface films, settled dust, and building materials.[1] Many specific indoor SVOCs are of
concern for human health, such as endocrine-disrupting phthalate diesters and halogenated
flame retardants.[2] Airborne particles are often partly composed of SVOCs. Exposure to
particulate matter is among the leading global mortality risk factors,[3] although the specific
roles of SVOCs and the relative importance of indoor particle exposure contributing to this
risk are unknown. Understanding the dynamics and physical behavior of indoor airborne
SVOC concentrations is important for risk assessment and exposure mitigation.

Emerging evidence indicates that interactions between indoor air and condensed-phase
reservoirs influence airborne SVOC concentrations. Surface reservoirs are defined as “condensed-
phase materials containing chemical constituents that undergo exchange with the gas phase.”[4]
Recent field measurements of volatile organic compounds (VOCs) and SVOCs in real indoor
settings suggest that organics readily desorb from condensed-phase reservoirs into bulk air.
The high rate of desorption suggests that, for many compounds, the condensed-phase reser-
voirs are either interior surface films or thin layers of building materials closely in contact
with indoor air.[4–8] Weschler and Nazaroff described a model for the growth of SVOC-laden
organic surface films indoors and suggested that surface films may provide functional and
chemical homogeneity among the diverse surfaces interacting with bulk indoor air.[9]

Models describing indoor surface emissions have assumed the existence of a boundary
layer immediately adjacent to surfaces, with equilibrium partitioning maintained at the
surface-air interface.[10–14] Emissions from surfaces are then regulated by the concentration
difference across the boundary layer combined with a convective mass transfer coefficient
that limits mass transfer between the boundary layer and bulk air. In a chamber study of
vinyl flooring, Clausen et al. noted that temperature was a primary factor controlling diethyl
hexyl phthalate (DEHP) emissions.[14] Temperature changes affect equilibrium partitioning
between the gas-phase and condensed-phase surface reservoirs, including surface films. Such
processes have been characterized using thermodynamic models.[15–18]

Airborne particles may significantly influence SVOC emission rates from surfaces by
transporting SVOCmass out of the boundary layer and/or by providing an airborne condensed-
phase sink.[19] Chamber studies of organophosphate flame retardants and plasticizers have
demonstrated similar partitioning phenomena whereby the presence of airborne particles
enhances the rate of SVOC emissions from source materials.[20–22] Moreover, the affinity
of SVOCs for airborne particles is affected by both SVOC and particle composition for ph-
thalate diesters[22, 23] and for third-hand smoke (THS) species.[24] These findings have
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been supported by measurements in real indoor environments for specific compounds. For
example, in a study of a university classroom, DeCarlo et al. reported that increases in
particle mass concentration led to increases in the concentrations of airborne THS species;
they inferred that surface-sorbed THS species were transported through the gas phase onto
aqueous airborne particles, with particle capacity influenced by acid-base processes.[25] Sim-
ilarly, increases in DEHP concentrations were found to be associated with increased airborne
particle concentrations in a normally occupied residence.[8]

Indoor environments are subject to dynamic changes in temperature and particle con-
centration as influenced by occupants, their activities, and building interactions with the
outdoor environment. Indoor airborne SVOC concentrations may be modulated by both
direct primary emissions and by indirect interactions with surfaces. Few studies have ex-
amined how airborne SVOC concentrations evolve in real indoor settings. In this paper, we
report hourly SVOC concentrations from two field campaigns, H2 and HOMEChem, and we
use these data to characterize SVOC volatility-dependent dynamics and partitioning. We
focus on three specific species groupings: (a) total SVOC concentrations binned by volatil-
ity, (b) phthalate diesters, and (c) cyclic siloxanes. These emphases are intended to explore
SVOC behavior as a bounded class and as discrete compounds with varying vapor pressures.
The specific objectives of the study are: (a) to quantitatively describe indoor SVOC dynam-
ics as functions of volatility, temperature, and particle loading; (b) to connect observations
with predictions from theory and laboratory experiments; and (c) to evaluate the impact of
surface emissions on airborne SVOC concentrations.

3.3 Experimental Methods

Data analysis from the H2 observational field campaign focuses on a period of vacancy in an
otherwise normally occupied residence. At H2, SVOC concentrations are binned by volatility
and compared against temperature and particle mass concentrations. The HOMEChem
campaign was structured around controlled occupant activities in a research house. At
HOMEChem, the physical behavior of two classes of compounds, phthalate diesters and
cyclic siloxanes, is investigated in relation to their volatility.

3.3.1 Study Sites.

The H2 field campaign was conducted a single-family dwelling in Contra Costa County,
California, from 7 December 2017 to 4 February 2018. In this residence, air temperature was
regulated by a forced-air gas-fired furnace incorporating a MERV 13 filter that influenced
indoor particle levels. The furnace operated under control of a programmable thermostat,
with “on” periods occurring twice daily (06:45–07:15 and 17:45–22:00). The H2 site and field
monitoring campaign are detailed elsewhere.[7, 8] The analysis here focuses on a five-day
period (22–27 December) during which the house was unoccupied (the H2 ‘vacant period’).
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The HOMEChem field campaign was conducted during June 2018 at the UTest House, a
manufactured house located at the JJ Pickle Research Campus of the University of Texas at
Austin. The three-bedroom, 111-m2 facility was operated with an air-conditioning system set
to maintain a constant indoor air temperature of∼25 ◦C (298 K). A series of controlled exper-
iments was conducted over the one-month campaign. Experiments were designed to explore
the influence of cooking, cleaning, and occupancy on indoor air chemical composition. Two
categories of experiments were undertaken. During ‘sequential’ experimental days, repeated
‘stir fry cooking’ or ‘cleaning’ experiments were conducted with intermittent venting periods
to reset indoor conditions. ‘Layered’ experimental days simulated ‘day-in-the-life’ conditions
for a residence, with meal preparation and cleaning occurring in a sequential manner with-
out venting. Two high-emission ‘layered’ days were conducted to simulate ‘Thanksgiving,’
with more intensive cooking and occupancy of the type typical of the holiday meal in an
American household. A full description of the HOMEChem campaign experimental design
and an overview of all instrumental data acquisition is reported elsewhere.[26]

3.3.2 Instrumentation and Measurement Methods

The research reported here focuses on data acquired using semivolatile thermal desorption
aerosol gas chromatography (SV-TAG), a dual-channel gas chromatograph mass spectrom-
eter (GC-MS) that quantifies, with hourly time resolution, gas-phase and gas-plus-particle-
phase concentrations of SVOCs with vapor pressures corresponding to alkanes between ∼C14
and ∼C35.[27–29] SV-TAG collected the PM2.5 particle fraction, excluding larger particles
by means of a cyclone (BGI by Mesa Labs, SCC 2.654). After each sampling period (15
minutes at H2, 20 minutes at HOMEChem), the captured analytes are thermally desorbed
from the collection cells, separated based on volatility using a gas chromatograph (Agilent
7890A) and analyzed using a 70-eV electron ionization (EI) mass spectrometer (Agilent
5975C). Measurements are repeated automatically at hourly intervals. SV-TAG was de-
ployed during the H2 and HOMEChem campaigns. Operating and sampling parameters
during the H2 campaign are described in the SI (Table 3.7.1) and in prior publications.[7,
8] Operating parameters during the HOMEChem campaign were unchanged from the H2
campaign. Sampling parameters during HOMEChem are described in Table 3.7.2 and in
Farmer et al.[26] Characteristic ions of most species were integrated using the TERN soft-
ware, normalized to relevant internal standards, and calibrated against authentic external
standards.[30] Quantification of low-volatility siloxanes (Figure 3.7.1), for which authentic
external standards were not available, is described in the SI.

At HOMEChem, particle number concentrations were quantified by two separate scan-
ning mobility particle sizers, with one implementing a nano differential mobility analyzer
(4-105 nm: TSI 3080 EC + 3085 nano-DMA + 3788 water CPC) and one implementing
a long differential mobility analyzer (105-532 nm: TSI 3080 EC + 3081 long-DMA + 3787
water CPC). Size-resolved concentrations of larger particles (diameter > 542 nm) were deter-
mined by an aerodynamic particle sizer (TSI 3321). At H2, particle number concentrations
were quantified by a Grimm 11-A optical particle counter reporting time-resolved measure-
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ments in 31 size-segregated bins with particle diameters ranging from 0.25 to 32 µm. For
the HOMEChem study, an assumed particle density of 1 g cm−3 (similar to the density of
cooking-related aerosol) was used for consistency with other work.[31, 32] The present work
similarly assumed a particle density of 1 g cm−3 at the H2 site for internal consistency. (A
density of 1.67 g cm−3 was assumed in prior published work at the H2 site.[8, 33, 34]) The
presence of particle-bound siloxanes was confirmed with supporting measurements from a
high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS), with experimental
details available in the SI (Figure 3.7.2).

3.3.3 SVOC Integration

The chromatographic signal from SV-TAG was converted into total SVOC concentrations
following the approach of Kristensen et al.[7] In the present work, the chromatogram was
subdivided into bins where bin borders were defined by the midpoints of the retention times
of adjacent alkanes. Then, each bin was normalized to the closest alkane internal standard
in retention time and quantified using calibration curves prepared for the closest alkane in
retention time (Figure 3.3.1). Normalization by internal standards is needed to account for a
general decline in ion-source response (restorable by source-cleaning) and for matrix loading
effects. Alkane-internal standards are used as the closest surrogate for each SVOC-bin in
volatility space but may not be fully representative for highly polar compounds contained
within each bin. The retention time is closely related to compound volatility, although
other parameters, such as polar interactions with the column, can influence retention. Sum-
ming all bins and subtracting blank ‘internal-standard only’ measurements yielded the ‘total
SVOC’ concentration. SV-TAG incorporates in-situ derivatization in its analytical proce-
dure, which may affect the retention time of derivatized compounds. The derivatization
agent, N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA), reacts with hydroxy groups
such as carboxylic acids, alcohols, sugars, and similar analytes, and replaces active hydrogen
atoms with trimethylsilyl groups. Silylation occurs for only a small subset of captured ana-
lytes and generally shifts the retention time by no more than 1-2 alkane-equivalent volatility
bins. Most of the volatility bins are expected to be captured by the collection and ther-
mal desorption (CTD) cell with negligible loss through the collection and transfer processes.
Collection efficiencies of gas-phase organics on the CTD cell are expected to be high (80-
100% for most measured compounds). Transfer efficiencies off the CTD cell and focusing
trap were >95% for the C15 – C26 alkanes and decreased to 50% by the C32 alkane, while
the transfer efficiency of the C14 alkane was 40%. The uncharacterized C13 alkane transfer
efficiency is expected to be lower.[27] Quantitative corrections for transfer losses were made
using deuterated alkane internal standards deposited on the CTD cell and analyzed with
every sample.
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Figure 3.3.1: Quantified bins of the SV-TAG chromatogram are displayed for a typical
chromatogram. Bins were subdivided and quantified based on the closest alkane in retention
time.

3.3.4 Modeling Temperature Dependence of Gaseous SVOCs

Past models have been developed to estimate gas-phase SVOC concentrations in two separate
cases.[35] In one case, SVOCs are emitted from surfaces when additive SVOCs are released
from a parent material, such as in the case of plasticizers. Then, Equation 3.1 describes
the gas-phase concentration y, where h is the convective mass-transfer coefficient over the
emission surface, y0 is the gaseous SVOC concentration immediately adjacent to the surface,
A is the source surface area, and Q∗ is the “equivalent ventilation rate,” a parameter related
to the ventilation rate that accounts for particle-associated removal and is described more
thoroughly in the SI.

y =
h× y0 × A

h× A+Q∗ (3.1)

In another case, SVOCs can be emitted from surfaces when a previously sorbed or oth-
erwise deposited SVOC is released from that surface, such as in the case of pesticide or
water-repellant treatments. This process occurs over two phases. For each phase, Equation
3.2 describes the gas-phase SVOC concentration, where As refers to the sorbing interior
surface area and hs is the convective mass-transfer coefficient over interior surfaces.

y =
h× y0 × A

h× A+ hs × As +Q∗ (3.2)
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Under variable temperature, changes in y across the observed temperature range (288 –
292 K) are assumed to be governed by changes in the equilibrium constant controlling y0, as
described in Equation 3.3 where [SV OCsurf ] is the condensed-phase SVOC concentration at
the surficial interface.

Keq(T ) =
y0

[SV OCsurf ]
(3.3)

Such changes in equilibrium partitioning are anticipated to be similar to those described
by the van’t Hoff equation as shown in equation 3.4, where T is temperature, ∆S is the
entropy of vaporization, R is the gas constant, and k is a constant described by −∆HR−1,
where −∆H is the heat of vaporization.[18]

Keq(T ) = exp
[
∆S

R
+ k

(
1

T

)]
(3.4)

We present a model describing gas-phase SVOC concentrations based on the framework
developed in Equations 3.1–3.4. Then, y as a function of temperature is described by Equa-
tion 3.5, where a is a variable containing terms that are generally independent of temperature.
A full derivation of Equation 3.5 is available in the SI. Because the van’t Hoff equation ap-
plies to equilibrium partitioning of a pure material and the studied indoor physical system
consists of a complex mixture, we refer to experimentally derived k values as k∗.

y(T ) = a× exp
[
k∗
(
1

T

)]
(3.5)

3.4 Results and Discussion

At H2, SVOC concentrations were determined for chromatographic bins corresponding to
the volatility of the nearest alkane in retention time (‘alkane-equivalent volatility bin’). Esti-
mated vapor pressures and saturation concentrations (C∗) for each bin are reported in Table
3.7.3. Concentrations are reported for the vacant period when no occupant activities, such
as cooking or cleaning, occurred. Departures from steady-state conditions during the vacant
period are likely to occur with (1) controlled indoor temperature changes related to the home
heating system and (2) changes in indoor air PM2.5 concentrations. During the period of
vacancy, indoor primary particles are expected to originate only from infiltration of outdoor
particles and not from any indoor source.[8] Observed dynamic behavior of SVOCs was sep-
arated into two categories based on volatility: the C13-C23 bins, which are predominantly
gaseous and display dependence on temperature, and the C25-C31 bins, which partition
appreciably into airborne particles and display dependence on particle concentration.
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3.4.1 Abundance of Higher Volatility SVOCs is Associated with
Temperature

During the vacant period at H2, observed total (gas-plus-particle) SVOC concentrations of
the C13-C23 bins generally decreased with decreasing volatility. Average concentrations and
associated summary statistics of each alkane-equivalent volatility bin are reported in Table
3.7.3. Concentrations in the C23 bin were roughly fifty times lower than concentrations in
the C13 bin. In Figure 3.4.1, SVOC concentrations are compared binwise against indoor
air temperature, with ordinary least squares regression lines superimposed. For the C13-
C23 bins (C13-C22 shown), SVOC concentrations showed statistically significant positive
variation with temperature. Furthermore, the magnitude of the fitted slopes tended to
decrease with decreasing bin volatility. Significant positive variation with temperature was
not observed beyond the C23 bin. Time series and comparisons against temperature for each
bin are shown in the SI (Figures 3.7.3, 3.7.4).

Observed temperature dependencies can be connected to the model described in equation
(5). Predicted k∗ values were calculated from literature values for alkane heats of vaporiza-
tion, which correlate with vapor pressure.[37, 38] Experimental k∗ values are within 50%
of predicted k∗ values, a remarkably close correspondence (Figure 3.7.5). Discrepancies be-
tween the two values may arise because the vapor pressures of the measured organics differ
from alkane vapor pressures and because the studied system involves vaporization from a
complex mixture rather than from a pure condensed phase. Furthermore, the application of
equation (5) requires that emissions from surfaces are the dominant source process. Larger
differences between the experimental and predicted values of k∗ are observed for the C21 and
C22 alkane-equivalent volatility bins. Other factors, such as appreciable interactions with
airborne particles, are expected to partially account for this observation.

3.4.2 Abundance of Lower Volatility SVOCs is Associated with
Particle Concentration

During the vacant period at H2, consistent associations between total airborne SVOC con-
centrations and particle mass concentration were observed for the C25-C31 bins (Figure
3.4.2). We stress that SV-TAG samples only the PM2.5 particle fraction; coarse-mode par-
ticles (as observed during resuspension events) likely have a different chemical composition
than PM2.5, which may alter equilibrium partition behavior. Furthermore, equilibration
time scales are slower for larger particles and faster for smaller particles. As such, equilibra-
tion is less likely to be achieved during the time of indoor suspension for coarse particles as
compared to fine particles.[36] Time series and comparisons against particle mass concen-
trations for each bin are shown in the SI (Figures 3.4.2, 3.4.5). These bins had substantial
fractions (∼0.4 to ∼1.0) of airborne mass in the particle-phase (Table 3.7.3). Conversely,
positive associations between SVOC concentrations and particle mass concentration were
not observed for the C13-C23 bins. SVOCs contained in these higher volatility bins were
predominantly in the gas-phase and are not expected to strongly partition to particles. The
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Figure 3.4.1: In the left panel, total (gas-plus-particle) SVOC concentrations (µg m−3)
are compared against temperature. Each measured point represents a 15-minute sample
collection period with hourly replication during the observational period. Units of measure
for the linear fit slope and intercept are µg K−1 m−3 and µg m−3, respectively. In the
right panel, the magnitude of the linear fit slope is compared against the corresponding
alkane-equivalent volatility bin.
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Figure 3.4.2: Binned total (gas-plus-particle) SVOC concentrations (µg m−3) are com-
pared against PM2.5 mass concentrations (µg m−3) at H2 during the vacant period. The
linear fit slope (m) is dimensionless; the intercept (b) has units of µg m−3. Each measured
point represents a 15-minute sample collection period with hourly replication during the
observational period.

intercepts of the ordinary least-squares fits displayed in Figure 3.4.2 are related to the air-
borne gas-phase concentration in the absence of particles. As SVOC volatility decreases, the
background gas-phase SVOC concentration generally decreases. Gas-particle partitioning by
bin is displayed in Figure 3.7.7. As expected, the observed particle fraction, Fp, generally
increases with increased particle mass concentration and with decreased vapor pressure.

The strong correlation (R2 > 0.4) between PM2.5 and the airborne SVOC concentrations
in the C25-C31 bins suggests a net outcome of surface-particle partitioning as SVOCs are
transported from condensed-phase reservoirs. We infer that the gas-phase acts as a transport
medium between condensed-phase SVOC surface reservoirs and airborne particles. Gas-
phase SVOC concentrations were relatively constant under variable particle concentrations
considering experimental uncertainty (Figure 3.7.8). Correlations between PM2.5 and SVOC
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concentrations for bins below C25, which are predominantly in the gas-phase, were weaker
(R2 < ∼0.3) or not observed (Figure 3.7.6).

Infiltration of outdoor gas- and particle-phase SVOCs as well as changes in source emis-
sion rates may also influence observed concentrations in indoor air. Indoor-outdoor concen-
tration ratios of the alkane-equivalent volatility bins were slightly below unity with mod-
erate variability (Figure 3.7.9). However, because outdoor particle mass concentrations
were greater than indoor particle mass concentrations, SVOC concentrations per particle
mass were greater indoors than outdoors. As indoor particles during the H2 vacant pe-
riod are expected to be primarily of outdoor origin,[8] this evidence suggests the occurrence
of net partitioning of indoor SVOCs to outdoor particles upon transport to the indoors.
Particle-normalized indoor/outdoor ratios of alkane-equivalent volatility bins display sub-
stantial variability, whereas indoor SVOC concentrations were highly regular. The regular
correspondence between SVOC concentrations and PM2.5, coupled with high normalized
indoor/outdoor ratios, suggests that partitioning processes may be modulating observed in-
door SVOC concentrations at time scales comparable to or faster than the air-exchange rate.
Under classical partitioning theory, it is assumed that SVOCs partition by absorption into
the organic PM2.5 fraction rather than by adsorption to bulk particle surfaces.[15]

3.4.3 Indirect Surface Emissions Contribute to Indoor Particle
Mass

During the first HOMEChem ‘Thanksgiving’ experiment, substantial proportions of airborne
PM2.5 mass originated from primary cooking emissions. Among primary species emitted
are palmitic acid, stearic acid, and other carboxylic acids with varying degrees of unsatu-
ration. Such species have been reported to be directly emitted from cooking in laboratory
studies.[40–42] We also found that squalene emissions were strongly associated with oven us-
age on Thanksgiving; the expected source is volatilization of oils from the skin of the roasting
turkey. An additional source could be from human skin oils present on heated surfaces or
cookware. Squalene was observed during other cooking events at roughly one-to-two orders
of magnitude smaller abundance.

Surprisingly, we also observed on this day elevated indoor particle-phase concentrations
of specific SVOCs that should not originate from the food itself, in particular phthalates,
adipates, and siloxanes (Figure 3.4.3, Figures 3.7.1, 3.7.2). Phthalates and adipates are plas-
ticizers commonly used in vinyl flooring.[43] Low-volatility siloxanes are used as thermally
stable lubricating greases and sealants. Remarkably, plasticizer and siloxane concentrations
accounted for approximately 10% of airborne particle mass at certain times on this exper-
imental day, suggesting that partitioning processes between particles and condensed-phase
reservoirs significantly influenced the observed airborne concentrations. Moreover, these ob-
servations highlight difficulties in determining exact SVOC emission profiles of events in a
real-world setting: surface emissions that were indirectly stimulated by primary event-driven
particle emissions contributed sizeable fractions of indoor PM2.5 mass.
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Figure 3.4.3: A particle-phase chromatogram from the first ‘Thanksgiving’ experiment
day (PM2.5 concentration = 245 µg m−3) on June 18 at 3:05 PM is displayed. Direct
emissions attributable to cooking (carboxylic acids and squalene) are highlighted in red and
orange, respectively. Indirect emissions likely attributable to the building composition are
highlighted in purple (plasticizers) and teal (siloxane lubricants and heat-transfer materials).

In previous analyses of data from the H2 field campaign, correlations between parti-
cle mass concentration and airborne DEHP concentration suggested that particulate mat-
ter rapidly acquired surface-laden DEHP from reservoirs such as organic surface films and
dust.[8] Prior analysis of airborne DEHP concentrations at the UTest House characterized
the role of temperature over a 9 K range.[44] In that case, on a long-term basis, a 9 K
increase in temperature approximately doubled airborne DEHP and butyl benzyl phthalate
(BBzP) concentrations. However, there was no systematic examination in that study of
particle-dependent variations in phthalate concentrations. In the current work at the UTest
House, with temperature approximately constant at 298 K, strong associations between par-
ticle concentration and total airborne SVOC concentrations were observed for both DEHP
and BBzP (Figure 3.4.4).

Substantial portions of the UTest House vinyl flooring are known to contain phtha-
lates.[44] Because both DEHP and BBzP are expected to originate from the composition
of the flooring material, and because airborne phthalate concentrations are strongly asso-
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Figure 3.4.4: Total (gas-plus-particle) concentrations (µg m−3) of two phthalates, DEHP
and BBzP, are compared against particle mass concentration (µg m−3) for measurements
from the HOMEChem campaign. Units of measure for the fit slope (m) and intercept (b)
are unitless and µg m−3, respectively.

ciated with particle concentration for many different source events, it is similarly inferred
that transport through the gas phase from condensed-phase stationary reservoirs to airborne
particles is the principal source of observed particulate phthalate concentrations during the
HOMEChem campaign. DEHP resides in the C25 alkane-equivalent volatility bin and BBzP
resides in the C24 alkane-equivalent volatility bin based on chromatographic retention time.

3.4.4 Lower Volatility Siloxanes Exhibit Ongoing Emissions after
a High Emission Event

Surprisingly high concentrations of low-volatility siloxanes (D13-D20 cyclic and L13-L19 lin-
ear siloxanes) were observed during a particle loading event associated with the HOMEChem
‘Thanksgiving’ experiment day on June 18 in association with cooking and oven use. We hy-
pothesize that the low-volatility siloxane source is the oven, an appliance that likely contains
heat-transfer compounds and thermally stable lubricants. Commercially available products
containing siloxanes have been recommended for such uses in ovens.[45] In principle, high
temperatures attained throughout the oven during cooking could have driven appreciable
amounts of low-volatility siloxanes into the gas-phase, which subsequently condensed onto
airborne particles as air exited the oven and cooled. Although the oven was approximately
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Figure 3.4.5: Total (gas-plus-particle) airborne concentrations (µg m−3) of a siloxane ho-
mologous series superimposed on PM2.5 concentrations (µg m−3) for a ‘layered’ experiment
day on June 19 following the June 18 ‘Thanksgiving’ experiment day.

thirteen years old, it had been operated only three times prior to the June 18 Thanksgiving
event. Peak concentrations of low-volatility siloxanes during the ‘Thanksgiving’ experiment
day are reported in Table 3.7.4. Minor siloxane enhancements were observed in the morning
(stovetop breakfast preparation) and evening (oven cooking) of the June 8 layered day, but
not during the lunch-time stir-fry event.

Small enhancements of D18 were observed during cooking events on the June 17 sequen-
tial stir-fry day; enhancements of other siloxanes were not observed. In contrast, D12-D14
siloxanes were strongly enhanced during cooking events on the June 19 ‘layered’ experiment
day. A plausible explanation for these observations is that siloxanes emitted during the June
18 ‘Thanksgiving’ experiment day were deposited on surfaces throughout the residence and
were subsequently reemitted during high particle emission events (Figure 3.4.5). Reemission
of the semivolatile siloxanes occurred more readily for smaller homologues, which have corre-
spondingly higher vapor pressures. Lower-volatility siloxanes are expected to preferentially
partition to airborne particles; however, airborne concentration enhancements may not be
observed for species with especially low volatility, for which equilibration time scales are
significantly longer than the particle residence time indoors.
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The D12-D19 siloxanes reside in the C22-C31 alkane-equivalent volatility bins, suggesting
that their physicochemical properties may be well suited for reemission from surfaces. Vapor
pressures and octanol-air partition coefficient (Koa) values for D12-D19 were calculated using
SPARC and are reported in Table 3.7.5. Using the method of Weschler and Nazaroff1 and
assuming a condensing-particle diameter of 100 nm and a gas-phase diffusivity of 0.03 cm2

s−1, gas-particle equilibration time scales for D12 are expected to be on the order of 8 days
while equilibration time scales for D19 are expected to be effectively infinite (∼109 y). A
mechanical ventilation system was operated to maintain an air-exchange rate of ∼0.5 per
hour during the HOMEChem campaign.[26] The calculated vapor pressure of D12 (10−12.1

atm) is similar in magnitude to that of DEHP (10−11.85 atm), a compound that displayed
prominent gas-particle interactions in a normally occupied residence.[8] The calculated vapor
pressure of D19 is eight orders of magnitude lower. In summary, airborne concentration
enhancements may occur for D12 in association with increased PM2.5 loading but are not
expected to occur for D19 without an additional stimulus, such as the inference that the high-
temperature event associated with oven-use drove D19 into the gas-phase. Linear siloxanes,
which were emitted at far lower concentrations during the June 18 Thanksgiving emission
event, were not observed significantly above background during the June 19 layered day.
Small siloxane enhancements were observed for D12-D16 siloxanes on the June 12 sequential
stir-fry day. These observations may be related to deposition events from oven use on June
5 and June 8.

3.4.5 Implications

In the absence of episodic emission sources, key driving factors influencing variability of
indoor airborne SVOC concentrations are volatility and partitioning phenomena. Airborne
concentrations of the higher volatility (C13-C23 bins; predominantly gaseous) SVOCs are
mainly sensitive to surface temperatures. Concentrations of lower volatility (C25-C31 bins;
substantially particle-phase) SVOCs are sensitive to airborne particle concentrations. This
work suggests that, at the H2 residence, the dynamic behavior of specific SVOCs can be
predicted if their volatility is known. Ultimately, if demonstrated to be generalizable, such
understanding would contribute to improving exposure assessment and mitigation strategies.

Emissions of low-volatility siloxanes and phthalates from surfaces are inferred to have
been indirectly stimulated by event-driven emissions of particles. Analysis of low-volatility
siloxane concentrations suggests that SVOCs can be deposited throughout a residence and
then reemitted during subsequent particle loading events. This effect was most important
for siloxanes with significant particle-bound fractions and appreciable gas-phase fractions.
Despite similar total (gas-plus-particle) airborne concentrations during the initial source
event, smaller concentrations of lower volatility siloxanes were observed during reemission
events compared to higher volatility siloxanes. Because indoor air is the transporting medium
between condensed-phase surface reservoirs and airborne particles, the lowest-volatility silox-
anes are expected to remain in condensed-phase reservoirs when considering kinetic transport
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limitations. These lowest-volatility siloxanes were observed during primary emission events
involving oven use but not appreciably during reemission episodes.

These observations of airborne SVOC concentrations are consistent with, but not fully
demonstrative of prior modeling and laboratory results. More work is needed to strengthen
confidence in current models by connecting speciated measurements of surface-sorbed or-
ganics to airborne SVOC concentrations over longer time scales and in other indoor spaces.
Future analysis would benefit from chemically differentiating primary event emissions and
indirect event emissions where surface-sorbed species are enhanced in indoor air by primary
particles. The same primary emission event could produce significantly different airborne
SVOC concentrations, and ultimately occupant exposures, in indoor environments with dif-
ferent condensed-phase reservoirs.
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3.7 Supporting Information

3.7.1 Instrument Operation

SV-TAG Data Analysis. Higher volatility siloxanes (D6-D9 and L6-L9) were identified by
comparing observed mass spectra to a NIST mass spectral database.1 D6 was conclusively
identified using its known retention time and mass spectrum as determined by an authentic
external standard. Siloxanes in the homologous series with chain lengths greater than D9
and L9 are not available in the NIST mass spectral database. Their identifications were
made on the basis of identified siloxane characteristic mass fragments (m/z 73, 147, 207,
221, and 281) and spacing patterns in retention time. (See Figure 3.7.1.) The characteristic
mass fragments and the consistent retention time spacing of homologous series were used to
identify linear and cyclic siloxanes up to 20 chain units in length. Because external standards
were not available for siloxanes with chain lengths greater than D6, estimated calibration
curves were applied. First, the siloxane characteristic ion was normalized to the closest
alkane internal standard in retention time. Second, the normalized siloxane response was
converted to a concentration using the closest alkane calibration curve in retention time after
normalizing for molecular mass and fragmentation ratios of the characteristic ions.

Table 3.7.1: Sampling cycle of SV-TAG during the H2 campaign.a

Start Time
(hh:mm)

End Time
(hh:mm)

Cell 1 Cell 2

00:00 00:15 Indoor G+P Indoor G+P
01:00 01:15 Indoor G+P Indoor P
02:00 02:15 Indoor G+P Outdoor G+P
03:00 03:15 Indoor G+P Outdoor P

a ‘G+P’ refers to collection of the gas and particle phases and ‘P’ refers to collection of the
particle-phase only. The SV-TAG sampling cycle was repeated approximately six times per
day followed by analysis of an external standard mixture.
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Table 3.7.2: Sampling cycle of SV-TAG during the HOMEChem campaign.a

Start Time
(hh:mm)

End Time
(hh:mm)

Cell 1 Cell 2

00:05 00:25 Indoor G+P Outdoor G+P
01:05 01:25 Indoor G+P Outdoor P
02:05 02:25 Indoor G+P Indoor P
03:05 03:25 Blank Blank
04:05 04:25 Standard Standard
05:05 05:25 Indoor G+P Indoor G+P
06:05 06:25 Indoor G+P Indoor P
07:05 07:25 Indoor G+P Indoor P
08:05 08:25 Indoor G+P Indoor P
09:05 09:25 Indoor G+P Indoor P
10:05 10:25 Indoor G+P Indoor P
11:05 11:25 Indoor G+P Indoor P
12:05 12:25 Indoor G+P Indoor P
13:05 13:25 Indoor G+P Indoor G+P
14:05 14:25 Indoor G+P Indoor P
15:05 15:25 Indoor G+P Indoor P
16:05 16:25 Indoor G+P Indoor P
17:05 17:25 Indoor G+P Indoor P
18:05 18:25 Indoor G+P Indoor P
19:05 19:25 Indoor G+P Indoor P
20:05 20:25 Indoor G+P Indoor P
21:05 21:25 Indoor G+P Indoor G+P
22:05 22:25 Indoor G+P Indoor P
23:05 23:25 Indoor G+P Indoor P

a ‘G+P’ refers to collection of the gas and particle phases and ‘P’ refers to collection of the
particle-phase only. Full calibration curves were acquired from analysis of external
standards in the middle and at the end of the HOMEChem campaign. Sampling flow rates
onto the collection cell were 2.5 L min−1 (10 L min−1 through the sampling line with a 7.5
L min−1 bypass immediately upstream of the collection cell).
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Figure 3.7.1: Single-ion chromatogram of siloxanes during the June 18 Thanksgiving event.
The same single-ion chromatogram of a characteristic siloxane fragment (m/z 281) from
the first simulated Thanksgiving-day event is displayed in panels (A) and (B). Panel (A)
highlights confirmed siloxane identifications for which there is an external standard or match
in the NIST database. Panel (B) displays proposed identifications on the basis of retention
times and mass spectral patterns for a homologous series of cyclic and linear siloxanes. A
method blank measurement is overlaid on the bottom of panel (B), demonstrating that the
background is very small relative to observed siloxane concentrations.
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HR-ToF-AMS. The high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS or AMS, Aerodyne Inc.) analyzes submicron particulate matter with 1-minute time
resolution.[2] AMS sampling conditions at HOMEChem are presented elsewhere.[3] Sampled
particles are focused by an aerodynamic lens system before impacting a tungsten plate
heated to 600 °C to promote analyte vaporization. Vaporized analytes are then ionized by
70 eV electron ionization (EI) and detected by a time-of-flight (ToF) mass spectrometer.
Siloxanes were identified in AMS mass spectra using high-resolution peak fitting of the same
characteristic siloxane ions observed by SV-TAG. Analytes are generally quantified using
an ammonium nitrate primary calibrant and an ionization efficiency scaling factor (RIE)
relating the calibrant to the compound of interest. Because the siloxane relative ionization
efficiency scaling factor is currently under investigation, raw ion counts of the siloxane family
are used in comparisons with SV-TAG measurements.
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Figure 3.7.2: Intercomparison of SV-TAG and AMS siloxane measurements during the
June 18 Thanksgiving event. In the left panel, total (gas-plus-particle) concentrations (µg
m−3) for D12-D19 sum siloxanes as measured by SV-TAG and siloxane family concentrations
(arbitrary units) as measured by the AMS are plotted against time. In the right panel,
corresponding AMS siloxane family concentrations (arbitrary units) are plotted against total
(gas-plus-particle) concentrations (µg m−3) for D12-D19 sum siloxanes as measured by SV-
TAG.

3.7.2 Modeling Temperature Dependence of Airborne SVOCs

We describe a material mass balance in Equation 3.6, where y refers to observed airborne
SVOC concentration, Fin refers to transport into the house, P refers to chemical production,
E refers to emissions, Fout refers to transport out of the house, L refers to chemical losses,
D refers to deposition, and V refers to the volume of the house.

dy

dt
= Sources− Losses =

Fin + P + E − Fout − L−D

V
(3.6)

We assume that net surface emissions, referred to as Esurf , are the dominant source
process and that indoor-to-outdoor transport is the dominant loss process. Fout is assumed
to be well-described by y × Q∗ × V , where Q∗ refers to the “equivalent ventilation rate”
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accounting for SVOCs associated with airborne particles, yielding Equation 3.7. It is noted
that Q∗ = (1 +KpTSP )×Q, where TSP is the mass concentration of suspended particles,
Kp is the gas-particle partition coefficient, and Q is the ventilation rate.

dy

dt
=

Esurf

V
− y ×Q∗ (3.7)

Assume that, on a time-averaged basis, the net SVOC loss or accumulation is much
smaller than the time-averaged source and sink terms. Solve for y.

y =
Esurf

Q∗ × V
(3.8)

Emissions from surfaces are well characterized by Equation 3.9, where hm is the convective
mass-transfer coefficient and A is surface area.[4–8] In a previous study of the H2 site,
Kristensen et al. demonstrated that surface deposition was comparable to indoor-to-outdoor
exchange.[9] We assume that net surface emissions, that is total surface emissions minus
surface deposition, remain adequately represented by Equation 3.9.

Esurf = A× hm × (y0 − y) (3.9)

Substitute Equation 3.9 into Equation 3.8 and solve for y.

y =
A× hm × y0

Q∗ × V
×
(
1 +

A× hm

Q∗ × V

)−1

(3.10)

The equilibrium gaseous SVOC concentration at the surface-air interface, y0, can be
estimated from van’t Hoff theory as shown in Equation 3.11, where T refers to temperature,
[SV OCsurf ] refers to the condensed-phase concentration at the surficial interface, ∆S refers
to the entropy of vaporization, and k refers to a constant described by -∆HR−1, where ∆H
is the heat of vaporization and R is the gas constant.[10]

Keq(T ) =
y0

SV OCsurf

= exp
[
∆S

R
+ k

(
1

T

)]
(3.11)

Solve Equation 3.11 for y0 and substitute into Equation 3.10.

y(T ) =
A× hm × [SV OCsurf ]× exp

[
∆S
R

]
× exp

[
k 1
T

]
Q∗ × V

×
(
1 +

A× hm

Q∗ × V

)−1

(3.12)

It is noted that hm does not strongly change within the observed temperature range
(288–292 K). It is also noted that Q∗ is not expected to strongly change over the observed
temperature range, assuming that Q is independent of T . It is further assumed that the
thermodynamic terms can be treated as constant for the observed temperature range and
that [SV OCsurf ] is sufficiently large relative to emissions as to be treated as constant. Using
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Equation 3.12, terms independent of indoor temperature are amalgamated into the param-
eter a as shown in Equation 3.13. Because the van’t Hoff equation applies to equilibrium
partitioning of a pure material and the studied indoor physical system consists of a complex
mixture, we refer to experimentally derived k values as k∗.

y(T ) = a× exp
[
k∗
(
1

T

)]
(3.13)

3.7.3 H2 Supplementary Analysis

Table 3.7.3: Estimated physical parameters and summary statistics of reported alkane-
equivalent volatility bin concentrations and gas-particle partitioning.a

Alkane-Equivalent
Volatility Bin

Estimated Log
Vapor Pressure (Pa)

Estimated Log C*
(µg m−3)

Concentration
(µg m−3)

Concentration
Mean-to-Median ratio

Particle-Phase
Fraction, Fp

C13 0.75 5.6 10.7 ± 1.4 1.02 0.04 ± 0.01
C14 0.26 5.2 9.5 ± 1.8 1.05 0.04 ± 0.01
C15 -0.24 4.7 8.0 ± 1.5 1.04 0.05 ± 0.01
C16 -0.72 4.2 6.0 ± 0.6 1.01 0.06 ± 0.01
C17 -1.21 3.8 2.7 ± 0.3 1.03 0.08 ± 0.02
C18 -1.70 3.3 3.1 ± 0.3 1.01 0.07 ± 0.01
C19 -2.18 2.9 1.9 ± 0.2 1.02 0.07 ± 0.01
C20 -2.68 2.4 1.8 ± 0.2 1.02 0.06 ± 0.01
C21 -3.17 1.9 0.62 ± 0.05 1.00 0.12 ± 0.01
C22 -3.67 1.4 0.34 ± 0.02 1.01 0.14 ± 0.01
C23 -4.15 1.0 0.19 ± 0.01 1.00 0.12 ± 0.02
C24 -4.63 0.5 0.13 ± 0.01 1.01 0.14 ± 0.04
C25 -5.09 0.1 0.06 ± 0.01 1.00 0.37 ± 0.06
C26 -5.55 -0.4 0.03 ± 0.01 1.02 0.56 ± 0.14
C27 -5.95 -0.8 0.03 ± 0.01 1.02 0.63 ± 0.25
C28 -6.50 -1.3 0.02 ± 0.01 1.05 0.66 ± 0.38
C29 -6.99 -1.8 0.04 ± 0.01 1.03 0.95 ± 0.28
C30 -7.48 -2.2 0.03 ± 0.01 1.02 1.04 ± 0.31
C31 -8.02 -2.8 0.04 ± 0.01 1.00 0.91 ± 0.23

a Vapor pressures of the alkane-equivalent volatility bins were estimated using literature values for the corresponding
alkane.[11–13] The saturation concentration (C∗) was estimated from the saturation vapor pressure while assuming
ideality. Concentrations refer to the total (gas-plus-particle) observed signal. Reported values refer to averages of the
population plus-or-minus the population standard deviation.
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Figure 3.7.3: Time series of total (gas-plus-particle) alkane-equivalent volatility bin con-
centrations during the H2 vacant period.
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Figure 3.7.4: Total (gas-plus-particle) concentrations for each alkane-equivalent volatility
bin compared against air temperature during the H2 vacant period. Units of measure for the
linear fits are m = µg m−3 K−1 and b = µg m−3. (Note: In the C25–C32 bins, there is an
anti-correlation between temperature and particle-loading because particles were removed by
the MERV 13 filter when the heating system was operating. Temperature increases from the
heating system cause enhanced SVOCs emissions from surfaces; however, species in the C25-
C32 bins are primarily found in the particle-phase. It seems that they weakly anti-correlate
with temperature because of particle removal by the filter.)
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Figure 3.7.5: Alkane-equivalent volatility bins total (gas-plus-particle) concentration ver-
sus temperature and fit comparison with heats of vaporization during the H2 vacant period.
In the left panel, total (gas-plus-particle) SVOC concentrations are compared against tem-
perature for the H2 vacant period and fitted according to Equation (4) of the main text.
Units of measure for k∗ are kelvin. In the right panel, experimentally determined k∗ val-
ues are compared against the corresponding alkane equivalent volatility bin. Predicted k∗

values determined from the closest alkane heat of vaporization are displayed in blue. While
displaying temperature dependence, bins C21 and C22 show deviations from the expected
trend, probably owing to their increased particle-phase fractions.
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Figure 3.7.6: Alkane-equivalent volatility bins total (gas-plus-particle) concentration versus
particle mass loading during the H2 vacant period. Units of measure for the linear fits are
m = unitless and b = µg m−3. (Note: The C13-C21 alkane-equivalent volatility bins weakly
anticorrelate with particle mass concentrations. This observation is expected to originate
from a weak anti-correlation between temperature and particle mass loading. Airborne
particles were efficiently removed by a MERV 13 filter during the operation of the home
heating system causing this weak anti-correlation. Because the C13-C21 bins increase in
concentration with increasing temperature and because temperature and particle-loading are
anti-correlated, weak anti-correlations between C13-C21 concentrations and particle loading
are observed.)
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Figure 3.7.7: Alkane-equivalent volatility bin gas-particle partitioning versus particle mass
loading during the H2 vacant period. The fraction of the airborne SVOC in the particle phase
for each alkane-equivalent volatility bin is compared against particle mass loading during
the H2 vacant period and fit according to classical equilibrium partitioning theory.a Alkane-
equivalent volatility bins smaller than the C24 bin were predominantly in the gas-phase. The
reported gas-particle partitioning of alkane-equivalent volatility bins greater than the C31 bin
is highly variable owing to measurement uncertainties related to low instrumental response
in this volatility range. SVOCs in bins greater than C31 are expected to be predominantly
in the particle phase.

a Classical equilibrium partitioning is described by Fp = TSP×Kp

1+TSP×Kp
, where Fp refers to the

particle fraction of the airborne SVOC, TSP refers to the particle mass concentration and
Kp refers to the partition coefficient. Because the studied systems involve a complex mixture
of different components and may not be at equilibrium, we report calculated Kp values as
the apparent partition coefficient K∗

p. Units of measure for K∗
p are m3 µg−1 and for TSP

are µg m−3. TSP is estimated as the measured PM2.5
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Figure 3.7.8: Alkane-equivalent volatility bin gas-phase concentration versus particle mass
loading during the H2 vacant period. Alkane-equivalent volatility bins smaller than the
C24 bin were predominantly in the gas phase. The reported gas-particle partitioning of
alkane-equivalent volatility bins greater than the C31 bin was highly variable because of
measurement uncertainties related to low instrumental response in this range.
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Figure 3.7.9: Time series of alkane-equivalent volatility bin indoor/outdoor concentration
ratios during the H2 vacant period. The indoor/outdoor ratio is calculated from the quotient
of the total (gas-plus-particle) indoor and outdoor bin concentrations. The normalized in-
door/outdoor ratio is the quotient of (1) the indoor bin concentration divided by the indoor
PM2.5 mass concentration and (2) the outdoor bin concentration divided by outdoor PM2.5
mass concentration.
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3.7.4 HOMEChem Supplementary Analysis

Table 3.7.4: Peak total (gas-plus-particle) siloxane concentrations during the simulated
Thanksgiving-day event on June 18.a

Compound
Maximum Concentration

(µg m−3)
D10 0.2
D11 0.2
D12 0.7
D13 1.3
D14 1.3
D15 1.5
D16 3.4
D17 3.7
D18 3.0
D19 3.2

a Concentrations are reported by SV-TAG during the twenty-minute sampling period
between **:05 to **:25.
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Table 3.7.5: Peak total (gas-plus-particle) siloxane concentrations during the simulated
Thanksgiving-day event on June 18.a

Name log Ps log KH log Kow log Koa

D5 -3.87 -3.06 8.5 6.83
D6 -5.23 -2.19 9.39 8.59
D7 -6.08 -3.4 11.58 9.57
D8 -7.26 -4.39 13.95 10.95
D9 -8.45 -5.57 16.49 12.31
D10 -9.66 -6.89 19.17 13.67
D11 -10.87 -8.39 22.01 15.01
D12 -12.09 -9.14 24.18 16.43
D13 -13.32 -9.82 26.29 17.86
D14 -14.56 -10.49 28.4 19.3
D15 -15.81 -11.15 30.51 20.75
D16 -17.07 -11.79 32.62 22.22
D17 -18.34 -12.43 34.74 23.7
D18 -19.62 -13.05 36.85 25.19
D19 -20.91 -13.67 38.96 26.68
D20 -22.2 -14.27 41.07 28.19
D21 -23.51 -14.86 43.19 29.72
L6 -4.46 -6.55 12.07 6.91
L7 -5.27 -7.48 13.88 7.79
L8 -6.08 -8.5 15.78 8.67
L9 -6.89 -9.63 17.77 9.53
L10 -7.7 -10.85 19.86 10.4
L11 -8.52 -12.18 22.03 11.24
L12 -9.33 -13.62 24.3 12.07
L13 -10.14 -15.15 26.66 12.9
L14 -10.95 -16.79 29.11 13.71
L15 -11.77 -18.53 31.65 14.51
L16 -12.58 -19.71 33.68 15.36
L17 -13.39 -20.75 35.57 16.21

a Values as predicted by the SPARC online chemical property calculator (calculations
performed on 8 October 2019).[14, 15] Values were computed at 298 K. The vapor pressure
Ps is reported in atm and KH is reported in M atm−1. Octanol-water (Kow) and octanol-air
(Koa) values are dimensionless. Note that Koa is related to KH and Kow, where log Koa =
log Kow + log KH + 1.39
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[11] Růžička, K.; Majer, V. Simultaneous treatment of vapor pressures and related thermal
data between the triple and normal boiling temperatures for n-alkanes C5–C20. J.
Phys. Chem. Ref. Data 1994, 23, 1–39.

[12] Chickos, J. S.; Hanshaw, W. Vapor pressures and vaporization enthalpies of the n-
alkanes from C21 to C30 at T = 298.15 K by correlation gas chromatography. J.
Chem. Eng. Data 2004, 49, 77–85.

[13] Chickos, J. S.; Hanshaw, W. Vapor pressures and vaporization enthalpies of the n-
alkanes from C31 to C38 at T = 298.15 K by correlation gas chromatography. J.
Chem. Eng. Data 2004, 49, 620–630.

[14] Hilal, S. H.; Carreira, L. A.; Karickhoff, S. W. Prediction of the vapor pressure, boiling
point, heat of vaporization and diffusion coefficient of organic compounds. QSAR
Comb. Sci. 2003, 22, 565–574.

[15] Hilal, S. H.; Carreira, L. A.; Karickhoff, S. W. Prediction of the solubility, activity
coefficient, gas/liquid and liquid/liquid distribution coefficients of organic compounds.
QSAR Comb. Sci. 2004, 23, 709–720.



82

Chapter 4

High-resolution exposure assessment
for volatile organic compounds in two
California residences

This chapter is adapted from:

Lunderberg, D.M.; Misztal, P.K.; Liu, Y.; Tian, Y.; Arata, C.; Nazaroff, Kristensen, K.;
Weber, R.J.; W.W.; Goldstein, A.H. High-resolution exposure assessment for volatile organic
compounds in two California residences. Environ. Sci. Technol. 2021, 55, 6740–6751.

4.1 Abstract

Time spent in residences substantially contributes to human exposure to volatile organic
compounds (VOC). Such exposures have been difficult to study deeply, in part because
VOC concentrations and indoor occupancy vary rapidly. Using a fast-response online mass
spectrometer, we report time-resolved exposures from multi-season sampling of more than
200 VOC species in two California residences. Chemical-specific source apportionment re-
vealed that time-averaged exposures for most VOCs were mainly attributable to continuous
indoor emissions from buildings and their static contents. Also contributing to exposures are
occupant-related activities, such as cooking, and outdoor-to-indoor transport. Health-risk
assessments are possible for a subset of observed VOCs. Acrolein, acetaldehyde, and acrylic
acid concentrations were above chronic advisory health guidelines, whereas exposures for
other assessable species were typically well below guideline levels. Studied residences were
built in the mid-20th century, indicating that VOC emissions even from older buildings and
their contents can substantially contribute to occupant exposures.
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4.2 Introduction

Exposures to volatile organic compounds (VOCs) can be associated with adverse health out-
comes.[1–5] Considering that modern populations spend most of their time in residences and
that most VOC concentrations and associated exposures are substantially higher indoors
than outdoors,[6–8] evaluating the residential component is critical for understanding total
VOC exposures. Certain VOCs and very volatile organic compounds (henceforth bundled
as VOCs for brevity), such as formaldehyde, some halogenated solvents, and BTEX (ben-
zene, toluene, ethyl benzene, xylene), among others, have been the subject of substantial
attention.[9–11] However, for many VOCs, the levels of exposure, the controlling physical
processes, and the consequent health risks remain understudied.[12, 13]

Residential VOC abundances are attributable to multiple sources, which vary among
compounds. Potential sources include building materials,[14] outdoor-to-indoor transport,[8]
indoor chemistry,[15] consumer products,[16] activities such as cooking,[17, 18] and the
human occupants themselves.[19, 20] For most VOCs and in most buildings, the relative
contributions from each source to indoor concentrations are not known. In addition, in-
door VOC abundances are modulated by physicochemical parameters, such as the venti-
lation rate,[21] temperature (through sorptive interactions with interior surfaces[22] and
temperature-dependent material emissions,[18] humidity[23] and both seasonal and diel vari-
ations in outdoor VOC concentrations[18]. Some studies have suggested that VOC emissions
from building materials are most important immediately after construction or renovation and
can decline by orders of magnitude within a few years.[24–26]

Time-resolved measurements of VOCs in residences and associated exposures are scarce.
Time-averaged VOC measurements, either actively collected on sorbent tubes or passively
collected on diffusive samplers over fixed intervals, have been used to characterize VOC
exposures in cross-sectional studies.[7, 8, 27, 28] Samples are sometimes collected in multiple
locations specific to each research participant, including direct monitoring of air immediately
proximate to study subjects using personal samplers. In many cases, studies implement a
targeted screening approach where analysis is restricted to a subset of chemicals of relevant
health interest.

Typically, source apportionment has not been conducted via intensive study of individual
residences. Studies focusing on source apportionment of indoor VOCs may collect time-
averaged samples and conduct source apportionment via multivariate receptor models. These
analyses typically use data reduction techniques such as principal component analysis (PCA)
or positive matrix factorization (PMF) on population-level data acquired in survey studies.[8,
29–31] In one such study of Canadian residences, Bari et al. reported that a majority of
indoor VOCs were attributable to indoor sources with household products being the largest
contributor and off-gassing of building materials the smallest.[31]

Personal exposures measured by portable samplers are often greater than those pre-
dicted by stationary monitoring of outdoor, home, and occupational environments.[7, 32]
Predictions based on stationary monitoring often assume a well-mixed single-zone space, an
assumption which may not be fully justified for strongly localized source events that create
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spatial heterogeneities.[33, 34] Proximity of occupants to source events has been used to
explain the discrepancy between personal monitoring and stationary monitoring for parti-
cles.[35–37] This effect may partially explain the discrepancy between microenvironmental
monitoring and personal monitoring when assessing exposures to VOCs released by occupant
activities, such as cooking, cleaning or application of personal care products. Another impor-
tant point is that stationary exposure estimates using time-integrated sampling rest on the
assumption that average measured VOC concentrations are representative of average VOC
concentrations during occupancy. For VOCs with significant contributions from occupant-
related episodic sources, such as cooking or use of personal care products, concentrations may
be elevated during occupancy and so occupant exposures would be underestimated if based
on time-average concentration measurements that include periods of vacancy. Sporadic, high-
concentration events might produce significant temporal variability in VOC abundances and,
if so, would necessitate the acquisition of time-resolved VOC measurements and occupant
activity data for estimating VOC exposures and apportioning exposure sources. Owing to
advances in analytical capabilities, such measurements have begun to be acquired in recent
years in several field monitoring campaigns.[17–20, 22]

In this work, we discuss the first broad-scale application of time-resolved VOC mea-
surements coupled with a) occupant time budgets to assess residential exposures to VOCs
and b) occupant time-activity budgets to attribute exposures to source categories. The 250
monitored analytes in this work span a broad range of volatilities, chemical functionalities,
and toxicities (Tables 4.7.1–4.7.3). Among the characterized analytes are aromatics (includ-
ing benzene, toluene, xylene), carbonyls (including acetaldehyde and acrolein), furanoids,
halogenates, organosulfur compounds, carboxylic acids, alcohols and alkenes, siloxanes, and
other compounds of potential health interest (acetonitrile, acrylic acid, acrylonitrile).

In total, we assess residential VOC exposures for more than 200 VOCs sampled with
high time resolution over three multiweek monitoring campaigns conducted in two California
households. We implement a source apportionment model for VOCs to attribute exposures
to four broad source categories: continuous indoor sources, outdoor origin, cooking, and
other. We contextualize our observations by utilizing information that relates exposure to
health risk, as reported by two U.S. governmental agencies and one California state agency.
Lastly, we assess the performance of stationary time-averaged exposure estimates relative to
time-resolved best estimates of exposure.

4.3 Experimental Methods

4.3.1 Site Information

This work utilizes measurements from three field campaigns conducted at two normally oc-
cupied California residences in the East Bay region of the San Francisco Bay Area in summer
and winter seasons (H1 summer, H1 winter, H2 winter). The monitoring campaigns in these
residences have been described elsewhere in detail.[18, 38, 39, 40] This paper represents
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a continuation of prior analyses describing indoor ventilation patterns[38] and VOC emis-
sions[18] at the H1 residence. It also represents the first reporting of VOC data acquired
at the H2 residence. Briefly, the H1 site is a single-family, split-level wood-frame residence,
constructed in the 1930s, with two adult occupants designated here as “H1M1” and “H1F1.”
Measurements were made for 8 weeks in 2016 from mid-August to early October (H1 sum-
mer) and for 5 weeks in 2017 from late January to early March (H1 winter). The house did
not have air conditioning. During (mild) winter, the residence was sometimes heated by a
gas furnace. The H2 site consisted of a single-family, single-story wood-frame residence, con-
structed in the 1950s, with two adult occupants designated “H2M1” and “H2F1”, a teenager,
and a dog. A third adult occupant designated “H2M2” was present for approximately half
of the measurement period. Measurements were made for an 8-week campaign in 2017-18,
from early December to early February. The H2 site was heated by a forced-air gas-fired
furnace operating twice a day, in morning and evening.

At each residence, occupants maintained daily logs describing their temporal presence
and activity. Occupant presence data was recorded with approximately 5-min resolution and
coded as “indoors,” “indoors sleeping,” and “away.” Time-resolved activities, including cook-
ing, cleaning, candle combustion, and some use of personal care products, were also recorded
by the occupants. A network of >50 wireless sensors collected metadata during each mea-
surement period, including temperature, humidity, motion, appliance use, and door/window
status.

4.3.2 Chemical Measurements

A proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS, Ionicon Analytik
GmbH, Austria, PTRTOF 8000) was used to measure VOCs during each campaign. The
PTR-ToF-MS was located in an external garage (H1 summer, H1 winter) or an external shed
(H2 winter). The PTR-ToF-MS uses soft ionization with H3O

+ as the primary reagent ion,
yielding parent masses (1.000 amu – 500.00 amu) of gaseous species whose proton affinities
are greater than the proton affinity of water. Most unsaturated hydrocarbons and compounds
with heteroatoms are quantifiable with detection limits on the order of 0.005 ppb and time-
resolution on the order of minutes. PTR-ToF-MS operating parameters and quantification
during the H1 summer and winter campaigns have been described elsewhere[18, 38] and are
summarized in the supporting information (SI, Section 1).

4.3.3 Exposure Analysis

Time-integrated exposures (hereafter “exposures”) were calculated as the integral of time-
instantaneous exposures over the time period of exposure. Daily occupant exposures in units
of ppb-hours per day (ppb-h d−1) were calculated by integrating ion formula concentrations
for each day during periods when each occupant was present. Measurement periods with
major interferences from researcher activities were excluded from all analyses. The kitchen
concentration was used at H1 as the best-estimate for calculating occupant exposures and
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the living room concentration was used at H2. VOC concentrations throughout the living
spaces and kitchen in both residences were well-coupled. During sleeping hours at H2, the
concentration in the kitchen may not be fully representative of occupant exposures as each
closed bedroom is partially decoupled from the main living space. In this condition, occupant
exposures to bioeffluents emitted during sleeping periods may be underestimated. At H1,
the bedroom doors were left open throughout the sampling campaign and so the sleeping
environment is expected to be well-coupled to the kitchen, although biogenic emissions may
still be higher within the bedroom. Simulated distributions of time-averaged exposures were
constructed by random sampling. These distributions may be biased by 1-2 data gaps (<2
days) in concentration time series related to instrumental down time or intentional manipula-
tion experiments conducted by researchers. Data gaps encountered during random selection
were treated by using the next available measurement in the “time-averaged” sample.

4.3.4 Source Apportionment

VOC time series were typically characterized by a persistent background modulated by reg-
ular changes in temperature in association with the diurnal temperature cycle (H1 summer)
or house heating cycle (H2 winter) and punctuated by rapid concentration spikes related
to specific events. The temperature-dependent background was clearly identified during
periods of vacancy when occupant-related events did not occur. Concentration spikes and
associated peak boundaries were manually identified for each ion formula and assigned to
specific source categories based on coincident events during the growth phase of the peak.
The peak baseline was determined by a linear regression between the concentrations ob-
served at peak boundaries. Net peak areas were defined as the total integrated area above
the peak baseline. Event peaks were excluded if at least 50% of the event by peak-height
was attributable to outdoor infiltration. More detailed information about the peak selection
process is available in the SI. Outdoor VOC concentrations were assumed to enter the in-
doors without attenuation, allowing for outdoor VOC concentrations to be used as a proxy
for the indoor VOC concentrations of outdoor origin. On the rare circumstance that out-
door concentrations were greater than indoor concentrations, the indoor concentration was
assumed to be derived wholly from outdoor-to-indoor transport. The integrated areal re-
mainder after subtracting contributions from events and from outdoor transport was defined
as “continuous indoor sources.” In total, more than 12,000 peaks were identified from among
the 594 chemical concentration time series acquired during the three campaigns.

4.3.5 Risk-Based Prioritization

Advisory health guidelines for acute and chronic exposures to VOCs were acquired from three
organizations: the U.S. Environmental Protection Agency (USEPA) Integrated Risk Infor-
mation System (IRIS, chronic only),[41] the California Environmental Protection Agency
Office of Environmental Health Hazard Assessment (OEHHA),[42] and the Agency for Toxic
Substances and Disease Registry (ATSDR).[43] Each organization has independently de-
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veloped concentration guidelines for chronic VOC exposures. The IRIS database reports
reference concentrations (RfCs), “an estimate (with uncertainty spanning perhaps an order
of magnitude) of a continuous inhalation exposure to the human population (including sen-
sitive subgroups) that is likely to be without an appreciable risk of deleterious effects during
a lifetime.” OEHHA reports reference exposure levels (RELs), an estimate of concentrations
for inhalation exposure “at or below which no adverse health effects are anticipated follow-
ing long-term exposure.” ATSDR reports minimal risk levels (MRLs), “an estimate of the
amount of a chemical a person can eat, drink, or breathe each day without a detectable
risk to health.” These health guidelines were selected as three major guidelines from state
and federal agencies in the United States that are relevant to the location of the studied
residences. Other international guidelines have also been developed.[44–48]

4.4 Results and Discussion

4.4.1 Time-Resolved Exposures

Indoor VOC concentrations and occupant time-activity budgets were acquired at two nor-
mally occupied California residences in the summer and winter seasons over three monitoring
periods: the H1 summer campaign (8 weeks), the H1 winter campaign (5 weeks), and the
H2 winter campaign (8 weeks). In total, 250 ion masses corresponding to molecular for-
mulas of VOCs were identified (H1 summer: 217 ions; H1 winter: 170 ions; H2 winter:
205 ions), with substantial overlap among campaigns. Of these ions, 115 were assigned to
specific chemical structures based on site-specific knowledge, fragmentation patterns, and
supporting measurements using thermal desorption two-dimensional gas chromatography
time-of-flight mass spectrometry (TD-GC×GC-ToF-MS). Paired indoor/outdoor VOC con-
centrations were acquired every 30 minutes. Figure 4.4.1 displays occupant time-budgets
and activities for the H2 winter campaign. During each campaign, VOC concentrations gen-
erally increased with increasing temperature or specific occupant activities and decreased
with increasing ventilation. Concentrations were higher indoors when compared to outdoors
(> 2×) for most VOCs (∼95%) at the H1[18] and H2 sites, consistent with past field studies.
Moreover, for about half of the observed VOCs, concentrations were substantially higher (>
10×) indoors than outdoors.

Source apportionment in this study attributed the residential VOC exposures to four
source categories: “continuous indoor sources,” “outdoor origin,” “cooking,” and “other.”
Time-resolved exposures and associated source apportionments are displayed in Figure 4.4.1
for site H2 and subject H2M1 for the case of acrolein, an illustrative compound of health
interest with prior evidence of both continuous indoor sources (lumber) and episodic sources
(combustion, cooking).[48–52] We note that acrolein has been previously measured in outdoor
ambient air and retail stores near the H1 and H2 residences.[53, 54] In the present study, daily
occupant exposures to acrolein were mainly attributable to continuous indoor sources, with a
median exposure of ∼ 4.6 ppb-hours per day (ppb-h d−1). Substantial variation was observed
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Figure 4.4.1: Acrolein exposure data at H2. In the two uppermost panels, occupant pres-
ence and activity data are displayed during the H2 campaign. In the bottommost panel, the
time series and associated source apportionment of indoor acrolein (C3H5O

+) is displayed,
with colors corresponding to the relative contribution from each source category. Integrated
daily exposures are shown in the second panel from the bottom for occupant H2M1. The
shading of the horizontal bar is colored according to the proportion of exposure attributable
to each source category.

in daily exposures, principally due to variations in the fraction of time that occupants spent
indoors combined with the effects of event-specific sources. Certain days with cooking events
doubled the daily occupant acrolein exposures. Due to the infrequency of cooking events
that emitted acrolein at H2, exposures attributable to continuous indoor sources accounted
for ∼65% of cumulative occupant acrolein exposures, with cooking contributing 25-30% and
outdoor-to-indoor transport the small remainder. Most episodic enhancements in acrolein
concentrations were specifically attributed to cooking. Only two episodic enhancements
remained unassociated with any reported events. (These enhancements did not significantly
influence cumulative occupant acrolein exposures, indicating that episodic contributors to
acrolein exposures are well understood at this site and are principally derived from cooking.)
At H2, oven cooking produced the largest enhancements in acrolein concentrations. At H1,
stovetop cooking produced the largest acrolein enhancements. Both the H2 oven and the
H1 stovetop were electric, suggesting that heated food (rather than natural gas combustion)
was the largest episodic contributor to acrolein emissions in agreement with past studies
observing no differences between types of cooking appliances.[48] While enhancements in
acrolein concentrations at H2 were also observed in association with use of a natural gas
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stove-top, these enhancements were much smaller in abundance than those from the electric
oven. Most acrolein enhancements at H2 were observed in association with the use of cooking
oil. This finding aligns with previous reports that heated cooking oil is a primary source of
acrolein during cooking.[50–52]

4.4.2 Source Apportionment

Source apportionment of occupant VOC exposures was performed for all VOCs observed
in the H1 winter, H1 summer, and H2 winter campaigns following the method shown in
Figure 4.4.1. At each site, exposures are assessed separately for each of the primary adult
occupants. The relative contributions to the total exposure from each source category were
identified for each VOC and are reported on a percentage basis. Source apportionment
of residential exposures to 205 VOCs for occupant H2M1 is shown in Figure 4.4.2. Ap-
proximately 90% of observed VOCs produced time-averaged exposures that were primarily
attributable to continuous indoor sources during all three monitoring campaigns at these
two residences. Compounds with predominantly indoor continuous sources spanned diverse
ranges of volatilities and chemical functionalities, including carboxylic acids (octanoic acid
– 95% of exposure from indoor continuous emissions), siloxanes (caprylyl methicone – 95%),
aromatics (phenol – 93%), carbonyls (C9 carbonyl – 92%), among others, and were not easily
generalizable to specific categories. Caprylyl methicone is a trisiloxane commonly used in
cosmetics; surprisingly, its presence was dominated by continuous emissions with the excep-
tion of two short-term concentration spikes in the evening. Cooking was the most important
episodic source of indoor VOC exposures[18]; however, only eight specific VOCs had expo-
sures that were principally attributable to cooking during any of the campaigns for any oc-
cupant: ethanol, methanethiol, pyrrole, dimethyl sulfide, C6H9O

+
4 , D4 siloxane, L5 siloxane,

and dimethoxysilane. The latter three compounds were emitted synchronously with cooking
events, but it is not certain that they originated directly from the food, cookware or cook-
ing appliances. Apart from cooking, exposures of only three volatile compounds—acetone,
an unidentified siloxane (C7H21O3Si

+
3 ), and the inorganic gas dichloramine—were otherwise

largely attributable to episodic indoor emission events for any occupant. Acetone was identi-
fied as originating from the indoor use of nail polish remover during the H2 winter campaign.
Dichloramine was identified as originating from episodic cleaning events. Cyclic siloxanes are
known additives to consumer personal care products. Noting that three of five concentra-
tion spikes of the unidentified siloxane over the H2 winter campaign occurred immediately
following sleeping periods when a personal care product might have been applied as part of
a morning routine, it is suspected that the unidentified siloxane is a component of a personal
care product. Only ten specific VOCs had exposures that were primarily attributable to
outdoor-to-indoor transport for any occupant. Four of these compounds were observed in all
campaigns (chloroform, acetonitrile, parachlorobenzotrifluoride, C4H3O

+
3 ), four compounds

were unique to the H1 summer campaign (C10H9O
+
3 , C2H5O

+
3 , C5H5O

+
3 , CCl2F

+), and two
compounds were unique to the H2 winter campaign (ethane thiol + DMS and C10H15O+).
We also highlight C8H9O

+
2 (anisaldehyde, a floral fragrance) and C10H

+
17 (monoterpenes,



CHAPTER 4. HIGH-RESOLUTION EXPOSURE ASSESSMENT FOR VOLATILE
ORGANIC COMPOUNDS 90

Figure 4.4.2: Rank-ordered VOC exposures by source category for occupant H2M1 during
the winter campaign at H2. Residential VOC exposures to 205 VOCs were calculated for
occupant H2M1. The contributions from each source category to the total exposure of each
VOC were identified and are reported on a percentage basis. The relative contributions from
each VOC were then rank-ordered from greatest-to-least for each source category. Source
categories include continuous indoor sources (blue), outdoor-origin (green), cooking (red),
and other (gray). The unique rank-orderings for each source category are displayed in the
upper panel and the top ten VOCs in each rank-ordered source category are identified in the
lower section of the figure.

emitted during citrus consumption) as compounds of interest. In addition to cooking, we
observed large contributions from episodic events unrelated to cooking (31% and 36%, re-
spectively during the H1 winter campaign), expected to partially originate from personal
care product use and citrus consumption.

Relative contributions for each source category were calculated for all observed VOCs and
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for each occupant during each campaign (Figure 4.4.3). Absolute daily exposures and relative
source apportionments can be found in the SI (Figure 4.7.1, Tables 4.7.1–4.7.3). Time-
activity budgets exhibit some differences (Figure 4.7.2); however, source apportionments
for each occupant were qualitatively and quantitatively similar. For the H1 campaigns,
relative contributions from source categories for occupant exposures were within 15 absolute
percentage points of relative source apportionments derived from concentration time series
for all but C6H9O

+
4 . (Source apportionments from concentration time series are equivalent

to relative source apportionments of exposures for an occupant who is always present.)
In contrast, deviations were observed between source apportionments for a substantial

subset of VOCs that were dominantly event-driven during the H2 winter campaign (19 of
205 ions). These mainly occurred for the H2M2 occupant, who was present for only part
of the measurement campaign. If the H2M2 occupant is excluded, only two exceptions are
observed, the inorganic gas dichloramine (related to cleaning) and the C3H

+
6 ion. Generally,

if an occupant was absent for a large emission event, as in the case of H2M2 for much of the
measurement campaign, discrepancies were observed.

Absolute exposures were comparable between the H1 summer and winter seasons for
most VOCs. Of 166 ions concurrent to both seasons, absolute mean concentrations for 66%
(97%) of VOCs differed by no more than 50% (factor of 2) between seasons (Figure 4.7.3).
Large exceptions (> 2× difference) were observed for D5 siloxane, monoterpenes, C2H

+
3 , and

methane sulfonic acid (greater during the H1 winter season) and for cinnamaldehyde (greater
during the H1 summer season). During the H1 summer season, 47 more compounds were
observed above the detection threshold than during the H1 winter season. These compounds
are chemically diverse, including halogens, aromatics, oxygenates, and organosulfurs. We are
unable to assign most of these ions to specific chemical structures. While only four VOCs
were principally attributable to outdoor-to-indoor transport during the H1 winter season, the
same four plus four additional VOCs were attributable to outdoor-to-indoor transport during
the H1 summer season, of which three were highly oxygenated species (C2H5O

+
3 , C5H5O

+
3 ,

C10H9O
+
3 ). The highly oxygenated species had cyclical outdoor fluctuations with afternoon

peaks, suggesting that these compounds may be arising as secondary VOCs produced through
summertime enhanced outdoor photochemistry or as biogenic emissions. In general, outdoor-
to-indoor transport was more important during the summer season as opposed to the winter
season. Indoor concentrations attributable to outdoor-to-indoor transport were greater on
an absolute basis for 147 compounds concurrent to both the H1 summer and H1 winter
campaigns (88%). However, contributions for these compounds remained low, accounting, on
average, for 16% and 11% of total indoor concentrations in summer and winter, respectively.

A recent review of longitudinal studies measuring total volatile organic compound (TVOC)
levels asserts that emissions from buildings and their contents are a “new building” phe-
nomenon that is most important only soon after construction, renovation, or refurbishing
as new materials off-gas. After an initial 1-2 year off-gassing period, TVOC emissions from
building materials decline such that they are assumed to be unimportant relative to VOC
emissions related to occupants and their activities.[26] However, measurements of TVOC
levels are not generalizable to specific VOCs that may be of interest to public health. One
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Figure 4.4.3: Relative source apportionment of VOC exposures. Residential exposures
to (217, 170, 205) detected VOC ions were calculated for each occupant during the (H1
summer, H1 winter, H2 winter) monitoring campaigns and were apportioned into specific
source categories. Subpanels display relative VOC exposures for individual occupants; the
heading ‘all’ refers to a hypothetical occupant who is present for all of the measurement
period. In subpanels, each horizontal bar corresponds to a single VOC and is colored ac-
cording to the relative contribution from each source category (continuous indoor sources
[blue], outdoor-origin [green], cooking [red], and other [gray]). Each row of panels uses the
same rank-ordering defined by the first ‘all’ subpanel, which has VOCs rank-ordered from
greatest-to-least by the relative contribution from “continuous indoor sources.” The top, mid-
dle, and bottom rows correspond to the H1 summer, H1 winter, and H2 winter campaigns,
respectively.
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longitudinal study of 25 speciated VOCs including alkanes, aromatics, and aldehydes in 251
Japanese residences similarly found that VOC concentrations in wood-framed housing will
generally decrease over a 1-2 year off-gassing period before stabilizing at levels consistent
with much older residences.[24] In contrast, homes with ferroconcrete or light-steel frames,
regardless of age, produced VOC profiles consistent with aged-wood frames. The present
study focused on measurements acquired at two houses of wood-frame construction, as is
common in the US housing stock. We caution that certain features of wood-framed houses,
such as temperature-dependent emissions originating from wood and substantial buffering
of indoor humidity,[55] may not be fully generalizable to other construction types.

While it may be true for some chemicals that VOC emissions from buildings are less
important in older residences, observations at the H1 and H2 sites indicate that continuous
indoor sources were the largest contributors to VOC exposures for more than 90% of ob-
served species, even though the residences were many decades old and had not been recently
remodeled or refurnished. Plausible sources might include continued material off-gassing as
deeply bound VOCs migrate to surfaces; oxidative, thermal or microbial decomposition of
building materials yielding decomposition products; or sorptive interactions as VOCs related
to occupant events deposit on surfaces and then slowly off-gas. The last mechanism has been
traditionally understood to apply to semivolatile organic compounds (SVOCs), but recent
studies suggest that sorption in surface reservoirs is also important for VOCs.[22] That phe-
nomenon may cause primary emissions from episodic sources to be interpreted as originating
from building materials.

Source control efforts prioritize building materials and furnishings with the specific goal
of encouraging use of materials with low short-term VOC emissions. Unified regulatory
limits are generally not available, but some countries have implemented product certifica-
tion and voluntary emissions testing programs. The H1 and H2 sites suggest that ongoing
VOC emissions can be expected to occur from building materials long after any short-term
VOC reservoirs are depleted. While we expect that these sites are ordinary for their age
and location, further study is warranted to see if these findings generalize to other sites,
especially those with higher concentrations of airborne VOCs. If exposures associated with
long-term VOC emissions from building materials prove to be significant for occupant health
and well-being, current control strategies may need augmentation. Some compounds asso-
ciated with wood degradation, such as carboxylic acids, furanoids and acetaldehyde, may
prove particularly challenging to address via source-control strategies of the type currently
employed.

Past source apportionment studies using multivariate receptor models of population-level
data have diverged on the relative importance of off-gassing from building materials.[29–31]
For instance, Bari et al. noted that off-gassing from building materials contributed only
6% of measured total VOCs (n = 119 analytes; alkanes, alkenes, aromatics, halogens, car-
bonyls, alcohols, terpenes, others) in Canadian residences.[31] Conversely, Guo reported
that 77% of measured VOCs in Hong Kong residences were attributable to emissions from
building materials (n = 16 representative analytes; alkanes, aromatics, carbonyls, terpenes,
acids, others).[30] Such differences between studies may reflect the choice of studied ana-
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lytes rather than differences in building age and composition. Furthermore, dimensionality
reduction techniques, such as positive matrix factorization (PMF) and principal component
analysis (PCA), reduce complex datasets to specific factors or components unique to each
dataset that must be interpreted and assigned to specific source categories. While such
source apportionment studies yield qualitatively similar results reflecting commonalities in
residential VOC sources, it is difficult, and often unjustifiable, to generalize quantitatively
between different source apportionment analyses. Contrasting findings between the present
study, indicating substantial contributions from continuous indoor sources, and past studies,
indicating that off-gassing from aged building materials is less important, may be related to
subjective choices for source assignment in multivariate receptor models. This observation
emphasizes that detailed characterizations of single-residences are needed to complement
and justify inferences from population-level surveys.

4.4.3 Risk-Based Prioritization

Chronic advisory health guidelines from at least one agency were acquired for 31 VOCs
consistent with chemical formulas identified at the H1 and H2 field sites. Of these 31 VOCs,
18 were specifically identified at the H1 and H2 field sites with high degrees of confidence
(Table 4.4.1, Table 4.4.2). Considering residential exposures at these two study sites, three
compounds exceeded a health-risk guideline given by IRIS, OEHHA, or ATSDR. Acrolein
concentrations were 1–2 orders of magnitude higher than the health-risk guidelines of IRIS
and ATSDR, and ∼3–4 times higher than the OEHHA guideline, for each occupant during all
three campaigns. Acetaldehyde concentrations were above the USEPA IRIS health guideline
and within an order of magnitude of the OEHHA health guideline for all occupants during all
three campaigns. Acrylic acid concentrations were comparable to the USEPA IRIS health
guideline for all occupants during all three campaigns. Health guidelines for acrylic acid
were not available from OEHHA and ATSDR. Acrolein and acetaldehyde have already been
identified as two of nine “priority hazards based on the robustness of measured concentration
data and the fraction of residences that appear to be impacted.”[3]

We also consider acute advisory health guidelines from OEHHA and ATSDR for 15
VOCs consistent with chemical formulas identified at the H1 and H2 fields sites, all of
which were identified with high confidence (Table 4.7.4). Acrolein concentrations exceeded
acute concentration guidelines 1–2 times each week during the H1 summer and H2 winter
campaigns, often in association with cooking. Exceedances were less common during the H1
winter campaign, occurring only twice over the five-week monitoring period. Three events
during the H2 winter campaign produced acetaldehyde concentrations that exceeded OEHHA
acute concentration guidelines. Benzene concentration spikes reached concentrations roughly
one third that of the acute guideline value. A short-term spike in acetone concentration
associated with the use of nail polish remover reached 20% of the acute guideline value
during the H2 winter campaign. All other compounds with available acute concentration
guidelines were typically 2–3 orders lower than the guideline value.
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Table 4.4.1: Indoor concentrations are presented as time averages of measured living space
concentrations for the periods that individual occupants are indoors at home.

Mean abundance (ppb)
H1 summer H1 winter H2 winter

Ion Formula all H1M1 H1F1 all H1M1 H1F1 all H2M1 H2F1 H2M2
C3H5O+ 0.57 0.56 0.57 0.44 0.44 0.45 0.36 0.39 0.39 0.38
C2H5O+ 9.3 9.7 9.5 8.3 8.2 9.1 24 28 26 14
C3H5O2

+ 0.37 0.37 0.37 0.29 0.29 0.31 0.27 0.29 0.29 0.27
C6H7

+ 0.24 0.24 0.24 0.46 0.46 0.46 0.31 0.33 0.33 0.27
C8H11

+ 0.25 0.24 0.25 0.25 0.24 0.24 0.33 0.34 0.34 0.31
CH5O+ 28 27 27 28 28 28 45 50 50 42
C3H7O+ 11 11 11 9.9 10 10 30 39 39 19
C7H9

+ 0.36 0.34 0.35 0.75 0.76 0.75 1.3 1.3 1.3 1
C6H7O+ 0.52 0.52 0.52 0.48 0.48 0.48 0.34 0.36 0.36 0.31
CCl3+ 0.17 0.17 0.17 0.13 0.13 0.13 0.14 0.13 0.13 0.14

C2H4N+ 0.16 0.16 0.16 0.11 0.11 0.11 0.14 0.14 0.14 0.14
C6H15O2

+ <LOD <LOD <LOD <LOD <LOD <LOD 0.05 0.053 0.053 0.043
C6H5Cl2+ 0.018 0.018 0.018 0.019 0.019 0.019 0.01 0.011 0.01 0.01
C7H9O+ 0.18 0.17 0.17 0.15 0.14 0.14 0.1 0.11 0.11 0.1
C4H9O+ 0.76 0.76 0.76 0.75 0.74 0.78 1.3 1.5 1.5 1.2
C8H9

+ 0.14 0.14 0.14 0.15 0.14 0.15 0.16 0.17 0.17 0.15
C4H3O3

+ 0.014 0.015 0.014 0.019 0.019 0.019 0.015 0.016 0.016 0.014
C4H7O2

+ 0.69 0.68 0.69 0.59 0.58 0.6 0.59 0.62 0.62 0.56
C3H4N+ 0.022 0.021 0.021 0.022 0.022 0.022 0.034 0.035 0.035 0.033
C6H13O+ 0.23 0.22 0.23 0.16 0.16 0.16 0.21 0.21 0.21 0.19
C9H13

+ 0.13 0.12 0.12 0.14 0.14 0.13 0.16 0.18 0.18 0.14
C5H9O2

+ 0.54 0.53 0.54 0.31 0.31 0.31 0.31 0.32 0.32 0.28

Public health guidelines often incorporate large uncertainty factors to account for lim-
itations in the available toxicological data. In some cases, this may lead to uncertainties
“spanning perhaps an order of magnitude” as explicitly stated by USEPA IRIS. In the event
that USEPA guidelines are an order-of-magnitude overestimate, several of the flagged VOCs
would no longer be expected to be of health interest at observed levels. If guidelines are
an-order-of-magnitude underestimate, additional compounds may be of health interest at
observed levels.

Source apportionment reveals that acrolein, acetaldehyde and acrylic acid at these study
sites are principally attributable to continuous indoor sources with important contribu-
tions from cooking and smaller contributions from outdoor-to-indoor transport. During the
H1 summer and H1 winter campaigns, acetaldehyde exposures were principally attributed
to continuous indoor sources (∼60-70%) with contributions from cooking (∼20-30%) and
outdoor-to-indoor transport (∼5-10%). In contrast, during the H2 winter campaign, contin-
uous indoor sources accounted for half of occupant exposures, with significant contributions
from both cooking (∼20%) and unidentified indoor source events (∼30%). Acrylic acid expo-
sures were principally attributed to continuous indoor sources (∼60-80%) with contributions
from cooking (∼5-20%) and outdoor-to-indoor transport (∼15-25%) across the three cam-
paigns. Acrolein exposures were principally attributed to continuous indoor sources (∼70-
90%) with contributions from cooking (∼5-10%) and outdoor-to-indoor transport (∼5-20%)
across the three campaigns.
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Table 4.4.2: Chronic hazard assessment of select VOCs. a

Name
Concentration
Guideline Ratio

OEHHA REL
(ppb)

USEPA IRIS RfC
(ppb)

ATSDR MRL
(ppb)

C3H5O+ acrolein 66 0.15 0.0087 0.04 (int.)
C2H5O+ acetaldehyde 5.6 78 5
C3H5O2

+ acrylic acid 1.1 0.34
C6H7

+ benzene 0.15 94 9.4 3
C8H11

+ xylene 0.15# 160 2.3 50 (int)
ethyl benzene 0.0057 460 60

CH5O+ methanol 0.033 3100 1500
C3H7O+ acetone 0.03 1300

propionaldehyde* 11 3.4
C7H9

+ toluene 0.016 80 1300 1000
C6H7O+ phenol 0.001 52
CCl3+ chloroform 0.0085 20

C2H4N+ acetonitrile 0.0044 36
C6H15O2

+ 2-butoxyethanol 0.0031 17
butoxyethanol 0.00027 200

C6H5Cl2+ dichlorobenzene 0.0019 130 130 10
C7H9O+ cresols 0.0011 140
C4H9O+ ethyl methyl ketone 0.00088 1700

tetrahydrofuran* 0.0022 680
C8H9

+ styrene 0.00085 210 240 200
C4H3O3

+ maleic anhydride* 0.11# 0.17
C4H7O2

+ vinyl acetate* 0.012 57 57 10 (int)
C3H4N+ acrylonitrile* 0.038 2.3 0.92
C6H13O+ 2-hexanone* 0.032 7.3

methyl isobutyl ketone* 0.00032 730
C9H13

+ ethylmethylbenzene* NA NA NA NA
cumene* 0.0023 80

trimethylbenzene* 0.015 12
C5H9O2

+ acetylpropionyl NA NA NA NA
glutaraldehyde* 27# 0.02 0.03 (int)

methyl methacrylate* 0.0032 170

a Reference concentrations (USEPA IRIS), reference exposure levels (OEHHA), and
minimal risk levels (ATSDR) are presented for chronic and intermediate (int.) VOC
exposures. Ion formulas with uncertain confidence in compound assignment are designated
with an asterisk. All other compounds are possible assignments. OEHHA and IRIS values
were converted from mass per volume concentrations to mixing ratios by applying the ideal
gas law and assuming standard conditions (298 K, 1 atm). The
“Concentration-to-Guideline Ratio” is defined as the ratio between the greatest mean
occupant exposure concentration (see Table 4.4.1) among the campaigns and the smallest
health guideline concentration. All concentrations are reported in ppb. Values marked with
“#” are uncertain ion formula assignments that, if assigned correctly, may be exceeding
health advisory guidelines or warrant additional interest.
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We highlight other VOCs with concentrations within an order magnitude of health guide-
lines as meriting further consideration. Concentrations of benzene were well below the
OEHHA health advisory limit but are within an order of magnitude of the USEPA IRIS
and ATSDR guidelines. Residential benzene exposures at these study sites were principally
attributed to continuous indoor emissions (∼50-60%) and outdoor-to-indoor transport (∼40-
50%), highlighting the importance of both indoor sources and outdoor emissions (which are
likely traffic-related). Similar results are observed for other BTEX (benzene, toluene, ethyl-
benzene, xylene) compounds that have been the subject of significant interest and have been
attributed to both indoor sources and outdoor fossil-fuel related sources.[11]

There were no health guidelines available for ∼90% of the 250 VOC ions observed. Fur-
thermore, both VOC concentrations and associated toxicities can vary by orders of magni-
tude, indicating that it may not be sufficient to assume that there are minimal impacts on
human health when compounds are present at relatively low concentrations. The possibility
of additive or synergistic interactions arising from exposure to complex VOC mixtures may
similarly influence health risks from air pollutant exposures in residences.

We were unable to conclusively assign some molecular ions to specific VOCs; these may
represent an isomeric mixture of compounds with the same molecular formula but (poten-
tially) different toxicities. We note that concentrations of the C8H

+
11, C4H3O

+
3 , and the

C5H9O
+
2 ions, if attributed solely to xylene, maleic anhydride, and glutaraldehyde, respec-

tively, would be of potential health-risk concern. Static measurements acquired by offline
TD-GC×GC-ToF-MS at during the H2 winter campaign suggest that xylene isomers ac-
counted for 80% of observed mass of C8H

+
11 with ethylbenzene accounting for the remainder.

There was no evidence of any analyte with structural formulas consistent with C4H3O
+
3 or

C5H9O
+
2 that might correspond to maleic anhydride or glutaraldehyde in the TD-GC×GC-

ToF-MS measurements. However, given instrumental parameters, the presence or absence
of maleic anhydride and glutaraldehyde was not assessable.

4.4.4 Methodological Considerations for Future Exposure
Studies

Occupant exposures in their homes were determined using time-resolved data and compared
against simulated time-averaged methods using the H1 summer, H1 winter and H2 win-
ter datasets. Time-averaged samples collected on sorbent tubes for later offline analysis
commonly use sampling durations in the range of hours to weeks. We constructed simu-
lated distributions of time-averaged samples using three hypothetical sampling durations
(1-hour, 1-day, 1-week). Then, we normalized each value by the time-resolved best esti-
mate of exposure. A value of “1” indicates that the time-averaged exposure estimate equals
the time-resolved exposure estimate. Summary statistics of these distributions are com-
pared against the relative standard deviation (RSD) of observed VOC concentrations for
each compound during the three measurement campaigns (Figure 4.4.4). As a measure of
variability, the RSD will increase with contributions from emission patterns that are both
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periodic (typically related to the temperature-based diurnal cycle) and episodic (typically
related to emission events). Because the mean-to-median ratio (18), a measure of episodic
variability, strongly correlates with the RSD (R2 = 0.86), it is qualitatively assumed that
episodic variability is more important than periodic variability at this site. For VOCs with
small RSDs (RSD < 0.4) indicating low periodic fluctuations and low episodic emissions,
all three sampling durations tend to produce exposures that are consistent (within ± 50%)
with best-estimate exposures. However, as the RSD of the VOC concentration time series
increases, so too would the variability in occupant exposures derived from time-averaged
samples. These effects can be particularly important when a sampling period directly co-
incides with an infrequently occurring episodic emission, which would produce exposures
estimates potentially much higher than the best estimate based on time-resolved informa-
tion. In the illustrative case of pyrrole during the H2 winter campaign, estimated exposures
were up to 100 times higher for occupant H2M1 than the best-estimate when an hourly
time-averaged sample coincided with an episodic cooking event that released pyrrole. The
effects of this bias decreased with increasing sampling duration. Pyrrole exposures estimated
from daily time-averaged samples were up to 13 times higher than the time-resolved best
estimate of exposure and pyrrole exposures from weekly time-averaged samples were up to
3.3 times higher than the time-resolved best estimate of exposure.

Hourly time-averaged samples produce unsatisfactory estimates of exposures (> ±50% of
best-estimate) for most VOCs with moderate-to-high RSDs (RSD > 0.4). The performance
of the time-averaged method slightly improved when sampling durations increased to daily
but was similarly unsatisfactory for compounds with moderate-to-high RSDs (RSD > 0.4).
Only when the time-averaged method increased to weekly sampling intervals did performance
appear satisfactory for most VOCs (∼90% of VOCs during H1 summer and H1 winter, ∼75%
during H2 winter), yielding exposure estimates that were within 50% of the best-estimate.
However, even with this longer sampling duration, the time-averaged and best-estimate time-
resolved methods were less comparable for VOCs with high RSDs, mostly due to the large
influence of episodic events.

Population-level environmental risk assessments require the ability to estimate expo-
sures with both adequate precision and ease of implementation. Often, samples are col-
lected on sorbent tubes for offline analysis giving time-averaged VOC concentrations and
then coupled with occupant time budgets to estimate pollutant exposures. A comparison
of time-averaged methods with time-resolved methods has not been previously reported to
substantiate this approach. In this study, time-averaged sampling methods appeared to yield
adequate measures of occupant exposure, provided that the studied compound of interest
has proportionately small contributions from episodic sources. As expected, longer sampling
times produce more precise estimates of occupant exposures. Hourly and daily time-averaged
samples would be ineffective at estimating exposures to VOCs with substantial contributions
from episodic sources. Weekly time-averaged samples can yield more precise (± 50%) esti-
mates of exposures for VOCs with moderate contributions from episodic sources and order
of magnitude precision for compounds with substantial contributions from episodic sources.
Conversely, sampling duration matters little for compounds with small contributions from
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Figure 4.4.4: Comparison of traditional and time-resolved exposure estimates against com-
pound time-series variability. Occupant exposures during the H1 summer, H1 winter, and
H2 winter campaigns were calculated from a) simulated time-averaged concentrations (1-h,
1-day, 1-week time-averages) coupled with occupant time budgets and b) time-resolved meth-
ods (‘best-estimate’). Distributions of randomly sampled time-averaged exposure estimates
(n = 1000) normalized by the time-resolved best-estimate are compared against a VOC’s
relative standard deviation. Vertical bars correspond to the 95% observation window for in-
dividual VOC distributions (with one outlier excluded in each campaign). Red, orange, and
green colors indicate distributions of hourly, daily, and weekly time-averages, respectively.
Columns correspond to the H1 summer, H1 winter, and H2 winter campaigns. Subpanels
in each column correspond to exposures for individual occupants during a campaign. The
kernel density estimate of the relative standard deviation is shown above each scatterplot.
Horizontal dashed lines designate the ± 50% boundary of the best-estimate exposure. Note
that the horizontal axis has non-linear scaling.
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episodic sources, indicating that many VOCs can be measured rapidly for exposure estimates,
provided that source mechanisms are well understood.

VOCs were sampled in two or three locations in the occupied portion of each studied
residence to provide some evidence about spatial variability. On the whole, concentrations
were well-coupled between open living spaces. It has been noted that the assumption of
a well-mixed room may not be sufficient when estimating exposures to strongly localized
sources due to spatial heterogeneities.[33, 34] For this reason, contributions from episodic
sources to occupant exposures within these residences may have been higher if an occupant
was in close proximity to an episodic source, regardless of whether time-averaged or time-
resolved methods were used to estimate exposures. Personal sampling overcomes this spatial
limitation; however, no methods are presently available for conducting personal sampling for
VOC exposures with both high chemical specificity and time-resolved concentrations.

This study incorporated health-risk data from three governmental organizations yielding
advisory guidelines for chronic exposures to 31 separate VOCs (22 VOC ions). We compared
the guideline values against VOC concentrations for summer (one residence) and winter
seasons (two residences). Residential VOC concentrations were above guideline values for
two compounds already well-known to the public health community (acrolein, acetaldehyde)
and for one compound for which there is less evident awareness (acrylic acid). We also
note that available advisory health guidelines address fewer than 10% of the 250 VOC ions
observed. Larger VOC ions likely correspond to many distinct chemical isomers, further
reducing the estimate of observed VOCs with associated health data. Because it is not
feasible to acquire detailed toxicology or exposure data for the thousands of chemicals to
which populations may be exposed, recent efforts have developed tools for high-throughput
screening of chemical toxicities (ToxCast) and exposures (ExpoCast).[56] High-throughput
models like ExpoCast may benefit from improved understanding that can be gained in high-
resolution studies. This study was limited to two residences and five occupants. While we
expect that these residences are ordinary for their age and location, it remains to be seen how
well our findings generalize to other residences. Further research is warranted to study the
health effects of the substantial chemical diversity found at levels much higher than outdoors
in residential air.
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4.7 Supporting Information

4.7.1 Chemical Measurements

The PTR-ToF-MS was located in a detached garage with other gas-phase instruments during
the H1 campaigns. Air was continuously drawn to the garage from six locations (outdoors,
kitchen, bedroom hallway, basement, crawlspace, attic) through separate 30-m PFA sam-
pling tubes (6.4 mm OD). Particles were removed by a PTFE filter with 2.0-µm pores. The
gas-phase instruments switched between sampling locations using a 6-way manifold (NRe-
search, 648T091; PTFE inner contact surfaces). Air was drawn through all sampling lines
continuously at flow rates of ∼2 L min−1, which rose to ∼3.4 L min−1 during sequential sam-
pling. Instruments typically switched sampling lines every 5 minutes yielding a 30-minute
rotating sampling cycle. An altered cycle (5 minutes outdoors, 20 minutes kitchen, 5 minutes
bedroom area) was used for two weeks during the H1 summer campaign and for one week in
H1 winter. A house floorplan with sampling locations is provided in Liu et al. (2018).[1] The
first two minutes of sampling at each location were discarded to allow chemicals to equili-
brate through the valve and inlet system. Similar operating conditions were used during the
H2 campaign, with the exception that the instrument was housed in a purpose-built shed
situated adjacent to the residence. Air was continuously drawn to the instrument from six
locations (outdoors, kitchen, bedroom hallway, living room, crawlspace, attic). A floorplan
and sampling locations at the H2 site are provided as Figure 4.7.4.

VOC quantification during the H2 winter campaign followed the same approach as at
H1.2 Data processing included combining isotopic and fragmentation masses into singular
components, subtracting instrumental background signal, normalizing for ion-transmission
and reagent ion signal, and calibrating via daily measurements of multicomponent gas stan-
dards. When authentic external standards were not available, a default sensitivity factor
was used with estimated uncertainties ranging from -40% to +60%. After applying a 0.005
ppb abundance threshold and removing a small subset (n = 11) of ion masses that evi-
dently interacted with sampling lines, ion formulas were determined for 218 masses in the
H1 summer campaign, 171 masses in the H1 winter campaign, and 206 masses in the H2
winter campaign and then quantified. In this work, we excluded measurements of CH3O

+

(formaldehyde) from analysis. Ion formulas represent contributions from all structural iso-
mers; many can be assigned to specific structures with high confidence based on supporting
chromatographic measurements and site-specific knowledge. Sorbent tubes were collected for
offline thermal desorption two-dimensional gas chromatography time-of-flight mass spectrom-
etry (TD-GC×GC-ToF-MS) with electron ionization (EI) to aid compound identification.
Liu et al.[2] reported C3H5O

+ as “acrolein + propionic acid.” In this paper, contributions
to C3H5O

+ from propionic acid were removed via the laboratory determined fragmentation
rate of propionic acid. C3H5O

+ was then quantified using acrolein’s specific reaction rate
coefficient.[3]
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4.7.2 Peak Selection

Candidates were identified by selecting peaks with a prominence of 0.03 that were spaced
at least 2.5 h apart. Peak candidates were narrowed by removing all peaks whose height
was below a threshold defined as 20% greater than an 8-hour rolling average. Peak can-
didate boundaries were defined semi-empirically as when the derivative changed sign and
was sustained for at least three successive measurement periods. Peak candidates and as-
sociated peak boundaries were confirmed, modified and/or supplemented by visual analysis
and manual selection. For some compounds with lower abundances and higher uncertain-
ties, the automated method was poorly suited, and peaks were assessed solely by manual
identification. Example integrations for representative time series are shown in the Figure
4.7.5. In total, more than 12,000 peaks were identified for the 594 chemical concentration
time series acquired during the three campaigns. Peaks were assigned to specific source cat-
egories based on coincident events recorded in occupant event logs. Peaks were categorized
as “cooking” or “other” based on coincident events during the growth phase of the peak. If
events from multiple categories occurred simultaneously, preference was given in the order
of the stated source categories with “cooking” taking highest priority unless unambiguous
indicators suggested otherwise, as in the case of an acetone-based nail polish remover being
used during a cooking event. “Cooking” is a broad category that includes stovetop use,
oven use, microwave use, and any other food or drink preparation. “Other” is also a broad
category that includes all other activities, such as cleaning, candle combustion, use of per-
sonal care products, and unidentified events. This form of source apportionment is unable to
resolve specific sources of chemical emissions. For example, occupants may emit bioeffluents
at higher rates as their activity increases during cooking events. Peaks generated under such
conditions would be attributed to the broad activity labeled “cooking.”
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4.7.3 Figures

Figure 4.7.1: Absolute daily exposures. Each subpanel displays absolute VOC exposures
for occupants during each campaign. The subpanel ‘all’ corresponds to exposure source
apportionment over the entirety of the measurement period. Horizontal bars in each subpanel
correspond to the absolute contribution for discrete VOCs. The top, middle, and bottom
rows correspond to the H1 summer, H1 winter, and H2 winter campaigns, respectively. Each
row uses the same rank-ordering as defined in Figure 4.4.3 in the main article.
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Figure 4.7.2: Occupant time-activity budgets. Average daily occupant time budgets are
displayed during periods of occupancy (extended vacant periods of more than one day are
excluded).
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Figure 4.7.3: Seasonal concentration differences. Differences in mean abundance between
the H1 summer and H1 winter seasons (vacant + occupied) are displayed for the 167 VOCs
observed in both seasons. VOCs with higher mean concentrations in summer are aggregated
in orange bins, while VOCs with higher mean concentrations in winter are aggregated in blue
bins. One outlier with much greater concentration in summer (cinnamaldehyde: 370%) and
three outliers with much greater concentrations in winter (D5 siloxane: 1490%; monoter-
penes: 610%; C2H

+
3 : 420%) are not shown.
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Figure 4.7.4: Floor plan of the H2 residence. Sampling locations in the 180 m2 (1970
ft2) residence are shown in red. The outdoor sampling line was situated near the outermost
corner of the living room. Living space and outdoor sampling line inlets were positioned at
approximately 2 m above floor or ground level. Crawlspace and attic inlets were approx-
imately at mid-height of respective zones, minimizing the risk of sample interference from
nearby surfaces.



CHAPTER 4. HIGH-RESOLUTION EXPOSURE ASSESSMENT FOR VOLATILE
ORGANIC COMPOUNDS 112

Figure 4.7.5: Representative time series of peak assignments. Sample of representative
VOCs from the H2 campaign. Selected episodic peaks are highlighted in tan following the
process described in the SI.” Outdoor VOC concentrations were used as a proxy for indoor
VOCs of outdoor origin and are highlighted in green. The remainder is defined as the indoor
background and is highlighted in blue.
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4.7.4 Data Tables
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Table 4.7.1: Summary table of exposures during the H1 summer campaign. The mean concentration during occupancy
(MC) is in units of ppb, the campaign average daily exposure (ADE) is in units of ppb-hour day−1, and the relative
contributions from continuous indoor sources (CIS), outdoor origin (OO), cooking (C), and other (O) are unitless
(%). In rare cases, statistical noise generates a slight negative relative fraction for the background of outdoor origin.
The relative standard deviation (RSD) indicates the variability in the indoor concentration time series. The heading
‘all’ refers to source apportionments and exposures for a hypothetical occupant who is present for the entirety of the
measurement period.

all H1M1 H1F1
Class Ion Name RSD CIS OO C O MC ADE MC ADE MC ADE

% % % % ppb ppb
h d-1

ppb ppb
h d-1

ppb ppb
h d-1

alcohol + alkene CH5O+ methanol 0.3 87 8 4 2 28 620 27 480 27 500
alcohol + alkene C2H7O+ ethanol 2.9 32 3 41 23 120 2600 130 2300 130 2300
alcohol + alkene C3H7

+ propanol frag-
ment (-H2O) +
propene

2.1 82 8 3 6 3.5 79 3.5 62 3.5 62

alcohol + alkene C4H9
+ butanol frag-

ment (-H2O) +
butene

0.34 83 9 3 5 2.1 48 2.1 37 2.1 37

alcohol + alkene C5H11
+ pentanol frag-

ment (-H2O) +
pentene

0.41 82 8 5 5 0.81 18 0.81 14 0.81 15

alcohol + alkene C6H13
+ hexanol frag-

ment (-H2O) +
hexene

0.56 73 13 8 6 0.23 5.3 0.23 4.1 0.23 4.2

alcohol + alkene C8H17
+ octanol frag-

ment (-H2O) +
octene

NA NA NA NA NA NA NA NA NA NA NA

aromatic C6H7
+ benzene 0.32 64 34 1 2 0.24 5.5 0.24 4.2 0.24 4.3

aromatic C7H9
+ toluene 0.37 60 38 1 2 0.36 8.1 0.34 6 0.35 6.4

aromatic C8H9
+ styrene 0.26 84 11 3 2 0.14 3.1 0.14 2.4 0.14 2.5

aromatic C8H11
+ xylene + ethyl

benzene
0.33 51 49 0 0 0.25 5.7 0.24 4.3 0.25 4.4

aromatic C6H7O+ phenol 0.18 94 2 1 3 0.52 12 0.52 9.1 0.52 9.4
aromatic C6H7O2

+ benzene diol 0.9 73 8 6 14 0.1 2.3 0.1 1.8 0.1 1.8
aromatic C7H9O+ cresols 0.24 89 7 1 3 0.18 4 0.17 3.1 0.17 3.1
aromatic C7H7O+ benzaldehyde 0.22 91 8 1 0 0.37 8.3 0.36 6.3 0.36 6.5
aromatic C4H6N+ pyrrole 3.7 34 1 36 28 0.09 2 0.1 1.8 0.091 1.6
aromatic C9H13

+ benzene (+3
sat. carbons)
+ isomers

0.32 51 47 0 2 0.13 2.8 0.12 2.2 0.12 2.2
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aromatic C10H15

+ benzene (+4
sat. carbons)
+ isomers

0.58 65 27 3 5 0.1 2.4 0.1 1.8 0.1 1.9

aromatic C11H17
+ benzene (+5

sat. carbons)
+ isomers

0.44 77 16 2 5 0.034 0.76 0.033 0.59 0.034 0.61

aromatic C13H21
+ benzene (+7

sat. carbons)
+ isomers

0.36 86 10 3 2 0.016 0.36 0.016 0.28 0.016 0.29

aromatic C14H23
+ benzene (+8

sat. carbons)
+ isomers

0.2 86 14 1 0 0.016 0.37 0.016 0.29 0.016 0.29

aromatic C16H27
+ benzene (+10

sat. carbons)
+ isomers

0.2 94 6 0 0 0.025 0.57 0.025 0.44 0.025 0.46

aromatic C17H29
+ benzene (+11

sat. carbons)
+ isomers

0.18 95 5 0 0 0.022 0.5 0.022 0.39 0.022 0.4

aromatic C18H31
+ benzene (+12

sat. carbons)
+ isomers

0.2 93 7 0 0 0.02 0.45 0.02 0.35 0.02 0.36

aromatic C7H6NS+ benzothiazole 0.2 85 14 0 1 0.049 1.1 0.049 0.85 0.049 0.88

carbonyl (sat.) C2H5O+ acetaldehyde
(C2)

0.96 63 9 22 6 9.3 210 9.7 170 9.5 170

carbonyl (sat.) C3H7O+ acetone +
propanal (C3)

0.41 68 16 8 8 11 250 11 200 11 200

carbonyl (sat.) C4H9O+ C4 sat.
carbonyl
(methylethylke-
tone + others)

0.63 66 20 8 6 0.76 17 0.76 13 0.76 14

carbonyl (sat.) C5H11O+ C5 sat. car-
bonyl (pen-
tanone +
others)

0.64 73 11 6 10 0.29 6.6 0.3 5.2 0.29 5.3

carbonyl (sat.) C6H13O+ C6 sat. car-
bonyl (hex-
anone +
others)

0.24 86 12 2 0 0.23 5.2 0.22 3.9 0.23 4.1

carbonyl (sat.) C7H15O+ C7 sat. car-
bonyl

0.24 87 11 1 0 0.14 3.2 0.14 2.4 0.14 2.5

carbonyl (sat.) C8H17O+ C8 sat. car-
bonyl + 1-
octen-3-ol

0.26 91 5 2 1 0.16 3.6 0.15 2.7 0.16 2.8

carbonyl (sat.) C9H19O+ C9 sat. car-
bonyl

0.27 96 3 1 0 0.49 11 0.48 8.4 0.49 8.9
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carbonyl (sat.) C10H21O+ C10 sat. car-

bonyl
0.28 96 4 0 0 0.27 6.1 0.27 4.7 0.27 4.9

carbonyl (sat.) C11H23O+ C11 sat. car-
bonyl

0.27 91 8 1 0 0.061 1.4 0.061 1.1 0.061 1.1

carbonyl (sat.) C12H25O+ C12 sat. car-
bonyl

0.3 89 10 1 0 0.037 0.84 0.037 0.64 0.037 0.67

carbonyl (sat.) C14H29O+ C14 sat. car-
bonyl

0.49 76 24 0 0 0.0068 0.15 0.0064 0.11 0.0067 0.12

carbonyl (un-
sat.)

C3H5O+ acrolein (C3
unsat. car-
bonyl)

0.55 85 11 4 1 0.57 13 0.56 9.9 0.57 10

carbonyl (un-
sat.)

C4H7O+ unsat. car-
bonyl (C4)

0.38 73 24 2 1 0.56 13 0.53 9.4 0.56 10

carbonyl (un-
sat.)

C5H9O+ unsat. car-
bonyl (C5) +
cyclopentanone

0.27 83 13 2 2 0.23 5.3 0.23 4 0.23 4.2

carbonyl (un-
sat.)

C6H11O+ unsat. car-
bonyl (C6) +
cis-3-hexenal +
isomers

0.43 81 8 7 4 0.36 8.1 0.36 6.3 0.36 6.5

carbonyl (un-
sat.)

C7H13O+ unsat. car-
bonyl (C7) +
isomers

0.35 81 14 5 0 0.097 2.2 0.096 1.7 0.097 1.7

carbonyl (un-
sat.)

C8H15O+ unsat. car-
bonyl (C8) +
oct-1-en-3-one
+ isomers

0.33 93 5 2 0 0.24 5.4 0.24 4.2 0.24 4.3

carbonyl (un-
sat.)

C9H17O+ unsat. car-
bonyl (C9) +
isomers

0.3 91 8 1 0 0.11 2.5 0.11 1.9 0.11 2

carboxylic
acid

CH3O2
+ formic acid

(C1) + isomers
0.14 91 8 1 0 14 310 14 240 14 250

carboxylic
acid

C2H5O2
+ acetic acid

(C2) + isomers
0.43 93 3 3 1 52 1200 51 910 51 930

carboxylic
acid

C3H7O2
+ propionic acid

(C3) + isomers
1.4 80 10 7 3 3.2 73 3.3 58 3.3 59

carboxylic
acid

C4H9O2
+ butryic acid

(C4) + isomers
0.46 79 7 9 5 1.4 32 1.5 26 1.5 26

carboxylic
acid

C5H11O2
+ valeric acid

(C5) + isomers
0.71 77 5 15 4 0.54 12 0.56 9.8 0.54 9.8

carboxylic
acid

C6H13O2
+ caproic acid

(C6) + isomers
0.26 94 4 1 1 0.61 14 0.6 11 0.61 11

carboxylic
acid

C7H15O2
+ enanthic acid

(C7) + isomers
0.33 93 6 1 1 0.14 3.2 0.14 2.4 0.14 2.5

carboxylic
acid

C8H17O2
+ caprylic acid

(C8) + isomers
0.34 94 5 0 1 0.28 6.4 0.27 4.8 0.28 5.1
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carboxylic
acid

C9H19O2
+ pelargonic acid

(C9) + isomers
0.43 89 9 1 1 0.1 2.4 0.1 1.8 0.1 1.9

carboxylic
acid

C10H21O2
+ decanoic acid

(C10) + iso-
mers

0.47 89 10 1 0 0.038 0.86 0.036 0.63 0.038 0.69

carboxylic
acid

C11H23O2
+ undecylic acid

(C11) + iso-
mers

0.57 87 4 6 3 0.019 0.43 0.019 0.33 0.02 0.35

furanoid C6H9O+ dimethyl furan 0.36 89 6 2 3 0.2 4.5 0.2 3.5 0.2 3.5
furanoid C5H7O2

+ fufuranol 0.83 66 20 8 6 0.12 2.7 0.12 2 0.12 2.1
furanoid C4H5O+ furan 0.67 75 8 5 12 0.1 2.2 0.1 1.8 0.1 1.8
furanoid C4H5O2

+ furanone 0.69 83 8 5 3 0.13 3 0.13 2.3 0.13 2.4
furanoid C5H7O+ methyl furan +

pyran
0.86 64 9 3 24 0.16 3.7 0.16 2.9 0.16 2.9

furanoid C5H5O2
+ furfural 0.39 91 4 3 2 0.92 21 0.92 16 0.92 17

furanoid C7H9O3
+ methoxymethylfurfural0.55 52 38 1 10 0.012 0.27 0.012 0.21 0.012 0.21

furanoid C6H5O3
+ furandicarbaldehyde2.9 38 39 14 9 0.018 0.4 0.018 0.32 0.018 0.32

halogen CCl3+ chloroform 0.088 5 95 0 0 0.17 3.9 0.17 3 0.17 3.1
halogen H2NCl2+ dichloramine NA NA NA NA NA NA NA NA NA NA NA
halogen C6H5Cl2+ dichlorobenzene 0.33 75 25 0 0 0.018 0.41 0.018 0.31 0.018 0.32
halogen C7H4ClF2

+ parachlorobenzotrifluoride0.77 15 85 0 0 0.033 0.74 0.031 0.55 0.031 0.56
halogen CCl2F+ 0.18 23 77 0 0 0.036 0.82 0.036 0.64 0.036 0.65
halogen CHCl2+ 0.53 82 7 3 8 0.11 2.5 0.1 1.8 0.1 1.9
halogen CHF2

+ NA NA NA NA NA NA NA NA NA NA NA
halogen C2H3Cl2+ 0.39 73 17 2 9 0.16 3.6 0.16 2.8 0.16 2.8
halogen C2H3ClF+ 0.37 62 25 2 11 0.13 2.8 0.12 2.2 0.12 2.2
halogen C2H4OCl+ 0.24 80 19 0 0 0.013 0.3 0.013 0.23 0.013 0.23
halogen C2H5NCl+ NA NA NA NA NA NA NA NA NA NA NA
halogen C3H6OCl+ 0.4 79 19 2 0 0.031 0.7 0.03 0.53 0.03 0.54
nitrile C2H4N+ acetonitrile 0.3 19 78 2 1 0.16 3.5 0.16 2.8 0.16 2.9
nitrile C3H4N+ acrylonitrile 0.29 90 10 1 0 0.022 0.49 0.021 0.38 0.021 0.39
organosulfurs CH5S+ methanethiol 0.98 65 13 18 4 0.074 1.7 0.077 1.3 0.077 1.4
organosulfurs C2H7S+ ethanethiol +

DMS
0.54 55 37 7 1 0.33 7.4 0.34 6 0.34 6.1

organosulfurs C2H5OS+ mercaptoacetaldehyde0.23 90 9 1 0 0.019 0.44 0.019 0.34 0.019 0.34
organosulfurs CH5O3S+ methane sul-

fonic acid
0.64 89 9 1 2 0.031 0.7 0.031 0.54 0.03 0.53

organosulfurs C2H7S2+ dimethyl sul-
fide

0.36 85 9 3 4 0.031 0.7 0.031 0.54 0.031 0.56

organosulfurs C2H7O2S+ dimethyl sul-
fone

0.24 89 7 1 2 0.14 3.3 0.14 2.5 0.14 2.6

organosulfurs C3H5S2+ NA NA NA NA NA NA NA NA NA NA NA
organosulfurs C4H6NS+ NA NA NA NA NA NA NA NA NA NA NA
organosulfurs C5H11S+ NA NA NA NA NA NA NA NA NA NA NA
organosulfurs C7H5OS+ 0.28 85 13 2 0 0.01 0.23 0.01 0.18 0.01 0.19
organosulfurs C9H9S+ NA NA NA NA NA NA NA NA NA NA NA
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outdoor im-
portance

C2H3O2
+ glyoxal 0.61 68 15 4 13 0.075 1.7 0.077 1.4 0.075 1.3

outdoor im-
portance

C5H9
+ isoprene 0.33 79 12 6 3 1.4 31 1.4 24 1.4 25

outdoor im-
portance

C10H19O+ monoterpene
alcohols

0.44 86 8 2 3 0.082 1.9 0.081 1.4 0.082 1.5

outdoor im-
portance

C10H17
+ monoterpenes 1.2 68 10 17 6 1.5 34 1.6 28 1.6 28

outdoor im-
portance

C10H17O2
+ pinonaldehyde

+ isomers
0.35 72 27 1 0 0.018 0.41 0.018 0.31 0.018 0.33

outdoor im-
portance

C15H25
+ sesquiterpenes

+ isomers
0.36 88 5 4 4 0.11 2.5 0.11 1.9 0.11 2

possible frag-
ment

C2H3
+ alkyl fragment

or acetylene
1.8 76 7 9 8 0.058 1.3 0.059 1 0.058 1

possible frag-
ment

C2H4
+ alkyl fragment 0.43 90 10 0 0 0.073 1.6 0.074 1.3 0.073 1.3

possible frag-
ment

C3H5
+ alkyl fragment 1.4 84 8 4 3 0.74 17 0.75 13 0.74 13

possible frag-
ment

C4H5
+ alkyl fragment 0.36 78 18 3 2 0.0096 0.22 0.0096 0.17 0.0096 0.17

possible frag-
ment

C4H7
+ alkyl fragment 0.24 74 22 3 1 0.95 22 0.94 17 0.95 17

possible frag-
ment

C5H7
+ alkyl fragment 0.4 81 9 8 2 0.051 1.1 0.051 0.9 0.051 0.93

possible frag-
ment

C5H5O+ fragment of
furanoid com-
pound

1.2 64 7 6 23 0.22 5 0.24 4.1 0.23 4.1

possible frag-
ment

C6H5
+ aromatic frag-

ment
NA NA NA NA NA NA NA NA NA NA NA

possible frag-
ment

C6H5O+ aromatic frag-
ment

0.25 95 3 0 2 0.46 10 0.45 7.9 0.45 8.1

possible frag-
ment

C3H6
+ alkyl fragment NA NA NA NA NA NA NA NA NA NA NA

siloxane C2H7O2Si+ dimethoxysilane NA NA NA NA NA NA NA NA NA NA NA
siloxane C6H19O3Si3+ D3 siloxane 0.47 86 13 0 0 0.1 2.3 0.099 1.7 0.097 1.7
siloxane C8H25O4Si4+ D4 siloxane 0.65 76 23 0 0 0.11 2.4 0.11 1.9 0.1 1.9
siloxane C10H31O5Si5+ D5 siloxane 2.6 43 4 4 49 0.89 20 0.73 13 0.72 13
siloxane C12H37O6Si6+ D6 siloxane 1.5 84 1 0 15 0.11 2.6 0.11 1.9 0.1 1.8
siloxane C10H31O3Si4+ L4 siloxane NA NA NA NA NA NA NA NA NA NA NA
siloxane C12H37O4Si5+ L5 siloxane NA NA NA NA NA NA NA NA NA NA NA
siloxane C15H39O2Si3+ caprylyl

trisiloxane
NA NA NA NA NA NA NA NA NA NA NA

siloxane C7H21O3Si3+ NA NA NA NA NA NA NA NA NA NA NA
uncategorized C6H15O2

+ 2-
butoxyethanol
+ isomers

NA NA NA NA NA NA NA NA NA NA NA
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uncategorized C2H5O3

+ glycolic acid +
isomers

0.34 46 53 1 0 0.034 0.77 0.032 0.57 0.034 0.61

uncategorized C3H5O2
+ acrylic acid +

isomers
0.61 77 17 6 1 0.37 8.5 0.37 6.6 0.37 6.7

uncategorized C6H11
+ cis-3-hexen-1-

ol + isomers
0.26 88 5 5 1 1.3 29 1.3 23 1.3 23

uncategorized C4H7O2
+ diacetyl + iso-

mers
0.38 78 13 6 4 0.69 16 0.68 12 0.69 13

uncategorized C9H17
+ hydrindane +

isomers
0.24 91 5 3 0 0.2 4.5 0.2 3.4 0.2 3.6

uncategorized C5H9O2
+ acetylpropionyl

+ glutaralde-
hyde + isomers

0.25 85 12 1 1 0.54 12 0.53 9.4 0.54 9.8

uncategorized C4H7O3
+ acetate anhy-

drate**
0.62 88 10 1 1 0.28 6.3 0.28 4.9 0.27 4.9

uncategorized C8H15
+ 1-octen-3-

ol fragment
(-H2O) +
isomers

0.25 87 10 3 0 0.3 6.9 0.3 5.2 0.3 5.4

uncategorized C10H17O+ citral + others 0.29 76 18 5 1 0.073 1.7 0.073 1.3 0.073 1.3
uncategorized C6H9O4

+ 3-
deoxyglucosone**

11 5 29 61 6 0.018 0.4 0.021 0.36 0.02 0.36

uncategorized C4H5O3
+ NA NA NA NA NA NA NA NA NA NA NA

uncategorized C15H27N2
+ sparteine** 0.32 92 6 1 1 0.022 0.49 0.022 0.38 0.022 0.39

uncategorized C4H3O3
+ 1.9 18 71 10 1 0.014 0.32 0.015 0.26 0.014 0.25

uncategorized C8H9O+ 0.4 87 7 3 2 0.13 3 0.13 2.3 0.13 2.4
uncategorized C14H21O2

+ chromanol +
isomers

0.21 96 4 0 0 0.038 0.85 0.037 0.65 0.037 0.67

uncategorized C8H9O2
+ 4-anisaldehyde

+ isomers
0.24 85 13 1 1 0.082 1.9 0.08 1.4 0.082 1.5

uncategorized C7H7
+ 1,3,5-

norcaratriene
or aromatic
fragment

1 82 10 0 7 0.15 3.4 0.13 2.3 0.14 2.5

uncategorized C9H9O+ cinnamaldehyde
+ isomers

2.3 49 6 38 7 0.29 6.6 0.31 5.4 0.31 5.6

unknown C8H19O3
+ 0.33 82 15 3 0 0.022 0.5 0.022 0.38 0.022 0.4

unknown C12H25O2
+ NA NA NA NA NA NA NA NA NA NA NA

unknown C5H11O5
+ NA NA NA NA NA NA NA NA NA NA NA

unknown C7H15O5
+ 0.34 69 31 0 0 0.0094 0.21 0.009 0.16 0.0092 0.17

unknown C14H29
+ 0.32 79 21 0 0 0.0072 0.16 0.007 0.12 0.0071 0.13

unknown C15H31
+ 0.32 86 14 0 0 0.0065 0.15 0.0063 0.11 0.0064 0.12

unknown C3H7O3
+ 1.2 77 10 13 1 0.1 2.3 0.098 1.7 0.1 1.8

unknown C16H33
+ 0.27 90 10 0 0 0.0072 0.16 0.007 0.12 0.0071 0.13

unknown C17H35
+ 0.27 91 8 0 0 0.0063 0.14 0.0061 0.11 0.0062 0.11

unknown C12H23
+ NA NA NA NA NA NA NA NA NA NA NA
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unknown C13H25

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C14H27

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C10H19O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C3H8N3O2+ NA NA NA NA NA NA NA NA NA NA NA
unknown C2H3O4

+ 4 18 45 37 1 0.014 0.31 0.014 0.25 0.015 0.27
unknown C4H7O4

+ 0.43 53 46 0 1 0.0075 0.17 0.0071 0.12 0.0073 0.13
unknown C12H23O+ 0.37 75 24 0 0 0.012 0.28 0.012 0.21 0.012 0.22
unknown C7H13O2

+ 0.23 75 23 1 0 0.074 1.7 0.073 1.3 0.074 1.3
unknown C6H11O3

+ 0.43 74 20 3 3 0.02 0.46 0.02 0.35 0.02 0.37
unknown C11H21O+ 0.6 77 18 4 0 0.02 0.46 0.02 0.35 0.02 0.37
unknown C5H9O3

+ 0.57 73 17 4 6 0.044 0.99 0.043 0.76 0.044 0.79
unknown C6H11O2

+ 0.22 82 16 1 0 0.17 3.8 0.17 2.9 0.17 3
unknown C12H23O2

+ 0.41 79 21 0 0 0.034 0.77 0.032 0.57 0.034 0.61
unknown C18H35

+ 0.31 86 14 0 0 0.007 0.16 0.0067 0.12 0.0069 0.12
unknown C9H17O2

+ 0.31 84 14 2 1 0.046 1 0.045 0.79 0.046 0.83
unknown C3H5O3

+ 0.43 77 18 4 1 0.041 0.92 0.041 0.72 0.041 0.73
unknown C10H19

+ 0.28 84 12 1 2 0.059 1.3 0.058 1 0.059 1.1
unknown C15H29

+ 0.25 89 11 0 0 0.0073 0.17 0.0072 0.13 0.0073 0.13
unknown C8H15O2

+ 0.24 88 10 2 0 0.12 2.7 0.12 2.1 0.12 2.1
unknown C10H19O3

+ 0.33 89 10 0 0 0.0075 0.17 0.0073 0.13 0.0075 0.14
unknown C7H13

+ 0.28 87 8 4 1 0.36 8.2 0.36 6.3 0.36 6.5
unknown C16H31

+ 0.23 92 8 0 0 0.007 0.16 0.0068 0.12 0.0069 0.13
unknown C17H33

+ 0.23 94 6 0 0 0.0073 0.16 0.0071 0.13 0.0072 0.13
unknown C2H3O3

+ 0.36 95 2 2 0 0.041 0.92 0.039 0.69 0.04 0.72
unknown C12H21O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C10H18N+ NA NA NA NA NA NA NA NA NA NA NA
unknown C6H9O3

+ 0.65 61 33 3 3 0.033 0.74 0.032 0.56 0.033 0.59
unknown C8H13O4

+ 0.36 72 27 0 0 0.0068 0.15 0.0065 0.11 0.0068 0.12
unknown C7H11O3

+ 0.32 73 25 1 1 0.024 0.55 0.024 0.41 0.024 0.44
unknown C13H23

+ 0.26 79 18 3 0 0.015 0.33 0.014 0.25 0.015 0.26
unknown C7H11O2

+ 0.49 77 18 2 3 0.056 1.3 0.056 0.98 0.056 1
unknown C9H15O+ 0.32 77 19 2 2 0.077 1.7 0.075 1.3 0.076 1.4
unknown C12H21

+ 0.78 72 16 12 0 0.022 0.51 0.022 0.39 0.022 0.4
unknown C8H13O3

+ 0.27 82 17 1 1 0.02 0.44 0.019 0.33 0.019 0.35
unknown C13H23O+ 0.4 83 15 1 1 0.0089 0.2 0.009 0.16 0.009 0.16
unknown C6H9O2

+ 0.41 77 16 4 2 0.096 2.2 0.095 1.7 0.096 1.7
unknown C8H13O2

+ 0.27 84 15 1 1 0.04 0.89 0.039 0.68 0.039 0.71
unknown C9H15O3

+ 0.27 83 15 1 0 0.016 0.35 0.015 0.27 0.016 0.28
unknown C11H19

+ 0.87 76 13 11 0 0.042 0.94 0.042 0.74 0.041 0.75
unknown C19H35

+ 0.26 87 13 0 0 0.0091 0.2 0.0089 0.16 0.009 0.16
unknown C14H25

+ 0.22 88 12 0 0 0.012 0.28 0.012 0.22 0.012 0.22
unknown C9H15O2

+ 0.33 86 12 2 0 0.043 0.98 0.042 0.75 0.043 0.78
unknown C7H11O+ 0.28 85 10 2 3 0.087 2 0.086 1.5 0.087 1.6
unknown C9H15

+ 0.27 85 9 4 2 0.093 2.1 0.093 1.6 0.094 1.7
unknown C15H27

+ 0.21 92 8 0 0 0.015 0.33 0.015 0.26 0.015 0.26
unknown C8H13O+ 0.25 89 7 2 2 0.081 1.8 0.081 1.4 0.081 1.5
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unknown C2HO3

+ 2.4 55 12 28 5 0.0075 0.17 0.0074 0.13 0.0074 0.13
unknown C16H29

+ 0.19 94 6 0 0 0.019 0.43 0.019 0.33 0.019 0.34
unknown C8H13

+ 0.29 88 5 5 2 0.21 4.8 0.21 3.8 0.21 3.9
unknown C18H33

+ 0.21 95 5 0 0 0.011 0.26 0.011 0.2 0.011 0.21
unknown C3HO+ NA NA NA NA NA NA NA NA NA NA NA
unknown C8H11O+ NA NA NA NA NA NA NA NA NA NA NA
unknown C11H18N+ NA NA NA NA NA NA NA NA NA NA NA
unknown C5H5O3

+ 1.2 26 61 10 3 0.019 0.42 0.019 0.33 0.019 0.34
unknown C4H3O2

+ 0.36 69 23 3 5 0.011 0.26 0.011 0.2 0.011 0.2
unknown C11H17O2

+ 0.37 76 22 1 0 0.0056 0.13 0.0054 0.096 0.0056 0.1
unknown C9H13O3

+ 0.32 77 23 0 0 0.0076 0.17 0.0075 0.13 0.0075 0.14
unknown C10H15O2

+ 0.28 79 20 1 0 0.022 0.49 0.021 0.38 0.022 0.39
unknown C7H9O2

+ 0.5 73 17 2 7 0.037 0.84 0.037 0.66 0.037 0.67
unknown C8H11O3

+ 0.35 79 19 1 1 0.012 0.27 0.011 0.2 0.012 0.21
unknown C20H35

+ 0.29 83 17 0 0 0.0094 0.21 0.0091 0.16 0.0093 0.17
unknown C14H23O+ 0.44 83 15 1 1 0.0069 0.16 0.0068 0.12 0.0069 0.12
unknown C10H15O+ 0.91 77 12 9 2 0.074 1.7 0.076 1.3 0.075 1.3
unknown C19H33

+ 0.21 90 10 0 0 0.016 0.36 0.016 0.28 0.016 0.29
unknown C13H21O+ 0.39 89 9 1 1 0.0056 0.13 0.0056 0.099 0.0056 0.1
unknown C9H11O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C6H5O2

+ 1.6 46 51 2 1 0.033 0.75 0.033 0.59 0.033 0.6
unknown C15H23O3

+ 1.3 64 36 0 0 0.014 0.31 0.011 0.2 0.014 0.25
unknown C11H15

+ 0.28 77 22 0 0 0.0088 0.2 0.0086 0.15 0.0087 0.16
unknown C12H17O+ 0.3 81 19 0 0 0.0093 0.21 0.009 0.16 0.0092 0.17
unknown C9H11O2

+ 0.58 74 18 6 2 0.011 0.26 0.011 0.2 0.011 0.21
unknown C9H11

+ 0.26 83 14 2 1 0.076 1.7 0.075 1.3 0.075 1.4
unknown C20H33

+ 0.27 84 16 0 0 0.01 0.23 0.0099 0.17 0.01 0.18
unknown C16H25

+ 0.55 83 15 2 0 0.019 0.42 0.018 0.31 0.019 0.34
unknown C9H11O+ 0.19 86 13 1 0 0.11 2.5 0.11 1.9 0.11 2
unknown C10H13O2

+ 1 80 14 6 1 0.018 0.4 0.018 0.31 0.018 0.32
unknown C10H13

+ 1.4 64 11 20 4 0.088 2 0.091 1.6 0.091 1.7
unknown C10H13O+ 0.95 77 12 9 2 0.04 0.9 0.039 0.69 0.04 0.72
unknown C14H21

+ 0.24 89 10 1 0 0.012 0.28 0.012 0.21 0.012 0.22
unknown C19H31

+ 0.23 89 11 0 0 0.015 0.34 0.015 0.26 0.015 0.27
unknown C18H29

+ 0.19 93 7 0 0 0.015 0.35 0.015 0.27 0.015 0.28
unknown C15H23

+ 0.39 91 6 3 0 0.018 0.42 0.018 0.32 0.019 0.34
unknown C17H27

+ 0.19 96 4 0 0 0.015 0.35 0.015 0.27 0.015 0.28
unknown C14H19

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H10N+ NA NA NA NA NA NA NA NA NA NA NA
unknown C10H11O2

+ 0.34 51 49 0 0 0.01 0.24 0.01 0.18 0.01 0.19
unknown C8H7O3

+ 0.42 52 43 5 0 0.0065 0.15 0.0064 0.11 0.0064 0.12
unknown C7H5O2

+ 0.47 54 41 3 2 0.021 0.48 0.02 0.35 0.021 0.38
unknown C8H7O2

+ 0.27 68 30 2 1 0.013 0.29 0.013 0.22 0.013 0.23
unknown C11H13O+ 0.4 70 29 1 0 0.0077 0.17 0.0074 0.13 0.0076 0.14
unknown C16H23

+ 0.29 75 24 0 0 0.013 0.3 0.013 0.23 0.013 0.24
unknown C10H11O+ 0.35 79 18 2 1 0.01 0.23 0.0098 0.17 0.01 0.18
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unknown C20H31

+ 0.43 80 20 0 0 0.0059 0.13 0.0056 0.098 0.0058 0.11
unknown C15H21

+ 0.4 87 12 1 1 0.017 0.38 0.016 0.28 0.017 0.31
unknown C18H27

+ 0.3 88 10 0 1 0.0092 0.21 0.0089 0.16 0.0091 0.16
unknown C19H29

+ 0.29 90 10 0 0 0.007 0.16 0.0068 0.12 0.0069 0.12
unknown C17H25

+ 0.27 92 8 0 0 0.01 0.23 0.0097 0.17 0.0099 0.18
unknown C10H9O3

+ 0.51 38 62 0 0 0.0091 0.21 0.0087 0.15 0.0089 0.16
unknown C8H5O3

+ 0.32 63 35 1 0 0.022 0.5 0.022 0.39 0.022 0.4
unknown C8H5O2

+ 1.6 49 30 17 4 0.0075 0.17 0.0074 0.13 0.0076 0.14
unknown C9H7O2

+ 1.6 46 29 23 2 0.01 0.23 0.0098 0.17 0.01 0.18
unknown C14H17

+ 0.3 82 18 0 0 0.016 0.35 0.015 0.26 0.015 0.28
unknown C13H15

+ 0.31 83 16 1 0 0.019 0.42 0.018 0.32 0.019 0.34
unknown C16H21

+ 0.3 86 14 0 0 0.0061 0.14 0.0059 0.1 0.006 0.11
unknown C16H19

+ 0.36 82 18 0 0 0.0073 0.17 0.0071 0.13 0.0073 0.13
unknown C15H17

+ 0.31 84 16 0 0 0.006 0.13 0.0058 0.1 0.0059 0.11
unknown C16H17

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C13H11O+ 0.4 80 20 0 0 0.054 1.2 0.051 0.9 0.054 0.97
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Table 4.7.2: Summary table of exposures during the H1 summer campaign. The mean concentration during occupancy
(MC) is in units of ppb, the campaign average daily exposure (ADE) is in units of ppb-hour day−1, and the relative
contributions from continuous indoor sources (CIS), outdoor origin (OO), cooking (C), and other (O) are unitless
(%). In rare cases, statistical noise generates a slight negative relative fraction for the background of outdoor origin.
The relative standard deviation (RSD) indicates the variability in the indoor concentration time series. The heading
‘all’ refers to source apportionments and exposures for a hypothetical occupant who is present for the entirety of the
measurement period.

all H1M1 H1F1
Class Ion Name RSD CIS OO C O MC ADE MC ADE MC ADE

% % % % ppb ppb
h d-1

ppb ppb
h d-1

ppb ppb
h d-1

alcohol + alkene CH5O+ methanol 0.25 88 4 7 2 28 620 28 480 28 500
alcohol + alkene C2H7O+ ethanol 2.7 30 1 60 8 160 3500 160 2700 200 3600
alcohol + alkene C3H7

+ propanol frag-
ment (-H2O) +
propene

1.6 60 6 33 1 4.3 97 4.5 78 4.4 77

alcohol + alkene C4H9
+ butanol frag-

ment (-H2O) +
butene

0.34 85 9 1 5 1.9 42 1.9 32 1.9 33

alcohol + alkene C5H11
+ pentanol frag-

ment (-H2O) +
pentene

0.32 85 7 4 3 0.64 14 0.64 11 0.64 11

alcohol + alkene C6H13
+ hexanol frag-

ment (-H2O) +
hexene

0.36 81 13 0 5 0.15 3.4 0.15 2.6 0.15 2.7

alcohol + alkene C8H17
+ octanol frag-

ment (-H2O) +
octene

0.31 91 6 1 2 0.022 0.5 0.022 0.38 0.022 0.39

aromatic C6H7
+ benzene 0.37 63 29 4 4 0.46 10 0.46 7.9 0.46 8

aromatic C7H9
+ toluene 0.52 80 16 2 3 0.75 17 0.76 13 0.75 13

aromatic C8H9
+ styrene 0.25 91 9 0 0 0.15 3.3 0.14 2.5 0.15 2.6

aromatic C8H11
+ xylene + ethyl

benzene
0.32 54 39 2 4 0.25 5.4 0.24 4.1 0.24 4.2

aromatic C6H7O+ phenol 0.25 93 3 2 3 0.48 11 0.48 8.2 0.48 8.4
aromatic C6H7O2

+ benzene diol 0.62 75 7 4 15 0.11 2.5 0.11 1.9 0.11 2
aromatic C7H9O+ cresols 0.26 86 9 1 4 0.15 3.2 0.14 2.5 0.14 2.5
aromatic C7H7O+ benzaldehyde 0.21 93 7 0 0 0.34 7.5 0.33 5.7 0.34 5.9
aromatic C4H6N+ pyrrole 1.8 58 3 6 33 0.06 1.3 0.064 1.1 0.057 0.99
aromatic C9H13

+ benzene (+3
sat. carbons)
+ isomers

0.4 49 37 5 9 0.14 3 0.14 2.3 0.13 2.3
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aromatic C10H15

+ benzene (+4
sat. carbons)
+ isomers

NA NA NA NA NA NA NA NA NA NA NA

aromatic C11H17
+ benzene (+5

sat. carbons)
+ isomers

0.28 83 14 3 1 0.029 0.65 0.029 0.5 0.029 0.52

aromatic C13H21
+ benzene (+7

sat. carbons)
+ isomers

0.34 93 6 0 1 0.013 0.29 0.013 0.22 0.013 0.23

aromatic C14H23
+ benzene (+8

sat. carbons)
+ isomers

0.32 93 6 0 2 0.015 0.34 0.015 0.26 0.015 0.27

aromatic C16H27
+ benzene (+10

sat. carbons)
+ isomers

0.24 96 4 0 0 0.019 0.43 0.019 0.33 0.019 0.34

aromatic C17H29
+ benzene (+11

sat. carbons)
+ isomers

0.22 95 4 0 0 0.015 0.34 0.015 0.26 0.015 0.26

aromatic C18H31
+ benzene (+12

sat. carbons)
+ isomers

0.24 97 3 0 0 0.012 0.27 0.012 0.21 0.012 0.21

aromatic C7H6NS+ benzothiazole 0.3 88 12 0 0 0.037 0.81 0.036 0.62 0.036 0.63

carbonyl (sat.) C2H5O+ acetaldehyde
(C2)

1.1 69 7 19 4 8.3 180 8.2 140 9.1 160

carbonyl (sat.) C3H7O+ acetone +
propanal (C3)

0.25 82 10 3 5 9.9 220 10 170 10 180

carbonyl (sat.) C4H9O+ C4 sat.
carbonyl
(methylethylke-
tone + others)

0.58 63 19 8 10 0.75 17 0.74 13 0.78 14

carbonyl (sat.) C5H11O+ C5 sat. car-
bonyl (pen-
tanone +
others)

0.52 71 9 7 13 0.3 6.6 0.29 5.1 0.3 5.3

carbonyl (sat.) C6H13O+ C6 sat. car-
bonyl (hex-
anone +
others)

0.26 89 9 2 1 0.16 3.6 0.16 2.8 0.16 2.9

carbonyl (sat.) C7H15O+ C7 sat. car-
bonyl

0.25 90 8 1 0 0.11 2.4 0.11 1.9 0.11 1.9

carbonyl (sat.) C8H17O+ C8 sat. car-
bonyl + 1-
octen-3-ol

0.24 94 5 1 0 0.11 2.4 0.11 1.8 0.11 1.9

carbonyl (sat.) C9H19O+ C9 sat. car-
bonyl

0.18 97 2 1 0 0.25 5.5 0.25 4.2 0.25 4.3
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carbonyl (sat.) C10H21O+ C10 sat. car-

bonyl
0.23 97 2 0 0 0.14 3.2 0.14 2.4 0.14 2.5

carbonyl (sat.) C11H23O+ C11 sat. car-
bonyl

0.27 96 4 0 0 0.035 0.77 0.034 0.59 0.035 0.61

carbonyl (sat.) C12H25O+ C12 sat. car-
bonyl

0.35 95 5 0 0 0.018 0.39 0.017 0.29 0.017 0.31

carbonyl (sat.) C14H29O+ C14 sat. car-
bonyl

NA NA NA NA NA NA NA NA NA NA NA

carbonyl (un-
sat.)

C3H5O+ acrolein (C3
unsat. car-
bonyl)

0.33 87 7 5 1 0.44 9.7 0.44 7.5 0.45 7.9

carbonyl (un-
sat.)

C4H7O+ unsat. car-
bonyl (C4)

0.25 86 9 3 2 0.4 9 0.4 6.8 0.41 7.1

carbonyl (un-
sat.)

C5H9O+ unsat. car-
bonyl (C5) +
cyclopentanone

0.26 84 9 4 4 0.21 4.6 0.21 3.5 0.21 3.7

carbonyl (un-
sat.)

C6H11O+ unsat. car-
bonyl (C6) +
cis-3-hexenal +
isomers

0.26 88 7 2 2 0.21 4.7 0.21 3.6 0.21 3.7

carbonyl (un-
sat.)

C7H13O+ unsat. car-
bonyl (C7) +
isomers

0.34 87 10 3 0 0.066 1.5 0.065 1.1 0.066 1.2

carbonyl (un-
sat.)

C8H15O+ unsat. car-
bonyl (C8) +
oct-1-en-3-one
+ isomers

0.27 93 5 1 1 0.13 2.8 0.13 2.2 0.13 2.2

carbonyl (un-
sat.)

C9H17O+ unsat. car-
bonyl (C9) +
isomers

0.27 92 7 0 0 0.052 1.2 0.052 0.88 0.052 0.91

carboxylic acid CH3O2
+ formic acid

(C1) + isomers
0.18 92 6 2 0 11 250 11 190 11 200

carboxylic acid C2H5O2
+ acetic acid

(C2) + isomers
0.22 94 3 1 2 44 980 44 750 44 780

carboxylic acid C3H7O2
+ propionic acid

(C3) + isomers
0.29 87 8 3 3 2.6 57 2.5 44 2.6 46

carboxylic acid C4H9O2
+ butryic acid

(C4) + isomers
0.38 83 5 9 3 1.1 25 1.1 19 1.1 20

carboxylic acid C5H11O2
+ valeric acid

(C5) + isomers
0.71 89 4 0 6 0.46 10 0.46 7.8 0.45 7.9

carboxylic acid C6H13O2
+ caproic acid

(C6) + isomers
0.33 95 5 0 0 0.4 9 0.4 6.8 0.4 7

carboxylic acid C7H15O2
+ enanthic acid

(C7) + isomers
0.37 94 6 0 0 0.07 1.5 0.068 1.2 0.069 1.2

carboxylic acid C8H17O2
+ caprylic acid

(C8) + isomers
0.37 94 6 0 0 0.15 3.4 0.15 2.5 0.15 2.6
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carboxylic acid C9H19O2

+ pelargonic acid
(C9) + isomers

0.36 91 9 0 0 0.055 1.2 0.054 0.93 0.055 0.96

carboxylic acid C10H21O2
+ decanoic acid

(C10) + iso-
mers

0.34 92 8 0 0 0.017 0.37 0.016 0.28 0.017 0.29

carboxylic acid C11H23O2
+ undecylic acid

(C11) + iso-
mers

0.29 95 4 0 0 0.0083 0.19 0.0082 0.14 0.0083 0.15

furanoid C6H9O+ dimethyl furan 0.34 86 6 3 5 0.2 4.4 0.2 3.4 0.2 3.5
furanoid C5H7O2

+ fufuranol 0.67 68 15 6 10 0.096 2.1 0.095 1.6 0.1 1.7
furanoid C4H5O+ furan 0.45 79 7 4 10 0.15 3.3 0.15 2.5 0.15 2.6
furanoid C4H5O2

+ furanone 0.45 84 10 2 3 0.14 3 0.14 2.3 0.14 2.4
furanoid C5H7O+ methyl furan +

pyran
0.51 75 6 3 16 0.21 4.7 0.21 3.6 0.21 3.7

furanoid C5H5O2
+ furfural 0.43 87 4 4 5 0.94 21 0.94 16 0.96 17

furanoid C7H9O3
+ methoxymethylfurfural0.46 70 14 2 14 0.01 0.23 0.01 0.18 0.01 0.18

furanoid C6H5O3
+ furandicarbaldehyde0.63 66 31 2 2 0.018 0.4 0.017 0.3 0.018 0.32

halogen CCl3+ chloroform 0.061 5 95 0 0 0.13 3 0.13 2.3 0.13 2.4
halogen H2NCl2+ dichloramine NA NA NA NA NA NA NA NA NA NA NA
halogen C6H5Cl2+ dichlorobenzene 0.25 80 19 0 0 0.019 0.43 0.019 0.32 0.019 0.33
halogen C7H4ClF2

+ parachlorobenzotrifluoride0.75 26 74 0 0 0.021 0.48 0.02 0.35 0.021 0.37
halogen CCl2F+ NA NA NA NA NA NA NA NA NA NA NA
halogen CHCl2+ NA NA NA NA NA NA NA NA NA NA NA
halogen CHF2

+ NA NA NA NA NA NA NA NA NA NA NA
halogen C2H3Cl2+ 0.37 69 14 2 15 0.14 3.1 0.14 2.3 0.14 2.4
halogen C2H3ClF+ 0.77 56 11 12 21 0.23 5.1 0.24 4 0.23 4
halogen C2H4OCl+ NA NA NA NA NA NA NA NA NA NA NA
halogen C2H5NCl+ NA NA NA NA NA NA NA NA NA NA NA
halogen C3H6OCl+ NA NA NA NA NA NA NA NA NA NA NA
nitrile C2H4N+ acetonitrile 0.23 30 68 2 1 0.11 2.5 0.11 1.9 0.11 2
nitrile C3H4N+ acrylonitrile 0.23 89 11 1 0 0.022 0.49 0.022 0.37 0.022 0.39
organosulfurs CH5S+ methanethiol 0.63 72 6 15 7 0.072 1.6 0.072 1.2 0.076 1.3
organosulfurs C2H7S+ ethanethiol +

DMS
2.1 68 6 25 1 0.36 8.1 0.39 6.6 0.39 6.9

organosulfurs C2H5OS+ mercaptoacetaldehyde0.25 95 5 0 0 0.035 0.78 0.035 0.59 0.035 0.61
organosulfurs CH5O3S+ methane sul-

fonic acid
0.44 90 4 2 3 0.11 2.5 0.11 1.9 0.11 2

organosulfurs C2H7S2+ dimethyl sul-
fide

0.32 90 4 3 2 0.062 1.4 0.063 1.1 0.062 1.1

organosulfurs C2H7O2S+ dimethyl sul-
fone

0.27 95 3 1 1 0.19 4.2 0.19 3.3 0.19 3.3

organosulfurs C3H5S2+ NA NA NA NA NA NA NA NA NA NA NA
organosulfurs C4H6NS+ NA NA NA NA NA NA NA NA NA NA NA
organosulfurs C5H11S+ NA NA NA NA NA NA NA NA NA NA NA
organosulfurs C7H5OS+ NA NA NA NA NA NA NA NA NA NA NA
organosulfurs C9H9S+ NA NA NA NA NA NA NA NA NA NA NA
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outdoor impor-
tance

C2H3O2
+ glyoxal NA NA NA NA NA NA NA NA NA NA NA

outdoor impor-
tance

C5H9
+ isoprene 0.3 85 4 5 6 1.3 29 1.3 23 1.3 23

outdoor impor-
tance

C10H19O+ monoterpene
alcohols

0.49 91 4 4 1 0.094 2.1 0.093 1.6 0.095 1.7

outdoor impor-
tance

C10H17
+ monoterpenes 1.7 40 1 23 36 12 260 13 220 11 200

outdoor impor-
tance

C10H17O2
+ pinonaldehyde

+ isomers
0.37 84 15 1 0 0.019 0.42 0.018 0.31 0.019 0.33

outdoor impor-
tance

C15H25
+ sesquiterpenes

+ isomers
0.38 90 4 5 1 0.078 1.7 0.077 1.3 0.078 1.4

possible frag-
ment

C2H3
+ alkyl fragment

or acetylene
1.2 60 5 11 24 0.33 7.4 0.35 5.9 0.36 6.2

possible frag-
ment

C2H4
+ alkyl fragment 0.32 92 7 1 0 0.2 4.5 0.2 3.5 0.21 3.7

possible frag-
ment

C3H5
+ alkyl fragment 1.2 67 7 2 24 1.2 27 1.3 22 1.2 22

possible frag-
ment

C4H5
+ alkyl fragment 0.65 59 10 12 19 0.023 0.51 0.024 0.41 0.023 0.4

possible frag-
ment

C4H7
+ alkyl fragment 0.23 83 13 2 2 1.1 25 1.1 19 1.1 20

possible frag-
ment

C5H7
+ alkyl fragment NA NA NA NA NA NA NA NA NA NA NA

possible frag-
ment

C5H5O+ fragment of
furanoid com-
pound

1.2 53 1 18 28 0.54 12 0.58 9.9 0.54 9.4

possible frag-
ment

C6H5
+ aromatic frag-

ment
0.27 79 18 1 2 0.033 0.73 0.033 0.57 0.033 0.58

possible frag-
ment

C6H5O+ aromatic frag-
ment

0.29 96 4 0 0 0.41 9 0.4 6.9 0.4 7

possible frag-
ment

C3H6
+ alkyl fragment NA NA NA NA NA NA NA NA NA NA NA

siloxane C2H7O2Si+ dimethoxysilane 1.4 70 4 24 2 0.074 1.6 0.078 1.3 0.078 1.4
siloxane C6H19O3Si3+ D3 siloxane 0.31 92 5 1 1 0.094 2.1 0.093 1.6 0.093 1.6
siloxane C8H25O4Si4+ D4 siloxane 0.5 86 4 1 10 0.22 4.8 0.22 3.7 0.21 3.7
siloxane C10H31O5Si5+ D5 siloxane 2.8 16 0 83 1 14 320 14 240 12 220
siloxane C12H37O6Si6+ D6 siloxane 1.7 58 7 0 35 0.055 1.2 0.05 0.85 0.051 0.89
siloxane C10H31O3Si4+ L4 siloxane NA NA NA NA NA NA NA NA NA NA NA
siloxane C12H37O4Si5+ L5 siloxane NA NA NA NA NA NA NA NA NA NA NA
siloxane C15H39O2Si3+ caprylyl

trisiloxane
NA NA NA NA NA NA NA NA NA NA NA

siloxane C7H21O3Si3+ NA NA NA NA NA NA NA NA NA NA NA
uncategorized C6H15O2

+ 2-
butoxyethanol
+ isomers

NA NA NA NA NA NA NA NA NA NA NA
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uncategorized C2H5O3

+ glycolic acid +
isomers

0.22 90 10 0 0 0.035 0.78 0.035 0.59 0.035 0.61

uncategorized C3H5O2
+ acrylic acid +

isomers
0.62 79 16 4 1 0.29 6.5 0.29 5 0.31 5.4

uncategorized C6H11
+ cis-3-hexen-1-

ol + isomers
0.24 93 4 3 1 1.1 24 1.1 18 1.1 19

uncategorized C4H7O2
+ diacetyl + iso-

mers
0.35 82 7 4 7 0.59 13 0.58 10 0.6 10

uncategorized C9H17
+ hydrindane +

isomers
0.16 93 5 1 1 0.13 2.8 0.13 2.2 0.13 2.2

uncategorized C5H9O2
+ acetylpropionyl

+ glutaralde-
hyde + isomers

0.25 86 9 2 4 0.31 7 0.31 5.4 0.31 5.5

uncategorized C4H7O3
+ acetate anhy-

drate**
0.27 89 9 1 1 0.16 3.5 0.15 2.6 0.16 2.7

uncategorized C8H15
+ 1-octen-3-

ol fragment
(-H2O) +
isomers

0.2 91 6 2 1 0.22 4.8 0.22 3.7 0.22 3.8

uncategorized C10H17O+ citral + others 0.39 76 16 6 2 0.074 1.6 0.075 1.3 0.074 1.3
uncategorized C6H9O4

+ 3-
deoxyglucosone**

5.9 67 11 20 2 0.013 0.28 0.012 0.2 0.018 0.32

uncategorized C4H5O3
+ NA NA NA NA NA NA NA NA NA NA NA

uncategorized C15H27N2
+ sparteine** 0.29 95 4 0 0 0.013 0.3 0.013 0.22 0.013 0.23

uncategorized C4H3O3
+ 0.59 28 61 6 5 0.019 0.42 0.019 0.32 0.019 0.34

uncategorized C8H9O+ 0.3 91 6 2 1 0.11 2.4 0.11 1.8 0.11 1.9
uncategorized C14H21O2

+ chromanol +
isomers

0.34 94 6 0 0 0.024 0.53 0.023 0.4 0.024 0.41

uncategorized C8H9O2
+ 4-anisaldehyde

+ isomers
1.4 47 3 19 31 0.25 5.6 0.27 4.6 0.24 4.3

uncategorized C7H7
+ 1,3,5-

norcaratriene
or aromatic
fragment

0.28 91 7 1 1 0.21 4.7 0.21 3.6 0.21 3.7

uncategorized C9H9O+ cinnamaldehyde
+ isomers

0.42 86 6 4 4 0.061 1.4 0.06 1 0.061 1.1

unknown C8H19O3
+ 0.26 88 12 0 0 0.016 0.37 0.016 0.28 0.016 0.29

unknown C12H25O2
+ NA NA NA NA NA NA NA NA NA NA NA

unknown C5H11O5
+ NA NA NA NA NA NA NA NA NA NA NA

unknown C7H15O5
+ 0.36 74 26 0 0 0.0071 0.16 0.0069 0.12 0.007 0.12

unknown C14H29
+ NA NA NA NA NA NA NA NA NA NA NA

unknown C15H31
+ NA NA NA NA NA NA NA NA NA NA NA

unknown C3H7O3
+ NA NA NA NA NA NA NA NA NA NA NA

unknown C16H33
+ NA NA NA NA NA NA NA NA NA NA NA

unknown C17H35
+ NA NA NA NA NA NA NA NA NA NA NA

unknown C12H23
+ NA NA NA NA NA NA NA NA NA NA NA
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unknown C13H25

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C14H27

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C10H19O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C3H8N3O2+ NA NA NA NA NA NA NA NA NA NA NA
unknown C2H3O4

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C4H7O4

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C12H23O+ NA NA NA NA NA NA NA NA NA NA NA
unknown C7H13O2

+ 0.28 83 16 1 1 0.051 1.1 0.051 0.87 0.051 0.9
unknown C6H11O3

+ 0.4 85 12 1 2 0.016 0.36 0.016 0.27 0.016 0.28
unknown C11H21O+ NA NA NA NA NA NA NA NA NA NA NA
unknown C5H9O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C6H11O2

+ 0.29 87 12 0 1 0.12 2.7 0.12 2.1 0.12 2.2
unknown C12H23O2

+ 0.39 90 10 0 0 0.016 0.36 0.016 0.27 0.016 0.28
unknown C18H35

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H17O2

+ 0.28 92 8 0 0 0.044 0.98 0.043 0.74 0.044 0.77
unknown C3H5O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C10H19

+ 0.35 91 6 2 2 0.069 1.5 0.069 1.2 0.069 1.2
unknown C15H29

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C8H15O2

+ 0.25 92 8 0 0 0.11 2.5 0.11 1.9 0.11 2
unknown C10H19O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C7H13

+ 0.19 91 7 2 0 0.28 6.3 0.28 4.8 0.28 5
unknown C16H31

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C17H33

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C2H3O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C12H21O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C10H18N+ NA NA NA NA NA NA NA NA NA NA NA
unknown C6H9O3

+ 0.31 71 26 2 1 0.03 0.66 0.029 0.5 0.03 0.52
unknown C8H13O4

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C7H11O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C13H23

+ 0.53 83 10 0 7 0.012 0.26 0.012 0.2 0.012 0.21
unknown C7H11O2

+ 0.34 86 11 1 2 0.046 1 0.046 0.78 0.046 0.8
unknown C9H15O+ 0.33 89 6 3 2 0.075 1.7 0.074 1.3 0.075 1.3
unknown C12H21

+ 0.29 84 13 0 3 0.014 0.3 0.013 0.23 0.014 0.24
unknown C8H13O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C13H23O+ 0.38 94 5 0 1 0.0057 0.13 0.0057 0.097 0.0058 0.1
unknown C6H9O2

+ 0.3 84 12 2 3 0.068 1.5 0.068 1.2 0.068 1.2
unknown C8H13O2

+ 0.33 87 11 0 1 0.025 0.56 0.025 0.42 0.025 0.44
unknown C9H15O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C11H19

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C19H35

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C14H25

+ 0.49 85 7 0 8 0.014 0.31 0.014 0.24 0.014 0.25
unknown C9H15O2

+ 0.39 91 8 1 0 0.034 0.76 0.034 0.58 0.034 0.6
unknown C7H11O+ 0.41 83 8 4 5 0.087 1.9 0.087 1.5 0.087 1.5
unknown C9H15

+ 0.24 87 10 1 2 0.053 1.2 0.053 0.91 0.053 0.93
unknown C15H27

+ 0.32 94 3 0 3 0.013 0.28 0.013 0.21 0.013 0.22
unknown C8H13O+ 0.27 93 5 0 2 0.084 1.9 0.083 1.4 0.083 1.5
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unknown C2HO3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C16H29

+ 0.26 96 4 0 0 0.014 0.31 0.014 0.24 0.014 0.25
unknown C8H13

+ 0.25 89 6 3 2 0.15 3.4 0.15 2.6 0.15 2.7
unknown C18H33

+ 0.25 99 1 0 0 0.0065 0.14 0.0064 0.11 0.0065 0.11
unknown C3HO+ NA NA NA NA NA NA NA NA NA NA NA
unknown C8H11O+ 0.3 86 10 1 3 0.035 0.79 0.035 0.6 0.035 0.62
unknown C11H18N+ NA NA NA NA NA NA NA NA NA NA NA
unknown C5H5O3

+ 0.47 48 44 4 4 0.021 0.47 0.021 0.36 0.021 0.37
unknown C4H3O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C11H17O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H13O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C10H15O2

+ 0.36 84 15 0 1 0.013 0.29 0.013 0.22 0.013 0.23
unknown C7H9O2

+ 0.37 75 16 2 6 0.039 0.87 0.039 0.66 0.039 0.68
unknown C8H11O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C20H35

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C14H23O+ 0.37 94 5 0 0 0.0063 0.14 0.0061 0.1 0.0062 0.11
unknown C10H15O+ 1.1 76 12 2 10 0.054 1.2 0.055 0.94 0.055 0.97
unknown C19H33

+ 0.27 93 7 0 0 0.0088 0.2 0.0086 0.15 0.0087 0.15
unknown C13H21O+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H11O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C6H5O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C15H23O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C11H15

+ 0.35 82 16 0 1 0.013 0.29 0.013 0.21 0.013 0.22
unknown C12H17O+ 0.36 89 11 0 0 0.0061 0.14 0.006 0.1 0.0061 0.11
unknown C9H11O2

+ 0.65 77 16 4 4 0.012 0.28 0.012 0.21 0.013 0.22
unknown C9H11

+ 0.28 83 15 1 1 0.053 1.2 0.052 0.9 0.053 0.93
unknown C20H33

+ 0.32 91 9 0 0 0.0056 0.13 0.0055 0.095 0.0055 0.097
unknown C16H25

+ 0.26 95 5 0 0 0.012 0.27 0.012 0.2 0.012 0.21
unknown C9H11O+ 0.26 85 15 0 0 0.1 2.3 0.1 1.8 0.1 1.8
unknown C10H13O2

+ 0.35 87 11 1 0 0.011 0.25 0.011 0.19 0.011 0.19
unknown C10H13

+ 0.26 86 13 1 0 0.042 0.93 0.041 0.71 0.042 0.73
unknown C10H13O+ 0.42 88 6 4 2 0.05 1.1 0.049 0.84 0.05 0.88
unknown C14H21

+ 0.27 94 5 0 1 0.0099 0.22 0.0098 0.17 0.0099 0.17
unknown C19H31

+ 0.29 94 6 0 0 0.0086 0.19 0.0084 0.14 0.0085 0.15
unknown C18H29

+ 0.23 97 3 0 0 0.0097 0.22 0.0096 0.16 0.0096 0.17
unknown C15H23

+ 0.28 95 4 1 0 0.015 0.33 0.015 0.25 0.015 0.26
unknown C17H27

+ 0.23 98 2 0 0 0.011 0.24 0.011 0.18 0.011 0.19
unknown C14H19

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H10N+ NA NA NA NA NA NA NA NA NA NA NA
unknown C10H11O2

+ 0.33 81 19 0 0 0.0055 0.12 0.0054 0.093 0.0055 0.096
unknown C8H7O3

+ 0.49 78 19 1 2 0.0069 0.15 0.0069 0.12 0.0069 0.12
unknown C7H5O2

+ 0.35 86 12 1 1 0.032 0.72 0.032 0.55 0.032 0.56
unknown C8H7O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C11H13O+ NA NA NA NA NA NA NA NA NA NA NA
unknown C16H23

+ 0.32 89 11 0 0 0.0086 0.19 0.0085 0.14 0.0085 0.15
unknown C10H11O+ 0.35 85 15 0 0 0.0075 0.17 0.0074 0.13 0.0075 0.13



C
H
A
P
T
E
R

4.
H
IG

H
-R

E
S
O
L
U
T
IO

N
E
X
P
O
S
U
R
E
A
S
S
E
S
S
M
E
N
T

F
O
R

V
O
L
A
T
IL
E

O
R
G
A
N
IC

C
O
M
P
O
U
N
D
S

131
unknown C20H31

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C15H21

+ 0.31 95 5 0 0 0.0096 0.21 0.0094 0.16 0.0095 0.17
unknown C18H27

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C19H29

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C17H25

+ 0.34 96 4 0 0 0.0053 0.12 0.0051 0.088 0.0052 0.091
unknown C10H9O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C8H5O3

+ 0.32 69 30 1 0 0.02 0.44 0.02 0.34 0.02 0.34
unknown C8H5O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H7O2

+ 0.5 76 16 7 1 0.006 0.13 0.0059 0.1 0.006 0.1
unknown C14H17

+ 0.33 88 12 0 0 0.011 0.23 0.01 0.18 0.01 0.18
unknown C13H15

+ 0.28 89 11 0 0 0.022 0.5 0.022 0.38 0.022 0.39
unknown C16H21

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C16H19

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C15H17

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C16H17

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C13H11O+ 0.45 75 25 0 0 0.024 0.54 0.023 0.4 0.024 0.41
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Table 4.7.3: Summary table of exposures during the H1 summer campaign. The mean concentration during occupancy
(MC) is in units of ppb, the campaign average daily exposure (ADE) is in units of ppb-hour day−1, and the relative
contributions from continuous indoor sources (CIS), outdoor origin (OO), cooking (C), and other (O) are unitless
(%). In rare cases, statistical noise generates a slight negative relative fraction for the background of outdoor origin.
The relative standard deviation (RSD) indicates the variability in the indoor concentration time series. The heading
‘all’ refers to source apportionments and exposures for a hypothetical occupant who is present for the entirety of the
measurement period.

all H2M1 H2F1
Class Ion Name RSD CIS OO C O MC ADE MC ADE MC ADE

% % % % ppb ppb
h
d-1

ppb ppb
h
d-1

ppb ppb
h
d-1

alcohol + alkene CH5O+ methanol 0.7 79 3 18 0 45 1100 50 780 50 750
alcohol + alkene C2H7O+ ethanol 3.4 34 0 61 4 630 15000 730 11000 640 9700
alcohol + alkene C3H7

+ propanol frag-
ment (-H2O) +
propene

1.6 50 6 20 25 4.7 110 4.6 73 4.5 68

alcohol + alkene C4H9
+ butanol frag-

ment (-H2O) +
butene

0.75 82 7 7 4 2.8 66 2.8 44 2.8 41

alcohol + alkene C5H11
+ pentanol frag-

ment (-H2O) +
pentene

1.5 74 5 19 3 1.3 30 1.4 21 1.3 19

alcohol + alkene C6H13
+ hexanol frag-

ment (-H2O) +
hexene

0.51 80 12 3 5 0.22 5.3 0.22 3.5 0.22 3.3

alcohol + alkene C8H17
+ octanol frag-

ment (-H2O) +
octene

0.59 84 6 6 3 0.031 0.74 0.032 0.5 0.032 0.48

aromatic C6H7
+ benzene 0.36 50 41 7 2 0.31 7.4 0.33 5.2 0.33 5

aromatic C7H9
+ toluene 0.38 83 10 4 2 1.3 30 1.3 21 1.3 20

aromatic C8H9
+ styrene 0.3 87 11 2 0 0.16 3.8 0.17 2.6 0.17 2.5

aromatic C8H11
+ xylene + ethyl

benzene
0.28 65 29 4 2 0.33 7.8 0.34 5.3 0.34 5.1

aromatic C6H7O+ phenol 0.26 93 4 2 1 0.34 8.1 0.36 5.6 0.36 5.4
aromatic C6H7O2

+ benzene diol 0.87 69 12 14 5 0.091 2.1 0.1 1.6 0.1 1.5
aromatic C7H9O+ cresols 0.29 68 23 7 2 0.1 2.4 0.11 1.7 0.11 1.6
aromatic C7H7O+ benzaldehyde 0.2 93 6 1 0 0.32 7.7 0.33 5.2 0.33 5
aromatic C4H6N+ pyrrole 3.3 45 5 49 1 0.079 1.9 0.1 1.6 0.1 1.5
aromatic C9H13

+ benzene (+3
sat. carbons)
+ isomers

0.49 51 31 14 5 0.16 3.9 0.18 2.8 0.18 2.7
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aromatic C10H15

+ benzene (+4
sat. carbons)
+ isomers

0.68 63 16 16 6 0.17 3.9 0.18 2.8 0.18 2.6

aromatic C11H17
+ benzene (+5

sat. carbons)
+ isomers

NA NA NA NA NA NA NA NA NA NA NA

aromatic C13H21
+ benzene (+7

sat. carbons)
+ isomers

0.26 93 6 0 1 0.021 0.48 0.021 0.33 0.021 0.32

aromatic C14H23
+ benzene (+8

sat. carbons)
+ isomers

0.2 94 5 0 1 0.021 0.5 0.022 0.34 0.022 0.33

aromatic C16H27
+ benzene (+10

sat. carbons)
+ isomers

0.16 96 4 0 0 0.027 0.64 0.028 0.43 0.028 0.41

aromatic C17H29
+ benzene (+11

sat. carbons)
+ isomers

0.16 96 4 0 0 0.022 0.51 0.022 0.34 0.022 0.33

aromatic C18H31
+ benzene (+12

sat. carbons)
+ isomers

0.17 94 6 0 0 0.018 0.43 0.018 0.29 0.018 0.28

aromatic C7H6NS+ benzothiazole 0.24 87 12 0 0 0.027 0.63 0.028 0.43 0.028 0.42

carbonyl (sat.) C2H5O+ acetaldehyde
(C2)

3.4 51 3 19 27 24 560 28 440 26 390

carbonyl (sat.) C3H7O+ acetone +
propanal (C3)

5.8 46 4 1 49 30 710 39 600 39 590

carbonyl (sat.) C4H9O+ C4 sat.
carbonyl
(methylethylke-
tone + others)

0.97 73 12 15 1 1.3 31 1.5 23 1.5 22

carbonyl (sat.) C5H11O+ C5 sat. car-
bonyl (pen-
tanone +
others)

1 71 8 20 1 0.39 9.2 0.45 7 0.44 6.7

carbonyl (sat.) C6H13O+ C6 sat. car-
bonyl (hex-
anone +
others)

0.31 89 8 3 0 0.21 4.9 0.21 3.3 0.21 3.2

carbonyl (sat.) C7H15O+ C7 sat. car-
bonyl

0.41 86 6 7 0 0.14 3.2 0.14 2.2 0.14 2.1

carbonyl (sat.) C8H17O+ C8 sat. car-
bonyl + 1-
octen-3-ol

0.46 86 6 8 0 0.12 2.8 0.13 2 0.13 1.9

carbonyl (sat.) C9H19O+ C9 sat. car-
bonyl

0.32 93 2 4 0 0.33 7.9 0.35 5.4 0.35 5.2
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carbonyl (sat.) C10H21O+ C10 sat. car-

bonyl
0.22 96 2 1 0 0.15 3.5 0.15 2.4 0.15 2.3

carbonyl (sat.) C11H23O+ C11 sat. car-
bonyl

0.22 93 5 2 1 0.04 0.94 0.041 0.64 0.041 0.62

carbonyl (sat.) C12H25O+ C12 sat. car-
bonyl

0.26 92 6 1 1 0.026 0.63 0.027 0.43 0.027 0.41

carbonyl (sat.) C14H29O+ C14 sat. car-
bonyl

NA NA NA NA NA NA NA NA NA NA NA

carbonyl (un-
sat.)

C3H5O+ acrolein (C3
unsat. car-
bonyl)

0.9 71 7 22 1 0.36 8.4 0.39 6.1 0.39 5.8

carbonyl (un-
sat.)

C4H7O+ unsat. car-
bonyl (C4)

0.5 82 9 10 0 0.55 13 0.58 9.1 0.58 8.7

carbonyl (un-
sat.)

C5H9O+ unsat. car-
bonyl (C5) +
cyclopentanone

0.39 84 9 7 0 0.22 5.1 0.23 3.6 0.23 3.4

carbonyl (un-
sat.)

C6H11O+ unsat. car-
bonyl (C6) +
cis-3-hexenal +
isomers

0.27 93 5 2 0 0.34 8.1 0.35 5.5 0.35 5.3

carbonyl (un-
sat.)

C7H13O+ unsat. car-
bonyl (C7) +
isomers

0.65 81 9 9 0 0.083 2 0.09 1.4 0.089 1.3

carbonyl (un-
sat.)

C8H15O+ unsat. car-
bonyl (C8) +
oct-1-en-3-one
+ isomers

0.3 92 5 2 1 0.17 4 0.18 2.7 0.18 2.6

carbonyl (un-
sat.)

C9H17O+ unsat. car-
bonyl (C9) +
isomers

0.41 86 7 7 0 0.068 1.6 0.071 1.1 0.071 1.1

carboxylic acid CH3O2
+ formic acid

(C1) + isomers
0.25 89 7 4 0 12 280 12 190 12 180

carboxylic acid C2H5O2
+ acetic acid

(C2) + isomers
0.23 95 3 3 0 52 1200 54 840 54 810

carboxylic acid C3H7O2
+ propionic acid

(C3) + isomers
1.3 82 6 3 9 3.9 92 3.7 59 3.8 56

carboxylic acid C4H9O2
+ butryic acid

(C4) + isomers
0.87 77 3 18 1 2.1 49 2.4 37 2.3 35

carboxylic acid C5H11O2
+ valeric acid

(C5) + isomers
0.48 92 7 1 0 0.33 7.9 0.35 5.4 0.35 5.2

carboxylic acid C6H13O2
+ caproic acid

(C6) + isomers
0.28 95 4 2 0 0.43 10 0.45 7.1 0.46 6.8

carboxylic acid C7H15O2
+ enanthic acid

(C7) + isomers
0.33 92 4 2 2 0.084 2 0.087 1.4 0.087 1.3

carboxylic acid C8H17O2
+ caprylic acid

(C8) + isomers
0.31 94 4 1 0 0.13 3.2 0.14 2.2 0.14 2.1
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carboxylic acid C9H19O2

+ pelargonic acid
(C9) + isomers

0.31 93 6 1 0 0.058 1.4 0.06 0.94 0.06 0.91

carboxylic acid C10H21O2
+ decanoic acid

(C10) + iso-
mers

0.47 95 4 1 0 0.04 0.94 0.042 0.66 0.043 0.65

carboxylic acid C11H23O2
+ undecylic acid

(C11) + iso-
mers

NA NA NA NA NA NA NA NA NA NA NA

furanoid C6H9O+ dimethyl furan NA NA NA NA NA NA NA NA NA NA NA
furanoid C5H7O2

+ fufuranol 0.66 73 16 11 0 0.085 2 0.091 1.4 0.092 1.4
furanoid C4H5O+ furan 0.51 62 14 12 12 0.15 3.5 0.17 2.6 0.16 2.5
furanoid C4H5O2

+ furanone 0.35 81 13 6 0 0.13 3.1 0.14 2.1 0.14 2.1
furanoid C5H7O+ methyl furan +

pyran
0.62 53 10 11 26 0.24 5.7 0.26 4.1 0.26 3.9

furanoid C5H5O2
+ furfural 0.41 87 9 4 0 1.2 28 1.2 19 1.2 19

furanoid C7H9O3
+ methoxymethylfurfural0.33 78 16 3 3 0.0099 0.23 0.01 0.16 0.01 0.16

furanoid C6H5O3
+ furandicarbaldehyde1.4 36 49 14 0 0.016 0.39 0.018 0.28 0.018 0.27

halogen CCl3+ chloroform 0.071 4 95 0 1 0.14 3.2 0.13 2.1 0.13 2
halogen H2NCl2+ dichloramine 7.7 30 8 22 40 0.004 0.094 0.0034 0.053 0.0022 0.034
halogen C6H5Cl2+ dichlorobenzene 0.22 59 39 2 0 0.01 0.25 0.011 0.16 0.01 0.16
halogen C7H4ClF2

+ parachlorobenzotrifluoride0.76 31 69 0 0 0.032 0.76 0.032 0.51 0.032 0.48
halogen CCl2F+ NA NA NA NA NA NA NA NA NA NA NA
halogen CHCl2+ 0.62 55 11 23 11 0.095 2.2 0.1 1.6 0.1 1.5
halogen CHF2

+ 0.39 88 7 5 1 0.11 2.5 0.11 1.7 0.11 1.6
halogen C2H3Cl2+ NA NA NA NA NA NA NA NA NA NA NA
halogen C2H3ClF+ NA NA NA NA NA NA NA NA NA NA NA
halogen C2H4OCl+ NA NA NA NA NA NA NA NA NA NA NA
halogen C2H5NCl+ 1.4 76 6 2 16 0.0078 0.18 0.0074 0.12 0.0073 0.11
halogen C3H6OCl+ NA NA NA NA NA NA NA NA NA NA NA
nitrile C2H4N+ acetonitrile 0.36 29 62 7 3 0.14 3.2 0.14 2.2 0.14 2.1
nitrile C3H4N+ acrylonitrile 0.25 85 12 3 0 0.034 0.81 0.035 0.55 0.035 0.53
organosulfurs CH5S+ methanethiol 2.4 39 4 56 1 0.21 4.9 0.26 4 0.25 3.8
organosulfurs C2H7S+ ethanethiol +

DMS
0.93 16 73 11 0 1.1 26 1.1 17 1 15

organosulfurs C2H5OS+ mercaptoacetaldehydeNA NA NA NA NA NA NA NA NA NA NA
organosulfurs CH5O3S+ methane sul-

fonic acid
0.5 85 8 7 0 0.065 1.5 0.069 1.1 0.069 1

organosulfurs C2H7S2+ dimethyl sul-
fide

2.3 57 2 41 0 0.099 2.3 0.12 1.9 0.12 1.8

organosulfurs C2H7O2S+ dimethyl sul-
fone

0.4 93 2 5 0 0.19 4.5 0.2 3.2 0.21 3.1

organosulfurs C3H5S2+ 1.4 67 1 31 0 0.011 0.26 0.013 0.2 0.013 0.19
organosulfurs C4H6NS+ 1.9 53 4 38 5 0.025 0.6 0.027 0.42 0.028 0.43
organosulfurs C5H11S+ 0.52 79 19 0 2 0.18 4.2 0.17 2.7 0.17 2.5
organosulfurs C7H5OS+ NA NA NA NA NA NA NA NA NA NA NA
organosulfurs C9H9S+ 0.65 79 13 4 5 0.015 0.36 0.016 0.24 0.016 0.23
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outdoor impor-
tance

C2H3O2
+ glyoxal NA NA NA NA NA NA NA NA NA NA NA

outdoor impor-
tance

C5H9
+ isoprene 0.54 75 5 17 4 1.7 40 1.9 30 1.9 28

outdoor impor-
tance

C10H19O+ monoterpene
alcohols

0.5 84 4 8 4 0.14 3.4 0.16 2.5 0.16 2.4

outdoor impor-
tance

C10H17
+ monoterpenes 1.2 54 2 23 21 17 390 19 300 20 310

outdoor impor-
tance

C10H17O2
+ pinonaldehyde

+ isomers
0.37 79 17 4 0 0.018 0.42 0.019 0.29 0.019 0.28

outdoor impor-
tance

C15H25
+ sesquiterpenes

+ isomers
0.3 91 5 3 1 0.15 3.6 0.16 2.5 0.16 2.4

possible frag-
ment

C2H3
+ alkyl fragment

or acetylene
1.6 45 4 33 18 0.36 8.6 0.39 6 0.36 5.5

possible frag-
ment

C2H4
+ alkyl fragment 0.73 73 13 14 0 0.17 4.1 0.18 2.7 0.17 2.6

possible frag-
ment

C3H5
+ alkyl fragment 1.3 52 5 30 13 1.7 40 1.8 28 1.7 25

possible frag-
ment

C4H5
+ alkyl fragment 0.58 66 15 15 4 0.024 0.58 0.027 0.43 0.028 0.42

possible frag-
ment

C4H7
+ alkyl fragment 0.39 82 11 4 2 2.1 49 2.1 33 2.1 31

possible frag-
ment

C5H7
+ alkyl fragment NA NA NA NA NA NA NA NA NA NA NA

possible frag-
ment

C5H5O+ fragment of
furanoid com-
pound

0.74 53 26 14 7 0.58 14 0.63 9.8 0.64 9.5

possible frag-
ment

C6H5
+ aromatic frag-

ment
0.57 77 12 10 1 0.037 0.88 0.039 0.61 0.039 0.59

possible frag-
ment

C6H5O+ aromatic frag-
ment

0.27 98 2 0 0 0.58 14 0.6 9.4 0.61 9.1

possible frag-
ment

C3H6
+ alkyl fragment 1.5 33 10 33 24 0.32 7.6 0.23 3.5 0.23 3.4

siloxane C2H7O2Si+ dimethoxysilane 2.8 54 3 44 0 0.077 1.8 0.093 1.5 0.09 1.3
siloxane C6H19O3Si3+ D3 siloxane 0.41 91 2 3 4 0.086 2 0.086 1.3 0.087 1.3
siloxane C8H25O4Si4+ D4 siloxane 2.4 72 4 20 4 0.45 11 0.39 6.1 0.39 5.8
siloxane C10H31O5Si5+ D5 siloxane 1.4 46 1 24 30 12 290 11 180 9.8 150
siloxane C12H37O6Si6+ D6 siloxane 0.64 80 3 11 7 0.052 1.2 0.053 0.83 0.051 0.77
siloxane C10H31O3Si4+ L4 siloxane 2.6 42 1 42 14 0.031 0.73 0.029 0.46 0.03 0.46
siloxane C12H37O4Si5+ L5 siloxane 1.1 62 0 20 18 0.024 0.56 0.025 0.39 0.025 0.37
siloxane C15H39O2Si3+ caprylyl

trisiloxane
0.45 96 1 1 1 0.0057 0.14 0.0056 0.088 0.0057 0.086

siloxane C7H21O3Si3+ 3.5 40 3 6 51 0.021 0.5 0.02 0.31 0.022 0.32
uncategorized C6H15O2

+ 2-
butoxyethanol
+ isomers

0.74 76 8 9 7 0.05 1.2 0.053 0.83 0.053 0.8
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uncategorized C2H5O3

+ glycolic acid +
isomers

0.25 89 8 2 1 0.057 1.3 0.059 0.91 0.059 0.88

uncategorized C3H5O2
+ acrylic acid +

isomers
0.58 75 15 10 0 0.27 6.4 0.29 4.5 0.29 4.4

uncategorized C6H11
+ cis-3-hexen-1-

ol + isomers
0.26 93 4 3 1 1.5 35 1.6 24 1.6 23

uncategorized C4H7O2
+ diacetyl + iso-

mers
0.4 85 8 6 0 0.59 14 0.62 9.7 0.62 9.4

uncategorized C9H17
+ hydrindane +

isomers
0.27 92 5 3 1 0.17 4 0.17 2.7 0.17 2.6

uncategorized C5H9O2
+ acetylpropionyl

+ glutaralde-
hyde + isomers

0.36 86 9 4 0 0.31 7.3 0.32 5 0.32 4.8

uncategorized C4H7O3
+ acetate anhy-

drate**
0.25 88 10 1 1 0.2 4.7 0.2 3.1 0.2 3

uncategorized C8H15
+ 1-octen-3-

ol fragment
(-H2O) +
isomers

0.37 87 7 5 1 0.27 6.3 0.28 4.4 0.28 4.2

uncategorized C10H17O+ citral + others 0.53 75 11 10 3 0.23 5.4 0.24 3.8 0.24 3.6
uncategorized C6H9O4

+ 3-
deoxyglucosone**

2.4 66 11 23 0 0.011 0.27 0.013 0.21 0.014 0.2

uncategorized C4H5O3
+ 0.63 50 43 7 0 0.026 0.61 0.027 0.42 0.026 0.39

uncategorized C15H27N2
+ sparteine** 0.32 92 5 1 2 0.028 0.67 0.029 0.46 0.03 0.44

uncategorized C4H3O3
+ 0.8 38 55 7 0 0.015 0.36 0.016 0.25 0.016 0.24

uncategorized C8H9O+ 0.39 86 8 5 0 0.14 3.2 0.14 2.2 0.14 2.2
uncategorized C14H21O2

+ chromanol +
isomers

0.4 90 4 1 5 0.03 0.72 0.031 0.48 0.031 0.47

uncategorized C8H9O2
+ 4-anisaldehyde

+ isomers
NA NA NA NA NA NA NA NA NA NA NA

uncategorized C7H7
+ 1,3,5-

norcaratriene
or aromatic
fragment

0.25 93 4 2 1 0.32 7.6 0.33 5.2 0.33 5

uncategorized C9H9O+ cinnamaldehyde
+ isomers

1 60 9 16 15 0.11 2.7 0.13 2 0.13 2

unknown C8H19O3
+ 0.27 93 5 0 1 0.018 0.42 0.018 0.29 0.018 0.28

unknown C12H25O2
+ 0.35 95 5 0 0 0.02 0.47 0.021 0.32 0.021 0.32

unknown C5H11O5
+ 0.67 72 12 14 1 0.018 0.43 0.019 0.3 0.019 0.29

unknown C7H15O5
+ 0.26 66 33 1 0 0.0079 0.19 0.0081 0.13 0.0081 0.12

unknown C14H29
+ 0.26 94 5 0 1 0.0084 0.2 0.0087 0.14 0.0087 0.13

unknown C15H31
+ 0.29 95 4 0 1 0.0082 0.19 0.0083 0.13 0.0083 0.13

unknown C3H7O3
+ NA NA NA NA NA NA NA NA NA NA NA

unknown C16H33
+ 0.19 96 3 0 0 0.0083 0.2 0.0085 0.13 0.0086 0.13

unknown C17H35
+ 0.21 93 7 0 0 0.0062 0.15 0.0063 0.098 0.0063 0.094

unknown C12H23
+ 0.48 86 9 3 3 0.011 0.25 0.011 0.17 0.011 0.17
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unknown C13H25

+ 0.67 88 6 2 4 0.0058 0.14 0.0061 0.095 0.0061 0.091
unknown C14H27

+ 0.24 97 3 0 0 0.0067 0.16 0.0069 0.11 0.0069 0.1
unknown C10H19O2

+ 0.27 85 13 1 1 0.019 0.45 0.02 0.31 0.02 0.3
unknown C3H8N3O2+ 0.44 80 11 8 1 0.007 0.16 0.0074 0.12 0.0074 0.11
unknown C2H3O4

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C4H7O4

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C12H23O+ 0.25 95 5 0 0 0.023 0.54 0.022 0.35 0.023 0.34
unknown C7H13O2

+ 0.31 77 20 3 0 0.058 1.4 0.06 0.93 0.06 0.9
unknown C6H11O3

+ 0.33 83 13 3 1 0.023 0.54 0.024 0.38 0.024 0.36
unknown C11H21O+ 1.1 73 10 17 0 0.023 0.54 0.025 0.4 0.025 0.37
unknown C5H9O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C6H11O2

+ 0.31 84 12 4 0 0.13 3 0.13 2.1 0.13 2
unknown C12H23O2

+ 0.32 88 12 0 0 0.028 0.65 0.028 0.44 0.029 0.43
unknown C18H35

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H17O2

+ 0.28 87 10 3 1 0.045 1.1 0.047 0.73 0.047 0.7
unknown C3H5O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C10H19

+ 0.33 86 5 5 4 0.12 2.8 0.12 1.9 0.13 1.9
unknown C15H29

+ 0.2 97 3 0 0 0.0086 0.2 0.0088 0.14 0.0088 0.13
unknown C8H15O2

+ 0.27 87 9 3 0 0.1 2.4 0.11 1.7 0.11 1.6
unknown C10H19O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C7H13

+ 0.36 87 7 5 1 0.36 8.6 0.38 6 0.38 5.7
unknown C16H31

+ 0.19 98 2 0 0 0.008 0.19 0.0082 0.13 0.0082 0.12
unknown C17H33

+ 0.2 96 4 0 0 0.0071 0.17 0.0073 0.11 0.0073 0.11
unknown C2H3O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C12H21O2

+ 0.3 89 10 0 0 0.0065 0.15 0.0066 0.1 0.0067 0.1
unknown C10H18N+ 0.65 73 9 10 8 0.022 0.52 0.024 0.37 0.023 0.35
unknown C6H9O3

+ 0.4 73 22 5 0 0.037 0.86 0.038 0.59 0.038 0.57
unknown C8H13O4

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C7H11O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C13H23

+ 0.58 87 10 0 3 0.022 0.53 0.023 0.36 0.023 0.35
unknown C7H11O2

+ 0.35 83 12 4 0 0.047 1.1 0.049 0.76 0.049 0.73
unknown C9H15O+ 0.33 83 11 4 2 0.12 2.8 0.12 1.9 0.12 1.8
unknown C12H21

+ 0.91 84 10 0 6 0.026 0.61 0.027 0.43 0.027 0.4
unknown C8H13O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C13H23O+ 0.31 95 4 1 0 0.0057 0.13 0.006 0.093 0.006 0.09
unknown C6H9O2

+ 0.35 81 14 5 0 0.063 1.5 0.067 1 0.067 1
unknown C8H13O2

+ 0.3 85 12 3 0 0.026 0.6 0.027 0.42 0.027 0.4
unknown C9H15O3

+ 0.42 85 11 0 4 0.015 0.36 0.015 0.24 0.015 0.23
unknown C11H19

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C19H35

+ 0.24 88 12 0 0 0.0063 0.15 0.0064 0.1 0.0065 0.097
unknown C14H25

+ 0.23 94 5 0 1 0.025 0.58 0.025 0.4 0.025 0.38
unknown C9H15O2

+ 0.31 84 12 4 0 0.035 0.83 0.037 0.58 0.037 0.56
unknown C7H11O+ 0.47 78 9 10 2 0.11 2.6 0.11 1.8 0.11 1.7
unknown C9H15

+ 0.32 84 11 4 1 0.078 1.8 0.082 1.3 0.082 1.2
unknown C15H27

+ 0.19 97 3 0 1 0.022 0.52 0.023 0.35 0.023 0.34
unknown C8H13O+ 0.27 89 8 3 0 0.084 2 0.088 1.4 0.088 1.3
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unknown C2HO3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C16H29

+ 0.2 96 3 0 1 0.022 0.52 0.022 0.35 0.023 0.34
unknown C8H13

+ 0.31 86 8 4 2 0.2 4.7 0.2 3.2 0.2 3.1
unknown C18H33

+ 0.18 95 5 0 0 0.0095 0.22 0.0097 0.15 0.0098 0.15
unknown C3HO+ 1.1 67 5 23 5 0.013 0.32 0.014 0.23 0.015 0.22
unknown C8H11O+ 0.29 82 13 3 1 0.025 0.59 0.026 0.41 0.026 0.39
unknown C11H18N+ 3 64 1 7 28 0.0087 0.2 0.0081 0.13 0.008 0.12
unknown C5H5O3

+ 0.89 45 44 11 0 0.019 0.46 0.021 0.32 0.021 0.31
unknown C4H3O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C11H17O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H13O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C10H15O2

+ 0.34 79 17 3 1 0.014 0.33 0.015 0.23 0.015 0.22
unknown C7H9O2

+ 0.36 70 25 4 1 0.034 0.8 0.035 0.55 0.035 0.53
unknown C8H11O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C20H35

+ 0.29 82 18 0 0 0.0057 0.13 0.0058 0.09 0.0058 0.087
unknown C14H23O+ 0.34 93 4 1 2 0.016 0.38 0.017 0.26 0.017 0.25
unknown C10H15O+ 0.31 56 37 5 1 0.14 3.4 0.15 2.4 0.15 2.3
unknown C19H33

+ 0.19 88 12 0 0 0.012 0.29 0.013 0.2 0.013 0.19
unknown C13H21O+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H11O3

+ 0.54 80 17 0 4 0.0083 0.2 0.0082 0.13 0.0081 0.12
unknown C6H5O2

+ 0.39 78 18 3 0 0.039 0.91 0.041 0.64 0.041 0.61
unknown C15H23O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C11H15

+ 0.26 82 14 2 1 0.015 0.35 0.015 0.23 0.015 0.23
unknown C12H17O+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H11O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H11

+ 1.3 72 11 16 1 0.072 1.7 0.075 1.2 0.071 1.1
unknown C20H33

+ 0.25 83 17 0 0 0.0072 0.17 0.0073 0.11 0.0074 0.11
unknown C16H25

+ 0.21 94 6 0 0 0.016 0.38 0.017 0.26 0.017 0.25
unknown C9H11O+ 0.26 84 13 3 1 0.068 1.6 0.07 1.1 0.071 1.1
unknown C10H13O2

+ 0.36 91 4 2 2 0.017 0.4 0.018 0.28 0.018 0.27
unknown C10H13

+ 0.44 79 9 7 5 0.081 1.9 0.086 1.3 0.087 1.3
unknown C10H13O+ 0.84 97 3 -3 2 0.095 2.2 0.097 1.5 0.098 1.5
unknown C14H21

+ 0.21 93 6 0 1 0.013 0.31 0.014 0.21 0.014 0.21
unknown C19H31

+ 0.22 87 13 0 0 0.012 0.29 0.012 0.19 0.013 0.19
unknown C18H29

+ 0.17 94 6 0 0 0.015 0.35 0.015 0.24 0.015 0.23
unknown C15H23

+ 0.19 93 6 1 0 0.021 0.49 0.021 0.33 0.021 0.32
unknown C17H27

+ 0.16 96 4 0 0 0.016 0.38 0.017 0.26 0.017 0.25
unknown C14H19

+ 0.2 97 3 0 0 0.011 0.26 0.011 0.18 0.011 0.17
unknown C9H10N+ 3.4 63 6 31 0 0.0079 0.19 0.0092 0.14 0.0097 0.14
unknown C10H11O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C8H7O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C7H5O2

+ 0.39 84 9 7 0 0.033 0.78 0.034 0.54 0.034 0.51
unknown C8H7O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C11H13O+ 0.34 80 18 1 1 0.0072 0.17 0.0074 0.12 0.0074 0.11
unknown C16H23

+ 0.23 86 14 0 0 0.011 0.27 0.012 0.18 0.012 0.18
unknown C10H11O+ 0.36 86 8 4 1 0.0091 0.22 0.0096 0.15 0.0096 0.14
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unknown C20H31

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C15H21

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C18H27

+ 0.25 91 9 0 0 0.0061 0.14 0.0062 0.097 0.0063 0.094
unknown C19H29

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C17H25

+ 0.22 95 5 0 0 0.0078 0.18 0.0079 0.12 0.008 0.12
unknown C10H9O3

+ 0.33 78 22 0 0 0.0054 0.13 0.0055 0.086 0.0056 0.084
unknown C8H5O3

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C8H5O2

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C9H7O2

+ 1.1 68 8 24 0 0.013 0.31 0.014 0.22 0.014 0.21
unknown C14H17

+ 0.26 85 13 1 0 0.012 0.28 0.012 0.19 0.012 0.19
unknown C13H15

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C16H21

+ 0.23 94 6 0 0 0.0064 0.15 0.0065 0.1 0.0066 0.099
unknown C16H19

+ 0.3 89 11 1 0 0.0055 0.13 0.0057 0.089 0.0057 0.086
unknown C15H17

+ NA NA NA NA NA NA NA NA NA NA NA
unknown C16H17

+ 0.29 92 8 0 0 0.0066 0.16 0.0068 0.11 0.0069 0.1
unknown C13H11O+ 0.29 73 27 0 0 0.021 0.5 0.022 0.34 0.022 0.33



CHAPTER 4. HIGH-RESOLUTION EXPOSURE ASSESSMENT FOR VOLATILE
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Table 4.7.4: Acute hazard assessment of select VOCs. Indoor concentrations are presented
as time averages of measured living space concentrations for the periods that individual
occupants are indoors at home.a

Health guideline
(ppb)

Max concentration
(ppb)

Number of events exceeding a
health guideline

Ion formula Name
OEHHA

REL
ATSDR
MRL

H1
summer

H1
winter

H2
winter

H1
summer

H1
winter

H2
winter

C3H7O+ acetone 26000 61 23 4600 0 0 0
C2H5O+ acetaldehyde 260 180 160 2400 0 0 3
C3H5O+ acrolein 1.1 3 22 2.7 7.9 10 2 12
C3H4N+ acrylonitrile 100 0.23 0.053 0.12 0 0 0
C3H5O2

+ acrylic acid 2000 12 5.6 3.1 0 0 0
C6H7

+ benzene 8.5 9 2.9 2.2 1.5 0 0 0
CCl3+ chloroform 31 100 0.28 0.17 0.27 0 0 0

C6H15O2
+ 2-butoxyethanol 970 6000 0.39 NA NA 0

C6H5Cl2+ 1,4 dichlorobenzene 2000 0.055 0.034 0.055 0 0 0
CH5O+ methanol 21000 170 83 450 0 0 0
C4H9O+ methyl ethyl ketone 4400 21 6.3 26 0 0 0
C6H7O+ phenol 1500 1.7 1.5 1.1 0 0 0
C8H9

+ styrene 4900 0.9 0.29 1.3 0 0 0
C7H9

+ toluene 1300 2000 3.3 2.8 10.1 0 0 0
C8H11

+ xylene 5100 2000 1.6 0.75 1.2 0 0 0

a Reference exposure levels (OEHHA)[4] and minimal risk levels (ATSDR)[5] are presented for acute VOC exposures. OEHHA
defines acute exposure levels using a 1-h averaging time. ATSDR defines acute exposures using a 1–14 day averaging time.
OEHHA values were converted from mass per volume concentrations to mixing ratios by applying the ideal gas law and assuming
standard conditions (298 K, 1 atm). All concentrations are reported in ppb.
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Chapter 5

Intake Fractions for Volatile Organic
Compounds in Two Occupied
California Residences

This chapter is adapted from:

Lunderberg, D.M.; Liu, Y.; Misztal, P.K.; Arata, C.; Tian, Y.; Kristensen, K.; Nazaroff,
W.W.; Goldstein, A.H. Intake Fractions for Volatile Organic Compounds in Two Occupied
California Residences. Environ. Sci. Technol. Lett. 2021, 8, 386–391.

5.1 Abstract

Experimental estimates of residential intake fractions for indoor volatile organic compound
(VOC) releases are scarce. We evaluated individual intake fractions (iFi, mass inhaled by an
individual per unit mass emitted) using ∼ five months of time-resolved VOC measurements
acquired at two residences. First, we directly estimated iFi using inert tracer gases that were
released at fixed rates. Tracer gas iFi values were generally consistent between occupants
and comparable across seasons. Furthermore, iFi for sources released on different floors of
a residence were statistically indistinguishable, suggesting that source location within the
living space was not strongly influential. Emissions from living space sources (iFi ∼ 0.3%
= 3000 ppm) contributed to occupant exposures at rates 2–4 times higher than crawl space
sources (iFi ∼ 1000 ppm) and >40 times higher than attic sources (iFi < ∼70 ppm). Second,
we indirectly estimated iFi for 251 VOCs using net emission rates estimated by indoor-
outdoor material balance. Although emission patterns varied between compounds, all VOC-
specific iFi estimates were clustered near the values of the living space tracer gases. These
experimental observations substantiate the theoretical expectation that iFi values are largely
independent of analyte characteristics, a useful simplification for exposure assessments.
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5.2 Introduction

Mitigation strategies for limiting adverse health effects of air pollution often focus on iden-
tifying the specific sources that contribute the most to exposures.[1, 2] One metric that can
assist in such efforts is the intake fraction (iF), defined as a ratio: pollutant intake by a
population (by inhalation, ingestion, or dermal absorption) normalized by total pollutant
emissions from a given source or source category.[3] Intake fractions for air pollutants can
vary by orders of magnitude.[4, 5] Typical intake fraction values for outdoor pollutant re-
leases range from half of a ppm (i.e., 0.5 µg pollutant inhaled per g emitted) to a few hundred
ppm.[4] Typical values for indoor pollutant releases are much larger, ranging from hundreds
of ppm to a few percent (1% = 10,000 ppm). These high intake fractions for indoor releases
mainly reflect the much lower rate of per-occupant pollutant removal by ventilation indoors
as compared with the effective per-capita rate of pollutant transport by wind outdoors.[6]

Various forms of the intake fraction concept have been used in life cycle assessments
(LCAs) to enable rapid evaluations of the magnitude of human exposure to pollutants in
consumer and commercial products.[7–14] Indoor intake fractions have been estimated using
material balance models.[5, 6, 14, 15] For volatile organic compounds (VOCs), these models
indicate that intake fractions are principally controlled by air-change rates and by occupant
behaviors.[5, 6] Empirical determinations of VOC intake fractions are scarce. One study of
this type calculated intake fractions from surveys of air-change rates and activity pattern
surveys[16] that assess time spent at home.[17] A critical untested conclusion of prior studies
is that intake fractions of VOCs are independent of analyte temporal behavior, such as
whether emissions are baseline dominated or spike dominated, and physical properties such as
vapor pressure. While a few studies have utilized time-resolved experimental measurements
to evaluate particulate matter intake fractions,[18–20] we were unable to identify any such
experimental studies for VOC intake fractions in residences.

In this study, we report individual intake fractions (iFi) via inhalation in two normally
occupied residences in northern California as determined over three measurement campaigns.
Intake fractions were assessed using chemical measurements from an online fast-response
mass spectrometer, time-activity budgets from daily logs, and assumed standard breathing
rates. To assess the importance of source location for non-reactive VOCs, we report iFi

for inert tracer gases that were released continuously at fixed rates in the living space,
crawl space, and attic at each residence. To assess iFi variability among diverse sources
with different temporal behaviors and physical properties, we also report iFi for 251 distinct
VOCs sampled across three field campaigns using time-resolved emissions data derived by
material balance. This study expands upon prior reports of speciated VOC emissions[21]
(H1 only) and indoor exposures (H1 and H2).[22]
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5.3 Materials and Methods

5.3.1 Site Description

The H1 and H2 monitoring campaigns have been extensively described;[21–24] a brief sum-
mary is provided here. Detailed measurements of airborne organic compounds and partic-
ulate matter were acquired at two normally occupied California residences in the East Bay
region of the San Francisco Bay Area over three monitoring campaigns (H1 summer, H1
winter, H2 winter). The residences are single-family, wood-frame houses built in the late
1930s (H1) and early 1950s (H2) with approximately 180 m2 of floor area each. The H1 site
was a two-level residence, whereas the H2 site was a single-story house. The H1 and H2
residences were respectively occupied by two persons (adults designated H1M1 and H1F1)
and four persons (two adults designated H2M1 and H2F1, a teenager, and an adult present
only for a fraction of the campaign). During the campaigns, residents were encouraged to
maintain their regular behavioral patterns with regard to indoor activities. Individual intake
fractions were assessed for each of the two main adult occupants in each residence.

5.3.2 Study Design

This work focuses on VOC measurements acquired by a proton-transfer reaction time-of-
flight mass spectrometer (PTR-ToF-MS)21-23 and daily occupant activity logs. At each
residence, VOC concentrations were monitored at one outdoor and five indoor locations
on a 5-minute rotating sample cycle yielding measurements at six locations once every 30
minutes. The five indoor locations were selected to characterize both the general living space
(kitchen, bedroom hallway; living room for H2 only) as well as coupled unoccupied spaces
(crawl space, attic; basement for H1 only). The H1 residence is constructed on two levels,
with a kitchen, living room, and dining room situated toward the front (lower level) and a
half flight of stairs connecting three bedrooms and two baths toward the back (upper level).
The H1 basement is a single room beneath one bedroom. The remainder of the house has
a crawl space beneath the floor. Both the H1 and H2 residences contain an attic above the
main living space. The H1 and H2 floorplans with PTR-ToF-MS sampling locations have
been reported previously.[22,23] Daily logs yielded basic time-activity information (‘awake’,
‘asleep’, ‘away’) with roughly 5-minute time resolution for each occupant.

Three non-reactive deuterated VOCs, propene-d6, propene-d3, and butene-d3 (“tracer
gases”), were simultaneously released at fixed emission rates at different locations within the
residences. The release of tracer gases served 1) to estimate time-resolved ventilation rates
and indoor airflow patterns and 2) to simulate the release of continuous indoor sources in
different indoor zones. Two tracer gas release schemes were used over the three monitoring
campaigns. In the first scheme, the three tracer gases were emitted into the crawl space, the
living space, and the attic at the H1 and H2 site to study air-change rates and interzonal
flows throughout the entire residence. In the second scheme, the tracer gases were deployed
in the crawl space, lower living space, and upper living space (H1) or the crawl space, kitchen
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and living room (H2) to investigate interzonal transport and mixing within coupled living
spaces.

5.3.3 Analysis and Calculations

In this work, we assess the individual intake fraction (iFi), i.e. the ratio of pollutant mass
inhaled by a single occupant to pollutant mass emitted. Inhalation masses were estimated
using chemical measurements from an online fast-response mass spectrometer (30-minute
time resolution), time-activity budgets from daily logs (5-minute time resolution), and age-
bracket-specific standard breathing rates taken from the United States Environmental Pro-
tection Agency Exposure Factors Handbook.[26]

Emitted masses were determined using both direct and indirect experimental designs.
First, we use the known emission rates of tracer gases as “direct estimates.” These can be
interpreted as surrogates for general inert emission sources released at constant rates in the
living space, crawl space, and attic of the respective residences. Based on the direct estimate
approach, we report iFi estimates with daily time resolution in this study. Second, we use a
material balance model21 to determine net indoor VOC emissions for 251 compounds with
different temporal behavior and physical properties at 2-hour time resolution as “indirect
estimates.” A representative subset of compounds spanning orders-of-magnitude in vapor
pressure is reported in Table 5.7.1. We report campaign-average iFi values in this study
design. A limitation of both study designs is that concentrations were measured in station-
ary locations as opposed to human breathing zones. As such, proximity effects, especially
during occupant activities such as cooking, may produce actual individual intake fractions
that are underestimated for some compounds.25 The magnitude of the proximity effect is
expected to be unimportant for continuously released sources due to efficient mixing in the
residence living space.23 A detailed description of our approach is reported in the supporting
information.

5.4 Results and Discussion

We report iFi values for the H1 summer, H1 winter, and H2 winter monitoring campaigns
(Figs. 5.4.1, 5.7.1, 5.7.2). For each campaign, we report direct estimates of iFi for tracer
gases that were released at fixed rates in the living space, crawl space, or attic of the studied
residences (Table 5.4.1). These values represent direct iFi estimates for continuously released
sources and can be interpreted as proxies for a generic source release in those locations.
We also estimated indoor emission rates for the 251 unique VOCs observed over the three
monitoring campaigns. Using these emissions data, we report campaign-averaged indirect
iFi estimates for all 251 VOCs (Figure 5.4.2).
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Figure 5.4.1: Time series of experimental data from study site H1 during the summer
monitoring campaign. Times when occupants are present at the residence are marked in
black in the uppermost panel. Time-resolved air-change rates are shown for the living space
in the second panel. Daily individual intake fraction (iFi) values for the continuously released
tracer gas sources are shown for the H1M1 occupant in the third panel. The adjusted living
room concentration (raw concentration [µg m−3] divided by the mass release rate [µg h−1]) of
the continuously released tracer gas sources is shown in the bottommost source panel. Data
proximate with changes to the tracer gas sources (location or release rate) are excluded.
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Figure 5.4.2: Mean individual intake fraction (iFi) values for all observed VOCs during
the H1 summer (217 compounds), H1 winter (170 compounds), and H2 winter (205 com-
pounds) measurement campaigns are summarized in violin plots for two occupants in each
house (H1M1, H1F1, H2M1, H2F1). The expected value as determined experimentally by
continuous tracer-release is shown in red. Values corresponding to C7H4ClF2, a compound
of predominantly outdoor origin, are not shown.
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Table 5.4.1: Summary statistics (mean ± standard deviation) of daily individual intake fractions (iFi) for tracer gases
released in different locations during the H1 summer, H1 winter, and H2 winter campaigns.a

H1 summer H1 winter H2 winter

Source released in: sample size (days)
H1M1 iFi

(ppm)
H1F1 iFi

(ppm)
sample size

(days)
H1M1 iFi

(ppm)
H1F1 iFi

(ppm)
sample size

(days)
H2M1 iFi

(ppm)
H2F1 iFi

(ppm)

crawl space n = 36
900

(± 400)
800

(± 200)
n = 25

1100
(± 300)

900
(± 200)

n = 27
1300

(± 400)
900

(± 300)

living spaceb n = 24
3500

(± 1500)
3100

(± 900)
n = 25

3900
(± 1100)

3200
(± 800)

n = 27
2400

(± 800)
1700

(± 700)

upper living space n = 36
3300

(± 1500)
2800

(± 900)
n = 6

3400
(± 900)

3000
(± 500)

- - -

attic N/A c <30 <30 N/A c < 80 < 70 N/A c < 70 < 60

a The number of daily determinations for each category is n.
b The “living space” refers to the “lower living space” at the two-level H1 residence and the “general living space”

at the single story H2 residence.
c An upper bound campaign-average iFi value is reported in place of summary statistics for daily iFi values.
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5.4.1 Direct Individual Intake Fraction Estimates via Controlled
Emissions

Concentration time series of tracer sources, daily iFi values, and time-resolved air-change
rates are shown in Figure 5.4.1 for the H1M1 occupant during the H1 summer campaign.
Similar data are shown for the H1 winter and H2 winter seasons in the SI (Figs. 5.7.1,
5.7.2). Changes in the concentration time series of the inert tracer gases are primarily
associated with ventilation patterns, which are influenced by interzonal flows and the living
zone air-change rate. The air-change rate is influenced by the extent to which doors and
windows are open, indoor-outdoor temperature differences, and outdoor wind speed.[23] In
the summer, a diurnal pattern is observed with enhanced ventilation during daytime periods
leading to decreased tracer concentration. During summer nights periods, indoor/outdoor
temperature differences are smaller, and doors and windows are more commonly closed,
leading to enhanced tracer concentrations. The increase in iFi from enhanced nighttime
tracer concentrations is partially mitigated during sleeping hours owing to lower occupant
breathing rates. Considering time varying ventilation rates and the occupants’ time-activity
patterns, daily iFi for the living space and crawl space tracer releases spanned factors of 7
and 6 in range, respectively.

In total, iFi for living space sources were largely independent of source location, season,
and occupant behavioral patterns. We highlight that iFi for two sources released on different
levels of the two-level H1 residence were statistically indistinguishable due to high rates of
internal mixing (Table 5.4.1). This finding suggests that source location within the general
living space is not a key determinant for occupant exposures at the H1 site, where all interior
doors were intentionally left open during the monitoring campaigns. Similarly, we note that
iFi values were comparable between occupants at the H1 site and occupants at the H2 site.
Male iFi values were slightly larger than female iFi values, primarily due to larger assumed
inhalation rates. Male iFi values are statistically indistinguishable from female iFi values
when identical inhalation rates are assumed. We stress that these results were obtained at
only two sites with four occupants. If generalizable to the broader population, these findings
suggest that temporal differences in occupant behavior may not be key determinants of iFi

values. Estimated iFi values for the two living space sources were slightly higher in the H1
winter season than in the H1 summer season, largely due to lower air-change rates during the
winter period.[23] Estimated iFi of living space sources for the H2 winter season were slightly
lower than those observed at the H1 summer and H1 winter seasons. While mean ventilation
rates were comparable between the two sites (H1 summer = 160 m3 h−1, H1 winter = 120
m3 h−1, H2 winter = 170 m3 h−1), ventilation rates during periods of occupancy were higher
during the H2 winter campaign, leading to the discrepancy.

Emissions into the general living space were considerably more impactful for occupant
exposures than emissions in hidden coupled spaces. At the H1 and H2 sites, sources released
in living spaces (iFi = 1700–3900 ppm) reached human receptors at average rates 2–4 times
higher than crawl space sources (700–1300 ppm) and >40 times higher than attic sources
(iFi < ∼70 ppm, season dependent). The attic tracer was often near or below the limit
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of detection (defined as 3.3 sigma of blank measurements). During calculations of iFi, we
replaced non-detect measurements with the limit of detection value; attic iFi values therefore
represent an upper bound estimate. Although the air-change rate during occupancy was
higher at the H2 site than at the H1 site, the H2 crawl space source entered the living space
at higher efficiency leading to a minor increase in iFi for crawl-space emissions at H2 as
compared to H1.

To contextualize iFi values reported in this work, we note that the time-averaged pop-
ulation intake fraction for distributed ground-level outdoor pollutant releases in the San
Francisco Bay Area is estimated to be 38 parts per million.[4] That value, which accounts
for inhalation intake of non-reactive airborne pollutants by the entire urban population, is
roughly 100 times smaller than iFi values reported in this work for inhalation intake by
individuals for pollutant releases within the normally occupied space of their residences. As
theoretically anticipated,[1, 2] indoor pollutant releases contribute much more to exposures
than do outdoor pollutant releases per unit mass emitted.

We also highlight that first-order approximations are comparable to the time-resolved
estimates provided in this work.[5] Using mean ventilation rates for the H1 summer (160 m3

h−1), H1 winter (120 m3 h−1), and H2 winter (170 m3 h−1) campaigns, age-specific daily
breathing rates of 14.2 m3 d−1 (H1) and 15.7 m3 d−1 (H2),[26] and a population average of
69% time spent in a residence,[16] the first-order estimate of iFi values at the three residences
would be 2600 ppm, 3400 ppm, and 2700 ppm, respectively. These estimates based on
theoretical expectations are within 30% of the direct experimental estimates determined
from controlled tracer release. We note that the mean ventilation rates for this analysis
were derived via material balance of the same time-resolved tracer gas concentrations as the
“direct estimate” approach. Therefore, the resemblance between the time-resolved “direct
estimate” approach and the time-averaged “first-order approximation” approach is partially
attributable to methodological overlap.

5.4.2 Indirect Individual Intake Fraction Estimates for VOCs

Time-resolved indoor emission rates were evaluated by material balance for 251 distinct
VOCs observed in the H1 summer, H1 winter, and H2 winter campaigns. These VOCs
originated from diverse source processes, including continuous emissions from the building
and its contents, episodic emissions from occupants and their activities such as cooking,
cleaning, use of personal care products,21 and indoor chemistry,[27] resulting in substantial
variability in mean concentration, temporal variability, and analyte physical properties. The
emissions data were used to estimate the iFi values as summarized graphically in Figure 5.4.2.
The iFi values tended to cluster and were comparable to values more directly estimated by
tracer release.

A key assumption in some exposure assessment methods is that intake fraction values
are largely analyte independent, as theory predicts.[5] Assuming that this assumption is
correct, exposures in microenvironments with known emission patterns can be estimated
using compound-independent intake-fraction values. In congruence with theoretical expec-
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tations, our results provide direct empirical evidence that the temporal behavior of a source
(as for instance, a continuously released emission from the building or an episodically re-
leased emission from an occupant activity) does not strongly affect iFi for a broad suite of
mainly organic compounds measured by PTR-ToF-MS (Figure 5.7.3). Limitations of this
work include that it did not conduct personal monitoring or consider the influence of variable
occupant breathing rates beyond a binary awake/asleep distinction. The approach used in
this work would also underestimate emissions for strongly sorbing compounds or for com-
pounds that undergo chemical degradation at fast time scales in the indirect experimental
design, resulting in an overestimate of the respective iFi value. These latter influences are
expected to be minor. Another important consideration is the small sample size — only two
households and four occupants were considered in this study. Additional work is needed to
demonstrate applicability of the results to larger populations.

This study reports individual intake fraction (iFi) values in two normally occupied resi-
dences via time-resolved VOC measurements. We find that iFi values for VOC sources within
the living space were consistent with past estimates and largely independent of source loca-
tion, occupant behavioral patterns, and season. However, iFi values for sources in the crawl
space and especially for sources in the attic were smaller. Ultimately, this work corroborates
theoretical expectations that indoor inhalation intake fractions are principally influenced by
the ventilation patterns and generally independent of analyte characteristics.
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5.7 Supporting Information

5.7.1 Calculation of Individual Intake Fractions

The individual intake fraction is the ratio of pollutant mass inhaled (Minh) to the pollutant
mass emitted (Memit) for an individual occupant (Eq. 5.1.

iFi =
Minh

Memit

(5.1)

We define the function P (t) to account for the time when the occupant is present within
the indoor space.

P (t) =

{
1 if occupant present at time t
0 otherwise

(5.2)

Then, Minh can be estimated as the integral of the airborne pollutant concentration
(C(t)), the occupant breathing rate (QB(t)), and P (t). For continuous pollutant releases,
Memit can be estimated as the integral of the emission rate E(t) over some time interval of
duration T .[1] Substitution of both expressions into Equation 5.1 yields Equation 5.2.

iFi =

∫ T
0 C(T )×QB(T )× P (t)dt∫ T

0 E(t)dt
(5.3)

For continuously released tracer gases with fixed emission rates, we calculated iFi on each
calendar day from midnight to midnight (T = 24 h). An unavoidable uncertainty in this
approach is that pollutants emitted during the final hours of each calendar day could be
inhaled during the first few hours of the following day. The general consistency of conditions
at midnight (since, for example, occupants tended to be sleeping) limits the error caused
by this estimation detail. Also, the living space air-change rate during the three monitoring
campaigns typically varied in the range 0.3–0.5 h−1, with corresponding residence times of
2–3 hours. Because T = 24 h is much larger than the pollutant residence time and because
airborne pollutant concentrations were moderately stable, especially when the occupants
were inactive, the associated errors are expected to be small (< 10%). For observed VOCs
with estimated net emission rates, we calculated iFi over the full monitoring period (T =
duration of campaign).

True experimental determinations of Minh would require airborne concentrations to be
measured directly in the breathing zone of the occupant. That approach isn’t compatible
with PTR-based sampling in an observational study. In this work, we used the living space
sampling location (“kitchen” at H1, “living room” at H2) during occupant waking hours
and the stationary bedroom hallway sampling location during occupant sleeping hours as
proxies for measurements of breathing zone concentrations. Occupant time budgets were de-
termined using daily logs, with time resolution of approximately 5 minutes. Due to proximity
effects, we expect moderate biases for strong episodic sources, such as those originating from
cooking.[2] However, we expect any such biases to be minor for continuous indoor sources
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based on the similarity of measurements of tracer gases released in different locations of the
occupied space.[3] During the H1 campaigns, the bedroom doors were always left open such
that the bedroom hallway measurement was an appropriate proxy of breathing zone concen-
trations during sleeping periods. However, during the H2 winter campaign, bedroom doors
were closed during sleeping hours, which created a partially decoupled space. Therefore,
there may be some uncharacterized biases in the H2 “direct estimate” results when using
the bedroom hallway concentrations as a proxy for nighttime breathing zone concentrations.
For the “indirect estimate” approach at H2, we use only the living room sampling location
to estimate breathing zone concentrations due to small data gaps in the bedroom hallway
sampling location. Concentration measurements in the bedroom hallway and living room
were largely comparable during periods of co-measurement. In all cases, we use adjusted
indoor concentrations (indoor concentration minus outdoor concentration) when calculating
inhaled masses to avoid incorporating the influence of outdoor sources. For most VOCs, the
indoor concentrations were markedly higher than those outdoors, so correcting for outdoor
air contributions does not introduce much uncertainty.

We used two separate approaches to determine the emission rate E(t). First, in the “direct
estimate” study design, the emission rate is known as the experimentally controlled tracer
release rate. Second, in the “indirect estimate” study design, we used VOC-specific emission
rates that were previously reported at two-hour time resolution for the H1 site[4] and calcu-
lated in this work for H2 using the same procedure. To briefly summarize this method, tracer
gases were used to estimate time-resolved air-change rates in the living space.[3] Then, after
assuming non-reacting physicochemical behavior and well-mixed conditions, time-resolved
estimates of net VOC emissions were prepared at 2–hour time resolution.[4] These net VOC
emission rates were interpolated to the same 5-minute time resolution as occupant presence
data to calculate campaign-average iFi values. Time periods when air-change rates could not
be reported or when researchers influenced indoor air concentrations were not considered in
the analysis.

The material balance approach only accounts for loss from indoor air by means of ven-
tilation. For most VOCs, loss rates by other mechanisms are expected to be small when
compared to loss rates from indoor-to-outdoor transport. If any loss process beyond ventila-
tion occurred, such as pollutant removal by a range hood during cooking, chemical degrada-
tion, or sorption to surfaces, the net emission rate as calculated by the “indirect estimate”
approach will be underestimated. In turn, this would lead to overestimates of iFi. While
pollutant removal by a range hood is an effective source-control measure that reduces ex-
posures, both chemical degradation and surface sorption may interfere with interpretation
of iFi as health-relevant byproducts are created and surfaced-sorbed pollutants can be re-
emitted in later periods. Net deposition to surfaces was sometimes observed during large
concentration spikes. We assumed that deposited VOCs would be re-emitted in the near fu-
ture. Therefore, only positive net emission rates were considered during calculation of intake
fractions to avoid double counting. The assumption was rarely impactful. In the absence
of loss processes, we expect the largest uncertainties to originate from determination of the
house volume and estimation of variable occupant breathing rates using standard reported
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values in place of real values. The volume of each residence was estimated by direct measure-
ment of room dimensions with subtractions for occluded spaces (cabinets, closets) and major
furniture. Because the volume of occluding objects is small relative to the house volume,
we estimate that volume uncertainties are no greater than 10% at H1. Uncertainties in the
effective (well-mixed interior) house volume are larger at H2 due to variable door positions.

For both experimental designs, we estimate occupant breathing rates for principal oc-
cupants using values from the USEPA Exposure Factors Handbook.[5] At conclusion of the
study, occupants H1M1 and H1F1 were in the 61–70 years age bracket, while occupants
H2M1 and H2F1 were in the 51–60 years age bracket. Accordingly, we assumed inhalation
rates of 0.35, 0.26, 0.33, and 0.26 m3 h−1 for the four respective occupants during sleep-
ing hours. We assumed that waking hours corresponded to light-intensity activity levels.
Accordingly, we assumed inhalation rates of 0.83, 0.71, 0.86, and 0.70 m3 h−1, respectively.

5.7.2 Figures and Tables

Figure 5.7.1: Time series of experimental data from study site H1 during the winter
monitoring campaign. Times when occupants are present at the residence are marked in
black in the uppermost panel. Time-resolved air-change rates are shown for the living space
in the second panel. Daily iFi values for the continuously released tracer gas sources are
shown for the H1M1 occupant in the third panel. The adjusted living room concentration
(raw concentration [µg m−3] divided by the mass release rate [µg h−1) of the continuously
released tracer gas sources is shown in the bottommost source panel. Data coincident with
changes to the tracer gas sources (location or release rate) are not shown.



CHAPTER 5. INTAKE FRACTIONS FOR VOLATILE ORGANIC COMPOUNDS 159

Figure 5.7.2: Time series of experimental data from study site H2 during the winter
monitoring campaign. Times when occupants are present at the residence are marked in
black in the uppermost panel. Time-resolved air-change rates are shown for the living space
in the second panel. Daily iFi values for the continuously released tracer gas sources are
shown for the H2M1 occupant in the third panel. The adjusted living room concentration
(raw concentration [µg m−3] divided by the mass release rate [µg h−1]) of the continuously
released tracer gas sources is shown in the bottommost source panel. Data coincident with
changes to the tracer gas sources (location or release rate) are not shown. Data from an
additional multiweek period where indoor measurements were made only in the kitchen are
not shown.
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Figure 5.7.3: Mean iFi values for all major VOCs observed during the H1 summer, H1
winter, and H2 winter campaigns are compared against the mean-to-median ratio of each
VOC’s concentration time series, a proxy for episodic emissions. Both the H1 summer and H1
winter campaigns have excluded a non-impactful x-axis outlier. Data in temporal proximity
to changes in VOC source behavior (change in source location or source release rate) are not
shown.



C
H
A
P
T
E
R

5.
IN

T
A
K
E
F
R
A
C
T
IO

N
S
F
O
R

V
O
L
A
T
IL
E
O
R
G
A
N
IC

C
O
M
P
O
U
N
D
S

161
Table 5.7.1: Physicochemical properties (T = 298 K) and individual intake fractions (iFi) of selected compounds.a

H1 summer H1 winter H2 winter

Class Ion Name
log
Koa

log P
(atm)

MMR H1M1 H1F1 MMR H1M1 H1F1 MMR H2M1 H2F1

iFi

(ppm)
iFi

(ppm)
iFi

(ppm)
iFi

(ppm)
iFi

(ppm)
iFi

(ppm)
alcohol CH5O+ methanol 2.88 -0.78 1.02 2990 2520 1.06 4170 3390 1.24 2940 2050
alcohol C2H7O+ ethanol 3.25 -1.11 2.37 3410 2850 2.47 4280 3950 3.39 3610 1840
aromatic C6H7

+ benzene 2.78 -0.9 1.06 2840 2450 1.06 4290 3340 1.1 2870 2060
aromatic C8H11

+ xylene + ethyl
benzeneb

3.79 -1.94 1.08 2790 2430 1.08 4130 3220 1.08 2780 1960

aromatic C6H7O+ phenol 6.33d -3.34 1.01 2830 2440 1.03 4130 3300 1.02 2730 1960
aromatic C4H6N+ pyrrole 3.88d -1.96 2.43 3640 2750 1.39 5260 3610 1.91 3660 2750
carbonyl C2H5O+ acetaldehyde 2.22d 0.07 1.28 3080 2610 1.26 4020 3500 2.48 3570 2300
carbonyl C3H5O+ acrolein 2.29d -0.44 1.08 2880 2470 1.05 4080 3320 1.12 2750 1940
carbonyl C6H13O+ hexanal + isomers 4.41 -1.83 1.03 2930 2500 1.05 4070 3320 1.04 2900 2030
carboxylic
acid

C2H5O2
+ acetic acid + iso-

mers
4.31 -1.68 1.01 2890 2450 1.02 4040 3240 1.04 2650 1850

carboxylic
acid

C3H5O2
+ acrylic acid 5.17d -2.28 1.11 2850 2420 1.07 4060 3330 1.11 2870 2030

carboxylic
acid

C8H17O2
+ octanoic acid + iso-

mers
7.52d -5.31 1.03 2650 2310 1 3700 3040 1.03 2670 1890

furanoid C5H5O2
+ furfural 4.22d -2.54 1 2950 2480 1.06 4100 3270 1.04 2710 1980

halogen CCl3+ chloroform 2.8 -0.59 1 3380 2730 0.99 4410 3720 1 2760 1910
nitrile C2H4N+ acetonitrile 2.31 -0.93 1.07 3230 2750 1.12 4430 3490 1.07 2610 1770
organosulfurs CH5S+ methanethiol 6.08d 0.3 1.17 3200 2710 1.17 4200 3530 2.6 3750 2560

siloxane C8H25O4Si
+
4 D4 siloxane 3.98d -2.86 1.09 3000 2440 1.09 4120 3220 1.17 2120 1470

siloxane C12H37O6Si
+
6 D6 siloxane 5.86d -4.65 1.99 2650 2140 1.57 3750 3140 1.2 2710 1860

other C5H9
+ isoprene 2.06 -0.14 1.06 3130 2600 1.06 4320 3410 1.08 2980 2120

other C10H17
+ monoterpenesc 4.45d -2.69 1.36 3150 2700 1.91 4950 3560 1.58 2960 2130

mean 3020 2540 4230 3400 2930 2020
(± st. dev.) (± 260) (± 170) (± 350) (± 210) (± 400) (± 270)

a Octanol-air partition coefficients (Koa) and vapor pressures (P ) acquired directly from PubChem unless otherwise
stated. Last accessed on 25 March 2021.
b Physicochemical properties reported for the para-xylene isomer.
c Physicochemical properties reported for the limonene isomer.
d Direct reports of Koa not available from PubChem. Koa was calculated via octanol-water partition coefficients
(Kow) and Henry’s law constants (KH) available from PubChem, where [log(Koa) = log(Kow) + log(KH × RT )].



CHAPTER 5. INTAKE FRACTIONS FOR VOLATILE ORGANIC COMPOUNDS 162

5.7.3 Supporting Information References

[1] Nazaroff, W. W. Inhalation intake fraction of pollutants from episodic indoor emissions.
Build. Environ. 2008, 43, 269–277.

[2] McBride, S. J.; Ferro, A. R.; Ott, W. R.; Switzer, P.; Hildemann, L. M. Investigations of
the proximity effect for pollutants in the indoor environment. J. Expo. Anal. Environ.
Epidemiol. 1999, 9, 602–621.

[3] Liu, Y.; Misztal, P. K.; Xiong, J.; Tian, Y.; Arata, C.; Nazaroff, W. W.; Goldstein,
A. H. Detailed investigation of ventilation rates and airflow patterns in a northern
California residence. Indoor Air 2018, 28, 572–584.

[4] Liu, Y.; Misztal, P. K.; Xiong, J.; Tian, Y.; Arata, C.; Weber, R. J.; Nazaroff, W. W.;
Goldstein, A. H. Characterizing sources and emissions of volatile organic compounds in
a northern California residence using space- and time-resolved measurements. Indoor
Air 2019, 29, 630–644.

[5] Chapter 6 – Inhalation Rates. Exposure Factors Handbook 2011 Edition (Final Re-
port); EPA/600/R-090/052F; U.S. Environmental Protection Agency: Washington,
DC, 2011.



163

Chapter 6

Conclusions

6.1 Summary

The first half of this dissertation reports some of the first high-time resolution measurements
of SVOCs in indoor residences. Specific focus on airborne concentrations and gas-particle
phase partitioning of phthalate diesters is given in Chapter 2. Concentrations of gaseous
phthalates were modulated by temperature, while concentrations of diethyl hexyl phthalate
(DEHP), a compound with variable gas-particle phase partitioning, was strongly linked to
airborne particle mass concentration. It is inferred that airborne particles were indirectly
stimulating emissions of DEHP by aiding mass transport from condensed-phase surface reser-
voirs to bulk air. Similarly, the gas-particle phase partitioning of DEHP was observed to
be related to both particle mass concentration and temperature. Increases in particle mass
concentration and decreases in temperature were associated with higher particle-phase frac-
tions. While phthalate diesters are just one class of compounds of public-health interest
among thousands of observed chemicals, the results are a useful case study and many find-
ings will generalize to SVOCs with similar physicochemical properties, such as vapor pressure
or octanol-air partitioning coefficients. Key findings specific to phthalates from Chapter 2
were generalized to other compounds and SVOC in total in Chapter 3. SVOC were aggre-
gated into bins of similar volatility based on retention time. Predominantly gaseous SVOC
with vapor pressures similar corresponding to the C13 – C23 alkanes were strongly linked
with temperature. Observed temperature dependences were largely comparable to expec-
tations from theoretical models. Similarly, predominantly particle-phase SVOC with vapor
pressures corresponding to the C25 – C31 alkanes were strongly linked to particle mass con-
centration. Siloxanes released in a major emission event were also observed to deposit on
surfaces before re-emission into bulk air during subsequent particle loading events.

The second half of this dissertation focuses on human exposure to VOCs. In Chapter 4,
a high-resolution exposure assessment was conducted. The analysis used multi-month high-
time resolution VOC measurements collected from three intensive monitoring campaigns to
(a) conduct a source apportionment analysis, (b) conduct a risk-based prioritization analysis,
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and (c) assess how well high-time resolution measurements correspond to simulated results
from traditional exposure analyses. A key finding is the discovery that for >90% of observed
VOCs, the predominant contributor to chronic exposures originated from the building and
its static contents rather than outdoor-to-indoor infiltration or episodic activities such as
cooking. While some compounds such as acrolein, acetaldehyde, and acrylic acid were ob-
served to exceed health guideline values, it was noted that ∼90% of compounds did not
have associated toxicity data for comparison and were unable to be analyzed. In Chapter 5,
continuously released inert tracer gases were used to simulate static pollutants. By linking
occupant activity logs with real-time concentration data, the first experimental estimates of
intake fractions (ratio of mass inhaled versus mass emitted) were reported. Intake fractions
for pollutants released in different levels of the living space were indistinguishable at the H1
residence, where interior living space doors were intentionally left open. Pollutants released
in the crawlspace yielded intake fractions roughly 2–4 times smaller than that of living space,
while pollutants released in the attic were >40 times smaller than living space sources. In-
take fractions are generally assumed to be compound independent. The study also provided
the first experimental evidence to verify this key assumption, but estimating emissions and
thereby intake fractions for >200 VOCs observed within the residence.

6.2 Future work

This dissertation represents an advancement in the state of knowledge on organic chemicals
in indoor air. Significant knowledge gaps remain. Several additional opportunities for further
study are considered below.

1. Advances in offline analytical instrumentation provide significant opportunities for ad-
ditional survey-based study designs. Existing survey studies often use a targeted-
analysis approach where quantification is limited to pre-selected analytes of interest.
Many of these compounds are selected on the basis of public-health interest. However,
in outdoor atmospheric chemistry, two dimensional gas chromatography time-of-flight
mass spectrometry has been able to resolve thousands of unique organic chemicals in
non-targeted analyses. Similar studies in indoor air would prove highly informative.
While it is important to study compounds of public-health interest, it is also important
to understand the underlying principles that govern abundances of organic chemicals
indoors. A cross-sectional analysis that quantifies thousands of chemicals in hundreds
of residences and simultaneously provides information about polarity and volatility
would be of immense value in studying these principles. Additionally, identifying asso-
ciations between compounds found among residences may also yield new insights into
surface-oxidation chemistry and gas-particle-surface phase partitioning.

2. While high-resolution exposure assessments were conducted for VOCs, similar analy-
ses have yet to be conducted for SVOCs. SVOCs originate from a variety of sources,
including static sources related to the building and its contents, episodic activities such
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as cooking related to occupant behavior, and external sources related to outdoor-to-
indoor ventilation. Similar to VOCs, our preliminary findings suggest that gaseous
SVOC exposures are largely related to the building and its static contents. However,
exposures to low-volatility SVOCs that are predominantly bound to particles are gen-
erally attributed to episodic emission events such as cooking. An absence of high-time
resolution SVOC concentration data exists in the literature and further effort is needed
to explore what factors influence airborne exposures to SVOCs.

3. The results from these studies focus on two normally occupied residences and one
test house. Our findings, while informative, may not fully generalize to the larger
building stock or to other occupants with different behavioral patterns. It will be
important to continue conducting intensive studies of residences with fundamentally
different parameters to determine how well these findings generalize to other locations.
The residences characterized in this study were older single family wood-framed homes
with no recent history of remodeling, refurnishing, or smoking. Identifying homes for
study with different key parameters, for instance a multi-family apartment complex
that has been recently remodeled, would be of high value.
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