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Abstract
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By
Caleb M. Arata
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Allen H. Goldstein, Co-Chair
Professor Ronald C. Cohen, Co-Chair

The vast majority of earth’s atmosphere is outside, yet humans spend ~90% of their time indoors
so the air they breathe is dominantly indoor air. Indoor air differs substantially from outdoor air
in terms of its organic chemical composition and transformation processes, driven by key
features including lower oxidant levels, less intense sunlight, higher surface area to volume
environment, and more direct human influence While this dissertation looks at indoor air at a
variety of scales, a consistent focus is that the human occupant is a defining feature of indoor air.
This dissertation investigates how human activity affects indoor oxidant levels, how the human
body directly influences the composition of indoor volatile organic compounds (VOCs), and how
human activities control the emission of VOCs into the indoor environment.

Chapter 1 introduces the motivation for this work, provides a brief overview of key issues in
atmospheric chemistry associated with the study of indoor air, reviews key prior knowledge of
indoor air VOCs and oxidants that set the groundwork for the following chapters. A brief
description of the instrumentation used to measure indoor VOCs is discussed, and a roadmap to
this dissertation is provided.

In Chapter 2 we present direct indoor measurements of the nitrate radical (NO3) and dinitrogen
pentoxide (N2Os) produced from combustion cooking emissions in a residential kitchen. The
presence and importance of NO3 indoors had been hypothesized as early as 1986, however this
chapter presents the first ever direct measurement made indoors. When indoor ozone (O3)
concentration was low (~4 ppbv), nitric oxide (NO) emitted from gas-stove combustion
suppressed NO;3 formation. However, at moderate O; levels (~40 ppbv), measured NO3
concentrations reached 3 to 4 pptv, and the indoor NOs reactivity loss rate coefficient reached
0.8 s'!. A box model of known chemistry agrees with the reactivity estimate and shows that
moderate O3 levels led to a nitrate radical production rate of 7 ppbv h!. These indoor NO3
production rates and reactivities are much higher than is typical outdoors. At low O3 levels
indoor combustion suppresses nitrate radical chemistry, but when sufficient O3 enters residences
from outdoors or is emitted directly from indoor sources, gas stove combustion emissions
promote indoor NO3 chemistry. Therefore in polluted regions with high levels of ozone, indoor
NO; chemistry will take on a greater importance.



Chapter 3 presents a laboratory study of the ozonolysis of squalene, a major component of
human skin oil. Rather than directly study skin oil, oxidation experiments are carried out on pure
squalene particles passing through a flow tube reactor, allowing for the quantification of gas
phase products from a single starting material with varying conditions of water vapor and Os.
Previous work examining the condensed-phase products of pure squalene particle ozonolysis in a
flow tube reactor found that an increase in water vapor concentration led to lower concentrations
of secondary ozonides, increased concentrations of carbonyls, and smaller particle diameter,
suggesting that water changes the fate of the Criegee intermediate. To determine if this loss of
volume corresponds to an increase in gas-phase products, we measured gas-phase VOC
concentrations via proton transfer reaction time of flight mass spectrometry (PTR-TOF-MS).
Studies were conducted at atmospherically relevant O3 exposure levels (5-30 ppb h).

An increase in water vapor concentration led to strong enhancement of gas-phase oxidation
products at all tested O3 exposures. An increase in water vapor from ~0% to 70% relative
humidity (RH) at high O3 exposure increased the total mass concentration of gas-phase VOCs by
a factor of three. The observed fraction of carbon in the gas phase correlated well with the
fraction of particle volume lost. Experiments involving O3 oxidation of shirts soiled with skin oil
confirms that the RH dependence of gas-phase reaction product generation occurs similarly on
surfaces containing skin oil under realistic indoor conditions. Relative humidity changes the fate
of the Criegee intermediates and the volatility of the oxidation products, resulting in a RH
dependence of the product distribution and amount of gas-phase VOCs emitted from ozonolysis
of unsaturated carbon bonds in skin oil. Similar behavior is expected for O3 reactions with
surface bound organics containing unsaturated carbon bonds.

Chapter 4 presents VOC emission profiles from scripted cooking, cleaning and human
occupancy experiments performed during the HOMEChem study at the University of Texas,
Austin test house. Quantifying indoor VOC speciation and emissions is critical to understanding
and modeling the processes controlling indoor concentration dynamics, human exposure, and the
chemistry of indoor air. Much of previous research on indoor VOCs has utilized broad surveys of
different structures with low time resolution measurements of concentrations for specific target
compounds. Such studies necessarily average over the dynamics driven by events and processes
controlling variability in concentrations, and focus on the resulting concentrations rather than the
actual emission rates. This study was designed to quantify VOC emission profiles from the
building and its contents, and from the scripted experiments with multiple replicates.
Measurements of VOCs were performed with a PTR-TOF-MS which continuously measured the
time-resolved mass spectrum of indoor and outdoor air. Continuous tracer releases enabled
determination of air change rates (ACR) and thus calculation of speciated, time resolved net
VOC emissions. The building and its contents were the dominant emission source into the house,
with large emissions of acetic acid, methanol, and formic acid. Cooking emissions are greater
than cleaning emissions, and comprised mainly of ethanol. Bleach cleaning leads to high
emissions of reactive chlorinated compounds, while cleaning with a natural product emits
predominantly monoterpenes and terpenoids. Emissions from occupancy experiments show large
enhancements of siloxanes from personal care products in the morning which are nearly depleted
by the afternoon when the products had already mostly evaporated. These results are used to
construct VOC emissions for a hypothetical 24 hours, and show emissions from the house and its
contents make up nearly half of the indoor VOC emissions, while the rest come from occupants
and their typical activities.



In Chapter 5 we provide preliminary evidence that indoor emissions escaping to outdoors are an
increasingly important fraction of the fuel for outdoor air pollution in urban areas of developed
countries, and suggest this as a promising new research direction for the field of atmospheric
chemistry and air pollution control.
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1. Introduction

Prior to ~8 years ago, atmospheric chemistry and indoor air largely existed as independent fields.
Atmospheric chemists had built high tech instrumentation and models to probe the chemistry of
the troposphere and stratosphere, and indoor air scientists had a sophisticated understanding of
the dynamics of indoor air and its relationship to buildings and occupants, with modest
knowledge of chemical emissions and dynamic behavior. Beginning in 2013, the Sloan
Foundation’s Chemistry of Indoor Environments program sought to “bring atmospheric
chemistry home,” pairing atmospheric chemists and their sophisticated instrumentation with
indoor scientists and their knowledge of indoor systems. This dissertation represents early work
in this ongoing collaboration between these fields with the goal of blurring the line between the
two.

Humans spend approximately 90% of their lives indoors.! This fact, evoked at the beginning of
each chapter (and in many of the works cited) is used to emphasize our level of exposure to
indoor air. Perhaps less obvious, though, is the implication that humans are nearly as defining a
feature of the indoors as walls and a roof. With this in mind, the following chapters explore the
composition and chemistry of indoor air. We begin with a brief overview of oxidants and volatile
organic compounds (VOCs) as they relate to indoor spaces. Chapter 2 shows how combustion
cooking emissions combine with ozone from the outdoors to alter the indoor oxidative
environment. Chapter 3 probes the effect of humidity on the chemistry of heterogenous oxidation
using a component of human skin oil as the model reactant. And in Chapter 4 speciated indoor
VOC emissions from human occupancy and activity are compared to “background” emissions
from a house and its contents.

Indoor air is an important route of pollution exposure. A major concern for air pollution indoors
is elevated concentrations of VOCs.2** The VOC composition of indoor air is governed by
infiltration of outdoor air, indoor emissions, physical loss processes, and indoor chemical
transformations. Understanding indoor oxidant concentration and composition is critical to
understanding indoor chemical transformations.

1.1. Indoor oxidants

Indoor air chemical transformations, i.e. the making and breaking of bonds, begins with the
oxidation of indoor organic compounds. While there are likely more than 100,000 unique
organic compounds in the atmosphere, there are only three main oxidants: the nitrate radical
(NO3), ozone (0O3), and the hydroxy radical (OH).®> Additionally, new research suggests reactive
Cl species may play an important role in indoor oxidation following bleach cleaning.®’

The NO;j radical is produced from the reaction of O3 with nitrogen dioxide (NO2). Outdoors and
during the daytime, NOs is quickly lost to photolysis but at nighttime concentrations can build
and NO; begins to oxidize VOCs. The prominence of this oxidant in the absence of sunlight led
to speculation of its importance indoors.® Nazaroff and Cass (1986) developed a mathematical
model of indoor air pollution in an art gallery, predicting NO3 concentrations of 2-5 ppt



depending on model parameters.” Chapter 2 of this dissertation reports an indoor NO;3
concentration of 3-4 ppt, the first direct NO3 measurement indoors, only 32 years later.

Easily measured, O3 is the most broadly studied indoor oxidant. The dominant source of indoor
Os is transport from the outdoors though some appliances such as photocopiers, laser printers, or
air purifiers can emit O3.!°!2 Indoor O3 concentrations are commonly 20-70% of outdoor levels
depending on the building air-change-rate (ACR), air handling system, and the nature of indoor
surfaces.!® Compared to NO3 or OH, O3 is relatively unreactive allowing for its transport indoors
as well as much higher indoor concentrations and longer lifetimes. Although the reaction of O3
with most indoor organic compounds is thermodynamically favorable, only the oxidation of
unsaturated carbon-carbon bonds is fast enough to compete with removal air exchange with the
outdoors.!? This selectivity means that O3 loss from homogenous reactions with gas-phase VOCs
is typically small compared to loss from heterogenous surface reactions. Indoor environments
have a surface-area-to-volume ratio much greater than outdoors, so it is no surprise that
heterogenous reactions take on an increased prominence.!*!*

Indoor OH is generated by ozonolysis reactions, air cleaners, or the photolysis of HONO.!5-18
The photolysis of O3 by sunlight, a major outdoor OH production pathway, does not generally
occur indoors as windows attenuate the wavelengths of light necessary for this reaction.!” The
short lifetime of OH (< 1s) prevents significant transport to the indoors. Predicted indoor
concentrations of OH typically fall between 1-5 x 10> molecules cm™, about an order of
magnitude lower than outdoor midday concentrations but still greater than outdoor nighttime OH
levels.!>1620.21 Indoor OH measurements are somewhat scarce, and typically involve
manipulation to overcome detection limits. In a commercial building with elevated (but realistic)
monoterpene and O3, Weschler and Shields (1997) report an indoor OH concentration of 7 x 10°
molecules cm?.1¢ Carslaw et al. (2017) find indoor OH levels at or below a 6.5 x 10° molecules
cm limit of detection, but the use of an 0zone generating air “cleaner” can raise concentrations
as high as 2 x 107" molecules cm?3.!7 Alvarez et al. (2013) report OH concentrations up to 1.8 x
10° molecules cm™ in a classroom.!® Additionally, they show that production of OH from
ozonolysis of alkenes is insufficient to reach the observed concentrations and indoor photolysis
of nitrous acid (HONO) is an important source of OH.

1.2. Indoor VOCs

Volatile organic compounds enter the gas phase in a reduced state. Over one or more generations
of oxidation VOC:s are eventually oxidized to CO> or functionalized to a low enough volatility
that it is deposited on particles or surfaces.’

Sources of indoor VOCs include infiltration from the outdoors, chemical production, or
emissions indoors. VOC concentrations are generally much higher indoors than out, suggesting
infiltration is typically a minor source.?*??-2* Emissions can be split into two categories: primary
emissions, the physical emission of a compound into indoor air (such as ethanol evaporating
from a surface), and secondary emissions, emissions due to a chemical transformation (such as a
compound formed from heterogenous oxidation that is subsequently volatilized). An area of
specific concern is emissions from occupants themselves.?> Whether through primary or
secondary emissions, occupants influence the chemistry of indoor air.



Due to analytical constraints of sampling and typical chromatographic methods, many prior
VOC emission studies of buildings, building materials, and furnishings have focused on a target
set of compounds, such as formaldehyde or BTEX (benzene, toluene, ethylbenzene, and
xylene).?6-28 Recent advances in chemical ionization mass spectrometry allow for real-time,
speciated measurements of tens to hundreds of indoor VOCs.?#2°-33 Proton transfer reaction
time-of-flight mass spectrometry (PTR-TOF-MS) is one such technique. PTR is a chemical
ionization technique with minimal fragmentation using H3O™" as the reagent ion. PTR-TOF-MS
provides mixing ratio measurements of VOCs with a gas basicity greater than that of water,
namely alkenes and oxygenated VOCs as well as some halogenated species. It is not sensitive to
most alkanes due to their low proton affinity. The mass measuring accuracy of PTR-TOF-MS
allows for unambiguous assignment of chemical formulae, however the compound assignment is
often not unique as isomeric compounds cannot be differentiated (20 ppm mass accuracy,
unambiguous formula assignment up to ~120 Da). An advantage of PTR-TOF-MS over other
forms of chemical ionization is the low variability of the rate constant for the proton transfer
reaction with VOCs: choosing a default value of 2.5 x 10 cm? s7! allows for the conversion of
counts per second to ppb for a vast array of detectable species with an accuracy of +/- 50%.3*

1.3. The nitrate radical indoors

Chapter 2 presents measurements of the NO3 radical and N2Os in a residential kitchen. Nejgaard
(2010) had previously measured the sum of these compounds in an office building, but here is
provided the first speciated indoor measurement.*> Perhaps more important than quantifying the
concentration of NOs is the limitations found on its indoor production: ozone levels must be
sufficiently high to convert nearly all NO to NO., as well as produce NO; from NO,. The NO3
radical can react with NO to form NO», or react with VOCs to form oxidation products. It is the
competition between these two reactions that determines the influence of NOs as an indoor
oxidant.!8

Unventilated combustion from the stove used in the experiment produced large amounts of NO
which quickly titrated out O3 and prevented the formation of NO;. The NOs3 radical could only
be detected when a commercial ozone generator was used to simulate continuous infiltration of
polluted air (~40 ppb Os3). The implications for indoor oxidant levels is that NO3; chemistry is
most likely significant when either 1) Infiltration of outdoor NO, NO, and O3 are in sufficient
quantities to produce NOs, or 2) Infiltration of outdoor O3 is sufficient to titrate out combustion
emitted NO and still react with NO; to form NOs. Interestingly, the first scenario may occur
mostly during nighttime, mimicking the nocturnal cycle of outdoor NO; chemistry.

In addition to measurements of NO3 and N»>Os, a box model is constructed to determine the
production rate of NO; and compare the various loss processes of the reactive nitrogen. Nazaroff
and Weschler (2004) identified potentially large amounts of NO3 oxidation of terpenoid
compounds emitted from cleaning products, so limonene was added to the model to match the
monoterpene levels found in the kitchen during the stove experiments.*® Additional VOC
reactivity was added to the model until the steady state concentration of NO3 matched the
experimental value. Indoor nitrate reactivity was found to be 0.8 s™!, an order of maginitude
larger than seen in outdoor, urban influenced air.’” Model results indicated that once NO was
sufficiently titrated, 80-90% of NOs3 loss was through the oxidation of VOCs. Additionally, NO3
oxidation of limonene outpaced O3 oxidation of the terpene.



1.4. Effects of humidity on the oxidation products of skin oil

Human skin secretes unsaturated lipids and oils that react with O3 to form volatile products. In
cases of high occupancy this heterogenous reaction with skin, hair, and skin oil infused clothing
can be the dominant indoor sink for O3.3® Additionally, the volatile products released from these
reactions can comprise a significant fraction of indoor VOCs, some of which are known
irritants.>**2

Chapter 3 presents a flow tube oxidation study of squalene, an unsaturated compound that
comprises 10% of the mass of human skin lipids and 50% of the unsaturated bonds.** A previous
study of oxidation of pure squalene particles showed that changes in humidity did not change
reaction kinetics but did change the resulting product composition.* In the model developed by
Heine et al. (2017), increased water vapor concentration promoted the formation of volatile
carbonyl compounds over the production of less volatile secondary ozonides. Chapter 3 reports
measurements of the gas phase compounds emitted from the heterogeneous ozonolysis of pure
squalene particles, showing that increases in humidity from ~0% to 70% RH increase gas phase
products 3 fold. Further confirming the results, the increased amount of C observed as gas phase
VOC products correlates well with the particle volume lost as humidity increases.

To confirm the results of the flow tube experiment, T-shirts soiled with skin oil were exposed to
ozone in an environmental chamber with varying levels of humidity. Consistent with the flow
tube results, increases in humidity lead to increases in VOC skin oxidation products. Humidity is
already known to influence indoor VOC concentrations, but few studies have assessed how it
influences ozonolysis.*** The results presented in Chapter 3 suggest that water vapor
concentration can significantly alter the composition of indoor air through altering the fate of
ozone reactions with surface bound organic molecules. While these results are from experiments
with squalene, the underlying mechanism could apply to any unsaturated compounds, with gas-
phase consequences largest for compounds with carbon-carbon double bonds separating small
moieties.

1.5. Indoor VOC emissions from occupancy and activities

Chapter 4 reports VOC emissions from occupant activities (cooking, cleaning), occupancy, and
the building and its contents. Scripted activities were performed at the University of Texas at
Austin’s UTest house, a 110 m? manufactured home modified for indoor experiments.*® Multiple
replicates of cooking, cleaning, and varying occupancy provides robust speciated emission
profiles. A day of uninterrupted vacancy provides “background” VOC emissions from the
building and its contents.

Activities show distinct chemical emissions: cooking is dominated by ethanol, bleach cleaning
by chlorinated compounds, and “natural” product cleaning by terpenoids. While cooking events
had the largest emissions, 250 mg VOC per event, the dominant species (ethanol, acetic acid, and
methanol) are not particularly reactive. Bleach cleaning emits 38 mg of VOC per event, of which
32 mg are chloramine compounds. These secondary emissions, formed by the oxidation of
nitrogen containing compounds, are known respiratory irritants with links to asthma.>!->*
Cleaning with a “natural” based cleaner emits 12 mg of monoterpenes per event. We find the



loss rate of these terpenes to be consistent with transport outdoors, rather than chemical loss
indoors. Once outdoors, they become precursors to photochemical smog and secondary organic
aerosol (SOA).

Occupancy experiments were designed to vary the level of personal care product (PCP) usage. In
cases of high occupancy, such as a classroom, occupants with their associated personal care
products (PCP) can be the dominant source of VOCs.*>> We find PCP usage can drastically
change the total VOC emissions per person, but perhaps more important is the time since last
application: by the afternoon most products applied in the morning had been completely depleted
from occupants.

Total emissions from the unoccupied house were 49 mg h!, with acetic acid, methanol, and
formic acid making up half of the emissions and 219 distinct ion signals comprising the other
half. Compared to occupancy and activity emissions, unoccupied emissions are quite large.
Taking the emissions reported in Chapter 4 and constructing a hypothetical day of cooking 3
meals, mopping once with bleach, and an occupancy level of 3 people, a total of 2600 mg of
VOC is emitted into the house. The house and its contents contribute 45% of these emissions, the
largest single source.

These VOC emissions are at least partially transported to the outdoors. This dissertation
concludes in Chapter 5 by providing preliminary data addressing the effect of indoor emissions
being transported to the outdoors, and laying out the logical next steps for this research. VOC
fluxes from the indoors to the outdoors are presented, showing that the total VOC flux from a
house can match biogenic emissions from a pine forest on a per area basis. Time resolved
measurements of the emission of OH reactivity to the outdoors show that occupant activities
substantially increase emitted reactivity. In future research, the VOC measurements reported in
Chapter 4, along with previous measurements at two normally occupied northern California
homes will be used to build an estimation of OH reactivity transported from indoors to outdoors.
Field experiments measuring urban VOCs using car-based platforms, flux towers, and aircraft
will be compared to these bottom up estimates.
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2. Measurement of NO3 and N2Os in a residential Kitchen
This chapter is adapted from:

Caleb Arata, Kyle J. Zarzana, Pawel K. Misztal, Yingjun Liu, Steven S. Brown, William W
Nazaroff, Allen H. Goldstein “Measurement of NO3 and N>Os in a residential kitchen”
Environmental Science & Technology Letters 2018, 5, 10, 595-599.

2.1. Abstract

We present direct indoor measurements of the nitrate radical (NO3) and dinitrogen pentoxide
(N20s) produced from combustion cooking emissions in a residential kitchen. When indoor
ozone (O3) concentration was low (~4 ppbv), nitric oxide (NO) emitted from gas-stove
combustion suppressed NO3 formation. However, at moderate O3 levels (~40 ppbv), measured
NOs concentrations reached 3 to 4 pptv, and the indoor NOs3 reactivity loss rate coefficient
reached 0.8 s!. A box model of known chemistry agrees with the reactivity estimate and shows
that moderate Os levels led to a nitrate radical production rate of 7 ppbv h!. These indoor NO3
production rates and reactivities are much higher than is typical outdoors. We conclude that at
low O3 levels indoor combustion suppresses nitrate radical chemistry, but when sufficient O3
enters residences from outdoors or is emitted directly from indoor sources, gas stove combustion
emissions promote indoor NO3 chemistry.

2.2. Introduction

As humans commonly spend ~ 90% of their lives indoors, the chemical composition of indoor
air is important for assessing total human inhalation exposures.! Indoor air composition is
influenced by air change rates, outdoor air composition, indoor emissions, physical loss
processes, and indoor chemical transformation processes. Indoor-relevant atmospheric oxidants
include ozone (0O3), hydroxyl radical (OH), and nitrate radical (NO3). Among these, NO;3
abundance is least well characterized. Ozone is easily measured, has been broadly studied
indoors, is transported indoors from outside, and in some cases is emitted directly indoors.?
Knowledge about indoor OH is emerging.>* Because of its short lifetime, OH introduction from
outdoors is insignificant. Production indoors may occur by ozonolysis of unsaturated volatile
organic compounds (VOC), or by photolysis, under certain lighting conditions.>®

The nitrate radical could be important for indoor reactions involving unsaturated VOCs, such as
monoterpenes.”!? Monoterpene concentrations are often high indoors owing to emissions from
cleaning products, air fresheners, citrus fruits, and other sources. Their oxidation is of interest
because it leads to various byproducts including secondary particulate matter.!! Nazaroff and
Weschler (2004) compared expected reaction rates of indoor VOCs assuming 20 ppbv O3, 5 x
1073 pptv OH, and 1 pptv NO3.!2 At these levels, for many terpenoids, indoor reactions with NOs
would be more important than with O3 or OH.

The NOj radical is produced from the reaction of O3 with nitrogen dioxide:
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NOZ + 03 - NO3 + 02 (1)

In outdoor daylight, NOs is lost through reaction with NO and by photolysis. Indoors, and at
night outdoors, if NO concentration is low enough, NO;3 reacts with NO> to form N>Os. This
formation is balanced by N2Os thermal dissociation:'?

The main fates of NO; are reaction with NO or with unsaturated VOCs, here denoted generically
as X:!14

NO + NO; — 2 NO, 4)
NO3;+ X - products ®))

Ozone also reacts with NO to form NO;:

Outdoors during daytime, sunlight rapidly photolyzes NO; leading to NO and O3 regeneration.
At night, absent fresh emissions and photolysis, NO is quantitatively converted to NO2 when O3
is in excess. Competition between NO and VOC reactions determine the influence of NO3 as an
indoor oxidant.” Indoors, in the absence of photolysis and in the presence of O3, NO is depleted
and NO; production increases. NOs3 is thought to be potentially important as an indoor
oxidant.*!

There have been no direct measurements of NO3 published for indoor air. Ngjgaard reported
measuring the undifferentiated sum of NO3; and N>Os between 1 and 58 pptv using an indirect
technique in an office building.!

Unvented combustion from gas-fired stoves and ovens can be the dominant indoor NOy (NO +
NO») source in residences. Houses with gas-burning appliances often exceed outdoor air quality
standards for NO,.!'%!7 In residences without natural gas service, portable butane stoves are
widely used, as in Asia for “hot-pot” cooking.!®

We undertook this study to determine whether ordinary activity in a residence could lead to
appreciable NO; production relevant for indoor chemistry. Specifically, we performed
experiments in a kitchen with a butane stove that emitted NOx. In some experiments O3 was
added, mimicking expected O3 intrusion from outdoors. The results reported here include the
first direct measurement of NO; indoors.

2.3. Materials and Methods

2.3.1. Site Description and Instrumentation

Experiments were done in January 2017 in the kitchen of a single-family house in Oakland,
California as part of a comprehensive residential air chemistry study.!'”
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A teakettle containing one liter of fresh tap water was placed on a portable butane stove (Turbo
Portable Stove model TS-2500), which was then ignited and operated with a high flame. When
the water boiled (after ~6 min) the stove was shut off and the kettle removed from the kitchen.
Except for these brief visits by a researcher, all doors were kept closed to isolate the kitchen from
the remainder of the house. As a control, the same experiment was carried out using the kitchen’s
built-in electric stove.

Between experiments the kitchen was ventilated to restore “background” conditions by opening
the two interior doors and one exterior door. Experiments were done with and without deliberate
Os additions. An O3 generator provided constant indoor emissions for the duration of the
addition experiments. It was tuned to provide a stable concentration of 40 ppbv prior to the
addition of NOx from the butane stove.

Concentrations of NO3 and N>Os were measured by cavity ring-down spectroscopy.2’->?

Background absorption due to NO2, O3, and water vapor was measured every 10 minutes via
addition of excess NO to the inlet to chemically destroy NOs3 via reaction (4). The background
was linearly interpolated between the zero measurement periods. If background conditions
change rapidly (and nonlinearly) this correction may be invalid. Consequently, for periods with
quickly changing conditions (i.e., until 20 minutes after stove is extinguished), we do not report
NO;3 and N>Os concentration measurements. The detection limit for NO3 was 1.5 ppt (2 sigma, 1
min). Measurements of VOCs were by proton-transfer-reaction time-of-flight mass spectrometry
(TIonicon PTR-TOF-MS 8000).!° Measurements of CO,, NO and NO», and O3 were by LICOR
LI820, Thermo Scientific 42i, and Thermo Scientific 491 instruments, respectively. The decline
of CO: concentrations after the stove was turned off was used to estimate the kitchen air-change
rate during each experiment.

2.4. Results and Discussion

Six experiments were conducted over a two-day period; three used the gas stove without added
O3, two used the gas stove with added O3, and one control used the electric stove with O3 added.
For the experiments without deliberate O3 addition, the O3 concentration prior to stove ignition
was 5-10 ppbv and quickly dropped to below 1 ppbv following ignition. For experiments with no
O3 added, NO and NO> concentrations remained elevated for the duration of the experiment (at
least 1 hour after stove ignition), and no NOs or N>Os was detected. For the control in which O;
was added, none of the measured species (NO, NO2, NO3, N>Os, CO») showed any response to
electric stove use.

For the two experiments with added Os the starting concentration was 40 ppbv, maximum NO
concentrations were 117 and 101 ppbv, respectively, whereas maximum NO> concentrations
were 208 and 169 ppbv. These values are not solely indicative of the NO2/NOx ratio emitted
from the stove, as the supplied O3 converted some emitted NO to NO». (For comparison, average
peak NO and NO; concentrations measured during the three no-ozone added experiments were
130 and 137 ppbv, respectively.) After NO was completely converted, the Oz concentration
began to rise, and N2Os concentrations increased to maxima of 190 pptv in each run. Kitchen air-
change rates for these runs were 1.4 and 1.0 h*!.
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Figure 2.4.1 Concentrations of NO, NO;, NO3, N2Os, and O3z during an ozone-added stove
experiment. The yellow shaded region indicates when the stove was on.

During the first with-ozone experiment, 4 pptv of NO3 was observed during the period from 45
min to 1 h after stove ignition. Rapid changes in background concentrations — and a 10-minute
period in which NO, NO», and O3 were measured outdoors rather than in the kitchen — limit our
NO3 measurements to this interval. Measurements for this experiment are shown in the
Supplementary Information, Figure 2.7.1. For the second experiment, we measured 3 pptv of
NO; beginning 45 minutes after stove ignition. This experiment had a longer period of
uninterrupted measurements allowing for more accurate NO3 measurements. The results of this
experiment are used in later calculations.

Figure 2.4.1 shows the concentration measurements during the second stove experiment with
added Os. The stove was ignited at 17:30 when the O3 concentration was 40 ppbv. The stove
emitted NO and NO., which quickly reacted with O3. Measurements of NO;3 are reported only
after 18:05 to avoid changing conditions affecting the background determination; the N2Os
measurement suggests that NO3 levels during and shortly after combustion remained very low.
After NO has been almost completely reacted with O3 to form NO2, O3 levels rose and N2Os was
observed. By 18:05, when background interferences are constant enough to make a reliable
measurement, NO3 was measured at a relatively stable concentration of 3 pptv over a 20-min
duration. N>Os reaches a maximum of 190 pptv at 18:15, about 40 minutes after the stove is
turned off.

The delay in peak concentrations of NO3 and N>Os following cooking with the gas stove has
important implications for when NOj3 can be a significant indoor oxidant. Combustion-based
cooking produces enough NO to rapidly react with and remove NO3, which will not rise to
measurable concentrations until NO levels are reduced by dilution and oxidation via Os. In the
case of the stove experiments with O3 added, the NOs is not observed at a measurable level until
~15 minutes after the stove is extinguished as signaled by a rising N2Os level.
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The presence of NO suppresses the NO3; mixing ratio in two ways: first, it directly consumes
NOjs via reaction (4), and, second, the reaction between NO and O3 (reaction (6)) alters the NO3
production rate, Pnos, in reaction (1). For a given Os level, Pnos increases as reaction (6)
converts NO into NO; until the NO; and O3 mixing ratios are equal. Further consumption of O3
then reduces Pnos as NO emissions continue.

Because the presence of NO alters NO3 production and loss, the ratio of NO; to NO from
combustion sources influences the concentrations of NO3 that may be attained indoors. Traynor
et al. reported that 32% (+/- 18%) of NOx emissions from gas stoves are in the form of NO; (n =
522 burners).?* Our measurements for the portable butane stove during the experiments with no
O3 added fall in the upper portion of this range, with about half of NOx observed as NOa.

Nitrate radical production has been predicted to occur indoors due to similarity of conditions
with the outdoor environment at night (lack of NO» photolysis and low NO concentration), but
only when O3 is also available. Combustion increases the concentration of NO, which can
directly react with NOs and thus suppress its concentration. With sufficient O3 available, the NOx
emitted by combustion can lead to elevated NO3 concentrations only after the combustion ceases
to supply a fresh source of NO. The dominant source of indoor O3 is typically transport from
outdoors. In well-ventilated spaces, the indoor concentration is commonly reported to be 20-70%
of the outdoor concentration.> Continuous influx of outdoor Oz could potentially overcome the
NO produced from combustion and lead to elevated NO3 concentrations. Such conditions might
be particularly pronounced in high O3 areas in urban and suburban areas where many people live.
Additionally, NOs is always produced when O3 and NO; are present — although NO reacts
quickly to destroy NOs, indoor VOC concentrations could be elevated enough to compete with
NO leading to high rates of VOC oxidation despite low NO3 concentrations.

2.4.1. Indoor NOs Reactivity

The concentration of VOCs indoors is always many orders of magnitude greater than the
concentration of NOs (e.g. in the present study ~10° times greater for total VOCs, and ~10? or
more for monoterpenes alone). Consequently, the rate of reaction (5) can be approximated as

Rate = k', [NO;] (7)
where k'x is the pseudo first-order rate constant for the reaction of NO; with VOCs. Examining

Figure 2.4.1, one observes from 18:08 to 18:29 a steady NOs concentration of 3 pptv, implying
that the production and loss rates of NOj3 are balanced during this interval:

Pyo, = Lyo, (8)
Production of NO3 occurs by Os reacting with NO> (reaction (1)). Loss of NO3 can occur by two
pathways: reaction with NO (reaction (4)) and oxidation of VOCs (reaction (5)). Including the
equilibrium between NO3 and N2Os, the steady-state balance for for NO3 can be expressed as:

k;[NO2][03] + k3[N,05] = k4[NO][NO3] + k,[NO,][NO3] + k', [NO;] )

Equation (9) excludes loss due to dilution or heterogeneous reactions of NO3 or N>Os, which are
expected to be slow compared to gas-phase chemistry for these conditions. Under conditions
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where reactions (2) and (3) are in balance, equation (9) can be further simplified as:
k1[NO2][03] = k4[NO][NOs] + k', [NO3] (10)

By examining the ratio [N2Os]/([NO2][NO3]) for the experiment depicted in Figure 2.4.1, we
determined that equilibrium was reached at 18:13 and continued until 18:30. The NO
concentration was below the detection limit (and therefore assumed to be negligible) during this
period. Rearranging equation (10) yields an estimate of the pseudo first-order reaction rate
constant of NO3 with VOCs:

/ k,INO, ][O

Using measurements from 18:13 to 18:30, we find an indoor NOj reactivity with VOCs of k'’x =
0.8 s 1. This value is an order of magnitude higher than determined for outdoor air in a forested
mountain site with urban influence. 2* This large reactivity indicates that even a small
concentration of NO3 could influence indoor chemistry. The inferred reactivity rate would be
consistent with 330 pptv terpinolene, or 180 pptv of a-terpinene, monoterpenes commonly found
in household cleaning products.!'? Total undifferentiated monoterpene concentrations of 700 pptv
were measured in the kitchen by PTR-TOF-MS during the time when NOj reactivity with VOCs
was calculated.

With indoor O3 and NOs3 of 40 ppbv and 3 pptv, respectively, the pseudo first-order rate constant
for the reaction of terpinolene with NOs is about 4x faster than the rate of reaction with O3 (7.2 x
103 s7! compared to 1.9 x 107 s!), making NOs the dominant oxidant in this case. Both rates are
significantly faster than loss by air change at 1 h'! (= 0.3 x 107 s71).

2.4.2. Box Model

A box model was constructed to match the experimental conditions of the experiment with O3
added. Model parameters are shown in Table 2.7.1. Initial NO and NO- levels were set to match
the conditions of the kitchen after the stove was extinguished. The rate of continuous O3 addition
was set so the O3 concentration 30 min after the stove was extinguished matched the
experimental conditions (40 ppbv). Dilution was set to match the decay of the NOx species over
the experiment. A rate constant of 1.5 x 10 s™! was applied for heterogeneous loss of N>Os to
produce HNOs. This value was derived from estimated values typical of reactive chemicals in
indoor environments: surface area to volume ratio of 3.8 m! and a deposition velocity of 0.04
cm/s. 2527

A constant d-limonene level of 700 pptv was assumed to be present throughout the experiment,
yielding 0.2 s'! of NO; reactivity. An additional 0.5 s™! of VOC reactivity was needed to reach
experimentally observed steady state NO3 concentration, bringing the total NO; reactivity with
VOC in the model, 0.7 s! into agreement with the experimentally derived value, 0.8 s!'. The best
model estimate is 0.7 s™! of NOs reactivity in the kitchen, but even at the upper bound
heterogeneous loss rate for N,Os of 0.0028 s'! we estimate at least 0.6 s™! of reactivity in the
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kitchen.?3-27

Figure 2.4.2 shows the model output for the production rate of NO3 (Pno3), the fractional NO3
loss, and the concentration of the products from NOs loss. Production of NOs begins
immediately after the stove is extinguished and rises as O3 concentrations increase. However,
NO reacts effectively with NO3 produced early in the experiment. Only after sufficient NO has
been consumed by O3 do oxidation sinks for NO3 compete for its loss, oxidizing and reducing
the concentrations of d-limonene and the unspecified VOC. Peak NO3 production is realized
when most of the NOx is NO; rather than NO. The O3 concentration grows, and it can only react
with NO: to form NOs, or with d-limonene to form the ‘O3+MT’ oxidation product. The peak
NOs production rate, 7 ppbv h™!, is high compared to most reports from outdoor environments,
where Pnos has been reported in the range 0.01 to 1.2 ppbv h''.2® The model illustrates that NO3
production does not contribute significantly to oxidation of VOCs until NO is removed and VOC
reactions compete for the available NOs.

In the model, ozonolysis of d-limonene occurs at about half the rate of this compound’s reaction
with NOs. The dominant source of oxidation products comes from NO; reacting with the
unspecified VOC. Heterogeneous loss of N2Os to form HNOs is significant, at times accounting
for 20% of NOs loss.

For decades NOs3 has been proposed as an important indoor oxidant. We have presented here the
first direct indoor measurements of NOs along with evidence of its high reactivity indoors. With
moderate O3 levels, routine combustion emissions of NOx can lead to significant production and
measurable concentrations of NO3z and N>Os. Furthermore, the inferred NO3 production rates and
reactivity are high compared to outdoors, and, when NOj is elevated, it may become the
dominant indoor oxidant for some VOCs, including certain terpenoids.
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Figure 2.4.2 Box model outputs of NO, production rate (top), fractional time dependent losses of
NO; and N,Oc (middle), and mixing ratios of reaction products (bottom). Note that time t=0
corresponds to the extinguishing of the stove. The center plot shows fractional NO, losses for 4
reaction pathways: heterogeneous reaction of N,O. to form HNO, (N,O< Het), NO; oxidation of
the ‘generic’ VOC (NO;+ VOC), NO; oxidation of d-limonene (NO5;+ MT), and NO,
consumption by NO (NO,;+ NO). The bottom plot shows the concentration of the NO; loss
products, as well as the concentration of products from ozonolysis of d-limonene (O;+ MT).
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2.7. Supporting Information
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Figure 2.7.1 Concentrations of NO, NO», NO3, N2Os, and O3 during the first ozone-added stove

experiment. The yellow shaded region indicates when the stove was on. Due to the short duration
of NO3 measurements, this experiment was not used to calculate NO3 reactivity.
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Table 2.7.1 Model parameters. Dilution, not shown, was at a rate of 0.0007 s-1. Rate coefficients
are for 293 K, the temperature at which the model was run.

reaction rate coefficient

NO + 03 - NO2 + O 1.74 x 10''* cm® molecule™! s! ¢
NO; + O3 —» NO3 + O2 3.06 x 10'7 cm?® molecule! s
NO; + NO3 — N20s 1.25 x 102 cm?® molecule! s
N205 — NO; + NO;3 0.0238 571«

NO +NO3 — 2 NO» 2.62 x 107! ¢cm® molecule™ s ¢
NO; + MT — PNOsMT + MT 1.20 x 10"'' cm?® molecule™! s7! ¢
N>Os (+ HzO) — 2HNO3 0.0015 st¢

O3+ MT — POsMT + MT 2.10 x 107" cm? molecule™! s'¢?
NO; — LNO;3 04 S'1 d

“Coefficients from R. Atkinson, D. L. Baulch, R. A. Cox, J. N. Crowley, R. F. Hampson, R. G.
Hynes, M. E. Jenkin, M. J. Rossi, and J. Troe, Atmos. Chem. Phys., 4, 1461-1738 (2004);
ITUPAC Task Group on Atmospheric Chemical Kinetic Data Evaluation,
http://iupac.pole-ether.ft.

PRates used for the ‘generic monoterpene’, MT, are for reaction with d-limonene.

“Estimated using ref [25] - [27s].
INOs reactivity was adjusted to match experimental results.
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3. Heterogeneous Ozonolysis of Squalene: Gas-Phase

Products Depend on Water Vapor Concentration
This chapter is adapted from:
Caleb Arata, Nadja Heine, Nijing Wang, Pawel K. Misztal, Pawel Wargocki, Gabriel Bekd,
Jonathan Williams, William W Nazaroff, Kevin R. Wilson, Allen H. Goldstein “Heterogeneous

Ozonolysis of Squalene: Gas-Phase Products Depend on Water Vapor Concentration”
Environmental Science and Technology 2019, 53, 24, 14441-14448.

3.1. Abstract

Previous work examining the condensed-phase products of pure squalene particle ozonolysis in a
flow tube reactor found that an increase in water vapor concentration led to lower concentrations
of secondary ozonides, increased concentrations of carbonyls, and smaller particle diameter,
suggesting that water changes the fate of the Criegee intermediate. To determine if this loss of
volume corresponds to an increase in gas-phase products, we measured gas-phase volatile
organic compound (VOC) concentrations via proton-transfer-reaction time-of-flight mass
spectrometry. Studies were conducted in a flow-tube reactor at atmospherically relevant ozone
(O3) exposure levels (5-30 ppb h) with pure squalene particles. An increase in water vapor
concentration led to strong enhancement of gas-phase oxidation products at all tested O3
exposures. An increase in water vapor from 0% to 70% relative humidity (RH) at high O3
exposure increased the total mass concentration of gas-phase VOCs by a factor of three. The
observed fraction of carbon in the gas phase correlated well with the fraction of particle volume
lost. Experiments involving O3 oxidation of shirts soiled with skin oil confirms that the RH
dependence of gas-phase reaction product generation occurs similarly on surfaces containing
skin oil under realistic indoor conditions. Relative humidity changes the fate of the Criegee
intermediates and the volatility of the oxidation products, resulting in a RH of the product
distribution and amount of gas-phase VOCs emitted from ozonolysis of unsaturated carbon
bonds in skin oil. Similar behavior is expected for O3 reactions with surface bound organics
containing unsaturated carbon bonds.

3.2. Introduction

People spend 90% of their lives indoors!. Each day, adult humans inhale 12-15 kg of air,
compared with ingesting 1-3 kg of food and water, making indoor air a primary route of
exposure to many chemicals, including volatile organic compounds (VOCs). People can be the
dominant indoor VOC emission source in highly occupied spaces, and, in the presence of ozone
(0O3), the oxidation of skin lipids adds ketones and aldehydes to the composition of indoor air*®,

Indoor O3 concentrations are commonly 20-70% of outdoor concentrations, with the ratio
depending on building air change rates (ACR), types of ventilation systems used, and the nature
of indoor surfaces’. Indoor O3 is estimated to account for 25-60% of an individual’s daily O3
exposure.'? In densely occupied spaces, occupants may be the dominant indoor sinks for O3,
mainly due to reactions with lipids on their skin, hair, and clothing.!!
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Squalene (C3oHso) constitutes 10% of the mass of human skin lipids, and contributes 50% of the
unsaturated carbon bonds.!? When exposed to O3, squalene is quickly oxidized to products that
span a wide range of volatility; some products remain in the condensed phase while others
become gaseous.’

Researchers have investigated effects of human occupancy on aircraft cabin air, considering the
sometimes elevated concentration of Oz found on airplanes.'? Weschler ef al. conducted
experiments in a simulated aircraft cabin section and found that more than half of the observed
oxidation products in the gas phase came from Oj3 reacting with human skin lipids.* Further work
studied O3 deposition on materials common to aircraft cabin interiors, finding that soiled clothing
exposed to Oz emits 6-methyl-5-hepten-2-one (6-MHO).!* Surface bound squalene was found to
have a very high reaction probability with O3, 5 x 10* - 1 x 103,131 Both 4-oxopentanal (4-
OPA) and 6-MHO are known respiratory irritants.!”-!® Both acetone and 6-MHO are among the
most prominent VOCs emitted from human skin.!” While acetone is known to originate from a
wide variety of sources including breath, 6-MHO is thought to be specific to squalene oxidation.
The high emission rate suggests that squalene oxidation contributes significantly to human skin
VOC emission.

Heine et al. investigated the influence of RH on squalene ozonolysis using pure squalene
particles in a flow-tube reactor.?’ They showed that water vapor concentration does not affect the
rate of squalene ozonolysis, but does substantially change the product composition. Under dry
conditions, as O3 consumes squalene, secondary ozonide concentrations increase in the
condensed phase and initial particle volume is reduced by 15%. At 60% RH, condensed-phase
ozonolysis products shift from secondary ozonides to carbonyls, and particle volume is reduced
by as much as 50%. This loss of volume should correspond to an increase in gas-phase oxidation
products.

We designed experiments specifically to observe the mass lost to the gas phase and the products
formed by Os-squalene reactions as a function of RH, and to understand the implications for the
fate of the Criegee intermediate on squalene particle surfaces and skin oil coated clothing. In this
work we investigate the gas-phase products from squalene particle ozonolysis in a flow tube
reactor, and on skin-oil soiled shirts in a climate chamber. From the flow-tube experiments, we
show that the RH dependent loss of particle diameter corresponds to an increase in gas-phase
reaction products, consistent with the mechanism of water molecules promoting carbonyl
formation from the Criegee intermediate under real world conditions. We discuss implications
for product yields from skin oil ozonolysis indoors under varying RH conditions.

3.3. Experimental Methods

Squalene ozonolysis is carried out in a flow-tube reactor, as described in Heine et al.?*! Liquid
squalene in a tube furnace is heated to 145 °C, generating polydisperse particles by means of
homogeneous nucleation with a mean surface-weighted diameter of 250 +/- 40 nm. A continuous
flow of 300 standard cm?® min™! dry nitrogen (N») carries the particles from the furnace through a
charcoal denuder to remove any gas-phase contamination. This flow is then combined with flows
of oxygen (02), O3, dry N>, and humidified N, for a total flow of 1 L min™!. Levels of O are held
at a constant 10%, while the flows of dry and humidified N are varied to give a range of 0% (<
3%) to 100% RH. This combined flow enters the flow tube reactor (130 cm long, 2.5 cm inner
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diameter) with a residence time of 37 s.?2 Ozone is produced by a corona discharge generator,
and the concentration of O3 ranges from 0-4 ppm, giving O3 exposures of 0-44 ppb h. The initial
particle loading in the flow reactor is 1000 pg m™.

Upon leaving the flow-tube reactor, the outflow is measured by proton-transfer-reaction time-of-
flight mass spectrometry (Ionicon PTR-TOF-MS 8000), an electrostatic classifier (TSI model
3080L) with a butanol-based condensation particle counter (TSI model 3772), and a custom-built
vacuum ultraviolet aerosol mass spectrometer (VUV-AMS). The particle size and composition
measurements are described in Heine ef al.?; the PTR-TOF-MS was used to measure speciated
gas-phase VOC concentrations.

PTR-TOF-MS uses a chemical ionization technique with minimal fragmentation using H3O™" as
the primary reagent ion. PTR-TOF-MS has been previously used to detect gas-phase products of
squalene ozonolysis.>*> The instrument was calibrated with a multicomponent VOC gas
standard to ensure stability throughout the campaign. Of the compounds reported here, only
acetone is directly calibrated. All other compound concentrations were calculated using a default
proton transfer reaction rate constant of 2.5 x 10 ¢m?® s'! for both the primary ion, H3O", and the
first water cluster, H3O"(H20). Calibration accuracies are estimated to be +/- 10%, while
concentrations accuracies derived from the default rate constant are typically +/- 50%.%
Increases in RH can cause increases in instrument sensitivities for certain compounds. However,
these changes are typically a few percent, much lower than differences in concentration reported
in this work .2+

Measurements of VOCs at each specified RH and O3 exposure were made by allowing
concentrations in the reactor to stabilize. Once stable, the particle flow was quickly replaced with
a flow of Na. After 2 min, 95% of the particles are removed from the reactor, and a background
concentration is taken. To account for both compounds being desorbed from the flow-tube walls
as well as compounds being produced by heterogeneous oxidation of the walls, O3 flow is
maintained during the background sampling procedure. The difference between the stable
concentration and the background concentration is taken as the gas-phase concentration
attributable to squalene-particle ozonolysis. Table 3.7.1 through Table 3.7.5 show the
concentrations for each species as measured from the flow tube, as well as the measured
background.

An experiment to analyze emissions from skin oil soiled clothing under varying conditions of
RH and O3 was performed as part of the Indoor Chemical Human Emissions and Reactivity
(ICHEAR) project. Four identical T-shirts (100% cotton) were washed with fragrance-free
detergent and tumble dried, before being worn by four people overnight (over 8 h). The skin oil
soiled T-shirts were then placed inside a stainless steel climate chamber with a volume of 26.8
m? and ventilated with an air exchange rate at 3.2 h"l. Outdoor air was used for ventilation. It was
filtered using particle and activated carbon filters to avoid interference from outdoor VOCs, and
conditioned to reach the required temperature and RH. Ozone was generated in the HVAC
system downstream of the activated carbon filter using an O3 generator (Jelight Model 600 UV)
and continuously introduced into the chamber at levels between 95-100 ppb. The temperature
inside the chamber was maintained between 27.4 — 28.3°C during the experiment and the O3
levels monitored throughout. Four RH levels were established. The lowest RH levels (at the
beginning and end of the experiment) were not controlled (humidifier off, no dehumidifying
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present), while the two higher RH levels were achieved by operating a steam humidifier in the
HVAC system. Each level was maintained for 1.5-2 hours to allow steady state conditions to be
reached. The resulting average RH levels during the four periods were 26%, 41%, 56% and 33%;
the last RH condition was a decay from 50% to 28% with the humidifier off.

A PTR-TOF-MS (8000, Ionicon Analytik GmbH Innsbruck, Austria) was deployed in ICHEAR
to monitor VOCs produced from skin oil O3 oxidation. The operational conditions of the PTR-
TOF-MS are similar to that mentioned before, namely drift tube pressure 2.2 mbar, temperature
60°C and 137 Td (E/N). The 1/8 “ Teflon inlet of the instrument was attached to the main
exhaust duct of the chamber, approximately 1 m from the terminal through which the air was
exhausted from the chamber and set to draw 100 mL min™! (via a main high flow inlet 7 L min™")
continuously into the mass spectrometer. Data reported for the aforementioned skin-oil T-shirt
experiment are at 20 s resolution. Before putting T-shirts inside the chamber, a background level
of the empty chamber was established and maintained for 10 minutes. The measured background
VOC levels were subsequently subtracted from the VOC levels measured while the T-shirts were
in the chamber.

3.4. Results and Discussion

Figure 3.4.1 shows the chemical structures of squalene and selected gas-phase ozonolysis
products. The first-generation gas-phase products are acetone, 6-methyl-5-hepten-2-one (6-
MHO), and geranylacetone. Terminal oxidation products found in the gas phase, i.e. products
that are minimally reactive with O3 because of their lack of carbon-carbon double bonds, are
acetone, 4-oxopentanal (4-OPA), and 1,4-butanedial (succinaldehyde). Figure 3.4.2 shows a
simplified mechanism for alkenes reacting with Os. In R1, O3 adds across the double bond,
forming a primary ozonide (not shown), which quickly decomposes to one of two combinations
of carbonyl and Criegee intermediate. This reaction is fast and does not include water, so water
vapor concentration has no effect on the rate of alkene loss. The Criegee intermediate produced
by R1 is reactive, and can proceed through R2 or R3, as well as through rearrangement. R2
shows the Criegee intermediate reacting with water to form the a-hydroxyhydroperoxide, which
decomposes to a carbonyl and to hydrogen peroxide. R3 shows the Criegee intermediate reacting
with another carbonyl to form a secondary ozonide. The carbonyl products are more volatile than
their respective secondary ozonides; in the presence of water, R2 occurs faster than R3, leading
to greater release of reaction products to the gas phase and a concomitant shrinking of the
particle.
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Figure 3.4.2 Simplified reaction mechanism for ozonolysis of alkenes.

Figure 3.4.3 shows the gas-phase concentration of geranylacetone and 6-MHO exiting the flow-
tube reactor as a function of O3 exposure and RH. Both compounds are primary products of
squalene oxidation, and both have carbon-carbon double bonds that can further react with Os. At
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all RH levels, geranylacetone production peaks at an O3 exposure of 10 ppb h. Dry conditions
yield 5 pg m of geranylacetone, whereas more humid conditions (70% RH) enhance the
concentration to 19 ug m, an increase by almost 4x. RHs, specifically 30% and 50%, also show
an increase in geranylacetone concentration compared to dry conditions. At exposures of 20 ppb
h, the geranylacetone is fully consumed by ozonolysis, and is not detected. Compared to other
products measured, concentrations of geranylacetone are small. As a 13-carbon ketone, with a
vapor pressure of 3.5 Pa at 298 K, most of the compound is expected to remain in the condensed
phase.’ Furthermore, there are fewer possible reaction pathways to produce geranylacetone than
the other, shorter chain products. The low concentration measured in this study is consistent with
a classroom study by Tang et al., where both 6-MHO and 4-OPA were found at significantly
higher concentrations than geranylacetone.?

The production of 6-MHO shows strong RH dependence. At all levels of O3 exposure, an
increase in RH leads to an increase in 6-MHO concentration. As 6-MHO is a primary product
that can also be consumed, peak concentrations are found at the lower levels of O3 exposure. At
70% RH and 12 ppb h of O3 exposure, the concentration detected is 170 pg m, 3 times the
amount of 6-MHO detected at the same O3z exposure but under dry conditions. Unlike
geranylacetone, 6-MHO is detected at even the highest levels of O3 exposure tested, 30 ppb h.
The 6-MHO species is used as a primary tracer compound for squalene oxidation, along with 4-
OPA as a secondary tracer. The fact that 6-MHO is consumed at higher O3 exposures, while 4-
OPA is not, suggests that 6-MHO concentrations could be used as a proxy indicator for the age
of oxidation products: at longer timescales, 6-MHO becomes depleted while 4-OPA does not.

Figure 3.4.4A-C shows the gas-phase concentrations as a function of O3 exposure and RH of the
three terminal products: acetone, 4-OPA, and 1,4-butanedial. At most levels of O3 exposure,
increasing RH yields increasing concentrations of acetone, again showing strong humidity
dependence. At very low O3 exposure (5-6 ppb h), 30% RH produces 32 pg m™ of acetone,
whereas 70% RH conditions give 77 ug m=, an increase by more than 2x. Under dry conditions,
acetone increases to 100 ug m at 12 ppb h exposure, and then does not increase with increasing
Os exposure. As acetone does not have carbon-carbon double bonds, it does not react
significantly with O3 and so increasing exposure is not expected to consume acetone. Under
higher RH conditions, the same leveling off is seen, but at higher concentrations. At 70% RH,
acetone concentrations begin to plateau at 20 ppb h exposure, at a concentration of 280 pg m™.
At O3 exposures greater than 10 ppb h, increasing RH from 0% to 70% increases acetone
concentrations by a factor of 2.5 to 3.
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Figure 3.4.3 Primary unsaturated products from squalene ozonolysis as a function of humidity
and O3 exposure.

Figure 3.4.4B shows the RH dependence of 4-OPA from the ozonolysis of squalene. A minimum
of two reactions involving O3 are required to produce 4-OPA from squalene, so concentrations
are observed to increase later than primary products, such as acetone and 6-MHO. Despite being
a terminal product, 4-OPA does not show the same leveling off behavior as acetone. Under dry
conditions, production stops increasing at 20 ppb h O3 exposure, but under high RH conditions
no leveling off is seen; production of 4-OPA may increase past 30 ppb h exposure. At O3
exposures less than 12 ppb h no RH dependence is seen but production is also small. At higher
Os exposures 4-OPA shows strong RH dependence, with a factor of 6 increase in concentration
between dry and humid conditions at 30 ppb h O3 exposure. In both mixing ratio and mass
concentration, 4-OPA is the most abundant gas-phase product, with a peak concentration of 600
ug m>, If each double bond in squalene proceeds through reaction R2, one molecule of squalene
would produce a single 1,4-butanedial molecule, two acetone molecules, and four 4-OPA
molecules. While the observed mixing ratios of terminal products do not follow these
stoichiometric ratios, the relatively large number of 4-OPA molecules that can be made from a
squalene molecule help to explain why it is the most abundant gas-phase product.
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Figure 3.4.4 Terminal products from squalene ozonolysis as a function of humidity and O3
exposure.

Figure 3.4.4C shows the concentration of 1,4-butanedial as a function of RH and O exposure.
As a terminal product, abundance of this species increases with O3 exposure, and, for some RH
conditions, eventually levels off. As with 4-OPA, production of 1,4-butanedial requires a
minimum of two ozonolysis reactions, so concentrations substantially increase at greater O3
exposure. Production of 1,4-butanedial shows a more complicated relation to RH than other
species. The lowest levels of production, across all O3 exposures, are under the most humid
conditions. The next lowest levels of production are under the driest conditions. Although it does
not follow the pattern of the other species measured, 1,4-butanedial levels do show strong
variability with RH. At 30 ppb h Os exposure, switching from 70% RH to 30% RH increases the
concentration of 1,4-butanedial from 52 pg m to 140 ug m=. This ~3x increase in production is
in line with the 3x-6x changes in production observed at different RH for other compounds. The
fact that 1,4-butanedial production peaks at intermediate RH, and declines at low and high RH,
suggests that water plays a more complicated role than depicted in Figure 3.4.2. Specifically,
reaction R2 increases 1,4-butanedial production up to a point, and then facilitates other reactions
that suppress production.

Wisthaler and Weschler (2010) observed 12 prominent VOCs from squalene ozonolysis,
including the five compounds already discussed.’ When glass wool soiled with human skin oil
was exposed to O3 (0-75 ppb h), three species — 4-methyl-8-0x0-4-nonenal (4-MON), 4-methyl-
4-octene-1,8-dial (4-MOD), and 1-hydroxy-6-methyl-5-hepten-2-one (OH-6MHO) — showed
mixing ratios similar to the observed mixing ratios of 4-OPA and 1,4-butanedial. These species
were also observed during ozonolysis of a pure squalene film; however, the mixing ratios for that
experiment were not reported. In our work, all three compounds are detected (4-MON, 4-MOD,
and OH-6MHO), but at very low concentrations, 2 ug m= or less. Possibly due to the low
concentration of these species, a RH dependence isn’t discernible.
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Four other compounds identified by Wisthaler and Weschler (2010) — 1-hydroxypropan-2-one
(hydroxyacetone), 4-oxobutanoic acid, and the isobaric compounds 5-hydroxy-4-oxopentanal
and 4-oxopentanoic acid (levulinic acid) — are found in the present work at peak concentrations
much lower than 6-MHO, acetone, 4-OPA, and 1,4-butanedial (5-15 ug m= versus 140-600 pg
m™). All four compounds are terminal products; concentrations either increase or level off with
increasing O3 exposure, and none of the products show increasing production with increasing
RH. Hydroxyacetone shows a muted response to changes in RH, as seen in Figure 3.7.1.
Production is similar at 30% RH, 50% RH, and 70% RH, but increased by ~50-100% under dry
conditions. Concentrations are modest, peaking at 15 ug m™ under dry conditions and 30 ppb h
Os exposure. Levulinic acid or 5-hydroxy-4-oxopentanal (or a combination of the two) only
shows a RH effect at the highest O3 exposure. At 30 ppb h, 70% RH yields 7 ug m while 30%
RH produces 15 pg m, as seen in Figure 3.7.2. Figure 3.7.3 shows 4-oxobutanoic acid
production decreasing with increased RH. At 70% RH and 30 ppb h O3 exposure, we observe 1
ug m>, whereas under dry conditions we measure 5 ug m=.

One fragmentation ion was produced in quantities comparable to those of the dominant products,
m/z 43.018 Da, C;H30". This fragment is common to acetic acid and acetate esters, but ions
consistent with these parent masses were only found in low concentrations, so it is unassigned.?¢
The fragment was found at mixing ratios comparable to 1,4-butanedial, and shows similar
responses to RH.

To explore whether our gas-phase measurements agree with the amount of material lost from the
particle phase, we summed the amount of carbon detected in the gas-phase products at different
levels of RH. We used a carbon-balance approach to test whether the loss of material from the
particle phase could be accounted for by generation of gas-phase products. The concentration of
squalene entering the flow tube reactor is 1000 ug m, corresponding to 880 pg m™ of carbon.
Converting the measurements in Figure 3.4.3 and Figure 3.4.4 from pg m to ug C m, and
normalizing to the initial concentration of carbon entering the flow tube, gives the percent carbon
in the gas phase. Figure 3.4.5 shows the percent carbon in the gas phase at 20 ppb h O3z exposure.
Note that only the dominant products are shown. Switching from 0% RH to 70% RH increases
the proportion of carbon entering the gas phase from 21% to 65%, with increases in all dominant
products except 1,4-butanedial. Even a moderate change from dry conditions to 30% RH,
increases the proportion of carbon entering the gas phase by 60%. The largest increases are seen
in 4-OPA production.

Because the VUV-AMS only measures relative concentrations of species, there is no direct
measurement of the amount of carbon present in the condensed phase. However, measurements
in the change in particle volume can be used as a quantitative indicator for mass loss from the
particle. Note that this approach ignores the mass gained by the addition of oxygen to condensed
phase products of ozonolysis, as well as any difference in densities between squalene and
condensed-phase reaction products. Despite these limitations, using this approach, there is a clear
and strong correlation between the carbon detected in the gas phase and the volume lost from the
particle, as shown in Figure 3.4.6. Under dry conditions, at all levels of O3 exposure, ~20% of
the particle volume is lost, and ~20% of the carbon from squalene is found in the gas phase. At
higher RHs, both the particle volume lost and the amount of carbon entering the gas phase are
more sensitive to O3 exposure, shown by the larger spread for these humidified conditions. The
highest RH level (70%) gives both the greatest particle volume loss and the largest percent of
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carbon in the gas phase. Notwithstanding experimental uncertainties, the evidence displayed in
Figure 3.4.6 is consistent with expectations for the quantitative loss of particle-phase carbon
being balanced with increased abundances of gaseous carbon species.

Figure 3.4.7 and S9 show the measurements in chamber air of several pertinent VOCs with O3
and RH. Four T-shirts were placed inside the measurement chamber at 10:25 with RH
maintained at ~26% for 1.5 h. Thereafter the RH was increased in a series of steps. The
previously identified squalene oxidation products (4-OPA, 1,4-butanedial, acetone, 6-MHO, and
geranylacetone) were observed to vary under the changing RH levels. Owing to the working
principle of the humidifier, the RH in the chamber fluctuated regularly within a 10% range with
a cycle of 38 minutes. In the data shown, primary unsaturated products and terminal products all
faithfully follow the RH variation, confirming the dependence of gas-phase squalene ozonolysis
products on RH, consistent with the flow-tube experiments. In accordance with previous studies,
4-OPA was the most abundant product (especially at higher RH levels); geranylacetone
concentration was consistently the lowest among the quantified species.

In contrast with the flow tube experiment in which squalene particles were continuously
supplied, the skin-oil soiled T-shirts contained a limited amount of squalene that was
progressively consumed by the O3 supplied. Therefore, at any given RH, most of the compounds
showed a decreasing trend as the available squalene was depleted, except the first level where the
lagging terminal products still increase towards steady state. In particular, acetone, the product of
squalene ozonolysis at the terminal double bond, clearly followed the RH modulation while
steadily decreasing as the experiment progressed. To better quantify the relative yields of the
VOC:s as a function of RH, two pairs of RH levels were selected, corresponding to points labeled
1-4 in Figure 3.4.7. As shown in Table 3.4.1Error! Reference source not found., the
concentration of 4-OPA increased by 5.9 ug m as the RH increased from 26% (point 1) to 44%
(point 2). A similar increase of 5.1 ug m™ was seen in a second cycle as the RH changed from
46% (point 3) to 59% (point 4). The other terminal products (1,4-butanedial, hydroxy acetone, 4-
oxobutanoic acid and 5-hydroxy-4-oxopentanal/levulinic acid) also showed slightly higher yields
during the first RH increase (point 1 to point 2). Although the level of the first-generation
products (acetone, 6-MHO and geranylacetone) tended to decrease with time overall, an increase
was still observed in the second step (points 3 and 4) when the RH increased from 46% to 59%.
However, unlike 4-OPA, the concentrations were much lower than during the first RH increase
(points 1 and 2), as shown in Table 3.4.1. For 6-MHO and geranylacetone, enhanced oxidation
by O3 could also be a contributing factor. Ozone removal was 3.4 ppb greater in the second RH
step (46% to 59%), indicating that more 6-MHO and geranylacetone were produced and
subsequently oxidized by Os at this stage. Significantly elevated 4-OPA concentrations after the
second increase of RH further supports this explanation.
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Table 3.4.1 Concentration change of squalene oxidation products (AVOCs, pg m>) due to
relative humidity (RH) increase. Circled numbers refer to points in Figure 3.4.7.

A VOCs (ug m™)
4- 6- geranyl 1,4- hydroxy  4-oxobutanoic  5-hydroxy-4-
RH(%) A Os (ppb) acetone OPA MHO acetone butanedial acetone acid oxopentanal
@ 26 @ 44 2.90 2.17 591 2.54 0.117 1.14 1.28 0.340 0.339
® 46 @ 59 3.37 0.96 5.09 0.652 0.084 0.812 0.881 0.327 0.284

Effects of RH on squalene ozonolysis have been observed in prior studies. Petrick and Dubowski
studied the condensed phase of squalene film oxidation while varying RH, finding that increased
RH led to more ketone production.?’” They also note that RH did not influence reaction kinetics, a
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finding also reported by Fu et al.?® Wang and Waring examined secondary organic aerosol
formation from the ozonolysis of surface-film squalene at 21% RH and 51% RH.? At high O3
exposures, they found that the higher RH increased the aerosol mass fraction (AMF) from
squalene. This increase suggests that higher RH leads to more oxidation products entering the
gas phase, where they then can condense onto airborne particles. Zhou ef al. examined the RH
dependence of squalene film oxidation on the condensed phase products, finding that increasing
the RH increased the yield of lower molecular weight products and decreased the yield of higher
molecular weight products.®® Although not quantitatively comparable, these previous studies
qualitatively agree that an increase in RH leads to an increase in volatile products from squalene
ozonolysis.

Humidity is already known to be an important factor that can influence VOC emissions from
materials, compete with VOCs for sorptive uptake, and influence how indoor air is perceived.’!~
40 Humidity is also known to change the deposition velocity of O3 on indoor surfaces, a
relationship that appears to depend on the material.*! Few studies have assessed how RH changes
ozonolysis products and emission rates. Coleman et al. (2008) found that increasing RH from
10% to 50% doubled the emissions of most ozonolysis byproducts from a cotton surface, with
nonanal and decanal emissions increasing by about 5x.!* Gall et al. (2013) studied primary and
secondary ozonolysis emissions from building materials, finding RH to have mixed effects.*?
Secondary emissions increased with RH for painted drywall, while emissions from carpet and
ceiling tile did not. The present work contributes new knowledge, showing that RH can directly
influence the products of squalene ozonolysis, providing an alternate route by which water vapor
can increase VOC concentrations. At realistic indoor O3 exposures, a change from 0% RH to
70% RH results in ~3 times the amount of carbon entering the gas phase. Squalene, with six
carbon-carbon double bonds, is a model molecule to show this effect. Other unsaturated
compounds, especially those with double bonds separating small moieties, may show similar
behavior. The reactions shown in Figure 3.4.2 are not specific to squalene, and so long as the
carbonyls formed by reaction R2 have sufficient volatility, increased production of gas-phase
products are generally expected from increases in RH.

The effects seen in this study suggest that RH can significantly alter the gas-phase composition
of indoor air. In high occupancy settings, skin oil oxidation can be the dominant source of VOCs,
and we show changes in RH can alter the strength of this source by a factor of 3. In the flow-tube
reactor, at the highest level of O3 exposure and RH, the sum of the concentrations of dominant
products was 940 ug m=, comparable to the 1000 ug m of squalene entering the reactor. It
should be noted that RH does not change the rate of squalene ozonolysis; at low RH oxidized
products are still being formed, but remain in the condensed phase. If that condensed phase is the
skin surface, then the products might be taken up dermally, where they could influence
health.!”# The large effect of RH on ozonolysis products from squalene, and the potential for
the underlying mechanism to act on other alkenes, warrants further research on how humidity
may modulate the consequences of indoor reactive chemistry.
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3.7. Supporting Information

Table 3.7.1 Geranyl acetone concentration data used to calculate production from ozonolysis.
Once concentrations were stable in the flow tube reactor, a ‘Raw’ measurement was taken.
Shortly after, the particle flow was replaced with a flow of N2, and squalene particles were
removed from the flow tube reactor, allowing for a background measurement. Background
measurements were taken 2 min after the particle flow was removed, when 95% of particles are
removed from the flow tube.

RH (%) O; Exposure (ppb h) Background (ug m?3) Raw (ug m?) Difference (ug m)

0 9 9 14 5
0 12 1 4 3
0 17 0 0 0
0 21 0 0 0
0 27 0 0 0
0 32 0 0 0
30 5 69 70 1
30 10 22 37 15
30 12 3 10 7
30 17 0 1 1
30 23 0 0 0
30 30 0 0 0
50 6 149 160 11
50 10 20 34 14
50 12 3 9 6
50 16 0 1 1
50 21 0 0 0
50 26 0 0 0
50 28 0 0 0
70 6 118 127 9
70 9 24 43 19
70 12 3 12 9
70 16 0 1 1
70 21 0 0 0
70 31 0 0 0
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Table 3.7.2 6-MHO concentration data used to calculate production from ozonolysis. Once
concentrations were stable in the flow tube reactor, a ‘Raw’ measurement was taken. Shortly
after, the particle flow was replaced with a flow of N, and squalene particles were removed from
the flow tube reactor, allowing for a background measurement. Background measurements were
taken 2 min after the particle flow was removed, when 95% of particles are removed from the
flow tube.

RH (%) O3 Exposure (ppbh) Background (ug m3) Raw (ug m>) Difference (ug m)

0 9 36 94 57
0 12 15 69 52
0 17 7 31 25
0 21 2 18 15
0 27 1 7 6

0 32 1 3 2

30 5 151 152 1

30 10 112 172 59
30 12 51 132 79
30 17 12 58 45
30 23 6 31 25
30 30 3 13 9

50 6 290 401 115
50 10 105 218 112
50 12 41 169 128
50 16 6 90 83
50 21 2 47 45
50 26 1 27 25
50 28 1 15 14
70 6 240 355 115
70 9 109 260 151
70 12 42 216 173
70 16 6 121 115
70 21 2 68 65
70 31 2 12 11
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Table 3.7.3 4-OPA concentration data used to calculate production from ozonolysis. Once
concentrations were stable in the flow tube reactor, a ‘Raw’ measurement was taken. Shortly
after, the particle flow was replaced with a flow of N, and squalene particles were removed from
the flow tube reactor, allowing for a background measurement. Background measurements were
taken 2 min after the particle flow was removed, when 95% of particles are removed from the
flow tube.

RH (%) O3 Exposure (ppb h) Background (ug m3) Raw (ug m3) Difference (ug m™)

0 9 148 185 38
0 12 147 205 58
0 17 134 209 75
0 21 105 202 96
0 27 96 192 95
0 32 101 199 98
30 5 191 229 38
30 10 335 353 19
30 12 378 425 47
30 17 368 492 125
30 23 344 502 160
30 30 337 522 184
50 6 848 887 42
50 10 579 601 20
50 12 712 785 75
50 16 676 917 240
50 21 626 950 323
50 26 618 1020 399
50 28 640 1038 398
70 9 857 871 11
70 12 1083 1165 79
70 16 1233 1516 282
70 21 1179 1630 447
70 31 1136 1734 606
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Table 3.7.4 1,4-butanedial concentration data used to calculate production from ozonolysis. Once
concentrations were stable in the flow tube reactor, a ‘Raw’ measurement was taken. Shortly
after, the particle flow was replaced with a flow of N, and squalene particles were removed from
the flow tube reactor, allowing for a background measurement. Background measurements were
taken 2 min after the particle flow was removed, when 95% of particles are removed from the
flow tube.

RH (%) O3 Exposure (ppb h) Background (ug m3) Raw (ug m3) Difference (ug m™)

0 9 81 106 25
0 12 87 126 40
0 17 88 143 55
0 21 67 150 82
0 27 57 142 85
0 32 57 143 85
30 5 66 87 20
30 10 112 135 25
30 12 122 166 45
30 17 110 205 95
30 23 100 218 118
30 30 92 229 135
50 10 153 178 25
50 12 161 207 46
50 16 152 238 86
50 21 146 242 96
50 26 149 257 107
50 28 159 260 101
70 9 189 206 16
70 12 223 246 23
70 16 254 297 43
70 21 239 289 50
70 31 257 309 53
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Table 3.7.5 Acetone concentration data used to calculate production from ozonolysis. Once
concentrations were stable in the flow tube reactor, a ‘Raw’ measurement was taken. Shortly
after, the particle flow was replaced with a flow of N, and squalene particles were removed from
the flow tube reactor, allowing for a background measurement. Background measurements were
taken 2 min after the particle flow was removed, when 95% of particles are removed from the
flow tube.

RH (%) O3 Exposure (ppb h) Background (ug m3) Raw (ug m3) Difference (ug m™)

0 9 81 167 84
0 12 71 173 102
0 17 71 169 98
0 21 57 165 107
0 27 52 154 102
0 32 52 158 105
30 5 105 137 32
30 10 142 227 84
30 12 123 267 141
30 17 92 293 197
30 23 81 289 206
30 30 75 288 213
50 6 163 240 77
50 10 135 249 112
50 12 110 289 178
50 16 71 301 230
50 21 62 302 238
50 26 60 319 256
50 28 62 307 243
70 6 137 216 77
70 9 158 293 133
70 12 142 337 194
70 16 122 381 258
70 21 149 428 278
70 31 184 459 278
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Figure 3.7.1 Hydroxy acetone concentration as a function of humidity and O3 exposure.
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Levulinic Acid or 5-hydroxy-4-oxopentanal
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Figure 3.7.2 Levulinic acid and 5-hydroxy-4-oxopentanal concentration as a function of
humidity and O3 exposure.
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4-Oxobutanoic Acid
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Figure 3.7.3 4-oxobutanoic acid concentration as a function of humidity and O3 exposure.
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Figure 3.7.4 Time series of other squalene oxidation products with relative humidity and O3
removal (upper panel) for the clothing experiment (O3 removal is the difference between O3
measured in supply air and the chamber; the data gap is due to the supply air measurement).
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4. Volatile Organic Compound Emissions During
HOMEChem

4.1. Abstract

Quantifying speciated VOC concentrations and emissions is critical to understanding and
modeling the processes that control indoor dynamics, human exposure, and the chemistry of indoor
air. Much of the previous building-scale research on indoor VOCs has utilized broad surveys with
low time resolution concentration measurements for specific target compounds. Such studies
cannot reveal the influence of short-term dynamic processes that control temporal variability in
concentrations. Few field studies have been able to quantify emission rates associated with various
activities and processes. Here, we present source strength profiles from the HOMEChem study,
quantifying the VOC emissions from the building and its contents, and from scripted experiments
(with multiple replicates) of cooking, cleaning, and human occupancy. Measurements of VOCs
were performed with a proton transfer reaction time of flight mass spectrometer (PTR-ToF-MS),
which continuously measured the time-resolved mass spectrum of indoor and outdoor air.
Continuous tracer releases enabled determination of air change rates enabling mass-balance based
calculations of speciated, time resolved VOC source strengths. The building and its contents were
the dominant emission source into the house, with large emissions of acetic acid, methanol, and
formic acid. Cooking emissions were greater than cleaning emissions, and were dominated by
ethanol. Bleach cleaning generated high emissions of reactive chlorinated compounds, whereas
cleaning with a natural product emitted predominantly monoterpenes and terpenoids. Emissions
from occupancy experiments showed large enhancements of siloxanes from personal-care
products in the morning; these emissions were strongly diminished in the afternoon. We use our
results to construct VOC emissions for a hypothetical 24 h, and show that emissions from the
house and its contents make up nearly half of the total indoor VOC emissions.

4.2. Introduction

Indoor VOC concentrations in residences are generally higher than outdoors.'™ People spend
approximately 70% of their time at home.® Thus, it is expected that an important route of human
exposure to volatile organic compounds (VOCs) is from the indoor air of a residence. While
much is known about outdoor VOCs, outdoor air plays a small role in the concentrations of
VOCs found indoors. Rather it is emissions from the residence, occupants, or occupant activities
that lead to elevated indoor VOC concentrations.

Due to analytical constraints of sampling and typical chromatographic methods, many prior
VOC emission studies of buildings, building materials, and furnishings have focused on a target
set of compounds, such as formaldehyde or BTEX.%® Recent advances in chemical ionization
mass spectrometry allow for real-time, speciated measurements of tens to hundreds of indoor
VOCs.1?~1* Huangfu et al. (2019) use the high time resolution of proton transfer reaction mass
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spectrometry (PTR-MS) to show a temperature and air change rate (ACR) dependence of VOC
mixing ratios in multiple unoccupied homes.'* Liu et al. (2019) determine building VOC
emissions of an occupied home by filtering for compounds that have steady rates of emission,
rather than episodic emissions characteristic of occupancy and activities.! They find that most
VOC emissions are dominated by continuous emissions from the building and its contents.

Among residential occupant activities, cooking is typically the dominant indoor VOC emission
source. !> While cooking styles and techniques vary, a common factor in cooking emissions is
carbonyl compounds from the heating of oils and fats. A study of 15 commercial kitchens in
Hong Kong showed large emissions of carbonyl compounds, especially formaldehyde, acrolein,
and longer chain aldehydes.!¢. A laboratory study of the emissions from charbroiled hamburgers
found 36% of the VOC emissions were Ci-Cio aldehydes.!” Klein et al. (2016) investigated
cooking VOC emissions with PTR-MS and found a wide array of aldehydes emitted from hot
cooking oil.!® In a study of European households, Klein et al. (2019) identify these aldehydes as
the dominant VOC emission from residential cooking.!> Other VOCs identified from cooking
include terpenes from herbs and spices, methanol from the boiling of vegetables, and dimethyl
sulfide from cruciferous vegetables.!®!?

Cleaning products often contain VOC:s, either as fragrance, solvent, or as an active ingredient of
the cleaning agent itself.?° It is estimated that American adults spend an average of 20-30
minutes per day house cleaning.?! “Natural” cleaning products do not have a strict definition, but
broadly speaking are cleaners that claim to be environmentally friendly and contain plant derived
ingredients often including terpenoid compounds (e.g., d-limonene from orange-oil or alpha-
pinene from pine-oil based cleaners). Common household cleaning products such as bleach
contain strong oxidants. Bleach sold for household use is typically an aqueous solution of ~5%
sodium hypochlorite (NaOCl) mixed with a strong base to establish a pH of 12. Its cleaning
power comes from the oxidative potential of the chlorine atom: in hypochlorite the CI oxidation
state is +I while in the more common chloride form the oxidation state is -I.>2 Bleach cleaning
has been found to generate large (>100 ppb) gas phase concentrations of hypochlorous acid
(HOCI), a strong oxidant.?*

PTR-MS does not measure HOCI mixing ratios, but does measure many products of bleach
cleaning. Wang et al. (2019) used PTR-MS to study the reaction products of HOCI and
limonene.?* They found reaction products consistent with the addition of O or Cl to the terpene,
as well as many products of lower molecular mass than the terpene, either directly produced or
from larger molecules that fragmented during measurement. Matilla et al. 2020 report elevated
concentrations of inorganic species, especially chloramines (NH>Cl, NHCl,, NCls), during
bleach cleaning from the same HOMEChem study we analyze here. °

Occupants can be an important source of VOCs indoors.?® Occupancy emissions come from
both naturally produced VOCs on the skin or in breath, oxidation products of skin oil, as well as
the volatilization of chemicals in personal care products (PCPs). Isoprene and acetone are the
most prominent breath VOCs.?” Oxidation of skin oil leads to many volatiles, the most studied of
which are 6-methyl-5-hepten-2-one (6-MHO) and 4-oxopentanal (4-OPA), arising from the
ozonolysis of squalene.?® A study of VOC emissions inside a movie theater showed large
emissions of isoprene and acetone, as well as methanol (suspected to be produced
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endogenously), and siloxanes and monoterpenes from PCPs.” Other VOCs were shown to
correlate with on-screen activity, such as comedic moments or depictions of injury.!°

With respect to PCPs, hundreds or thousands of different volatile species may be in wide usage.
However, Yeoman ef al. (2020) find the dominant products to be 2-propanol, benzyl alcohol,
octamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane (D5), ethanol, limonene, and
methanol.?’ Grouped together, the siloxanes were the largest emission source observed in the
classroom study by Tang ef al. (2015), which is likely indicative of many highly populated
indoor environments.?%-3

Here we report baseline VOC emissions from the building and its contents, and from scripted
replicated activities including cleaning, cooking, and occupancy, during the House Observations
of Microbial and Environmental Chemistry (HOMEChem) study.

4.3. Methods

Measurements were performed at The University of Texas at Austin’s test house (UTest House)
in June 2018. An overview of the HOMEChem study, including descriptions of the scripted
experiments and test house facilities can be found in Farmer et al. (2019).%!

Cleaning experiments were done with either bleach (120 ml Clorox in 3.8 L of tap water) or a
natural cleaner (60 ml Mrs. Meyer's Clean Day in 3.8 L of tap water). One person entered the
house, prepared the solution, and mopped the kitchen and living room areas of the house (40 m?).
The cleaning activity typically took 25 minutes, then the person would immediately leave the
house. Measurements continued with the house unoccupied, giving a total sampling time of 1
hour. Experiments with each cleaner were performed 7 times.

Cooking experiments consisted of making rice and a vegetable stir fry for 3 people. Volunteers
enter the house and set water (480 ml) to boil for rice (240 ml uncooked). Cooking oil (30-45 ml)
was added to a wok or cast-iron pan and heated until shimmering or smoking. Frozen vegetables
(~1-1.5 L) were then added, followed by sauces (30 ml sriracha, 60-180 ml stir fry sauce, and a
small amount of soy sauce). The food was eaten and dishes cleaned in a dishwasher with
detergent, while pots and pans were cleaned with soap and water by hand. Each experiment
lasted 2 hours. A total of 7 cooking experiments were performed.

Occupancy experiments were conducted in 15-minute intervals, sequentially increasing to a
maximum occupancy, then leaving in the reverse order that people entered (first in, last out). Due
to the mixing rate of the house (20 min) being on the order of the time between occupancy
changes, we chose to integrate emissions over the entire two-hour experiment, and normalize the
emissions by the person-hours of occupation. Occupancy experiments were conducted with
cumulative occupancy of 15 person-hours (except for one experiment, “Regular PCP”, which
had a cumulative occupancy of 12.5 person-hours). Emissions are only reported if, prior to
normalizing to occupancy, the total emission above baseline for the experiment period was
greater than 0.001 mg.

Volunteers varied their personal care product usage for the occupancy experiments. In two
experiments, volunteers wore minimal PCPs, or chose “naturally” branded products. In one
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experiment occupants were instructed to apply their regularly used amounts of PCPs. In two
other experiments, occupants were instructed to heavily apply PCPs. These experiments are
referred to as “Low PCP”, “Regular PCP”, and “High PCP” occupancy experiments. Duplicate
experiments were carried out on the same day, with one experiment in the morning and one in
the afternoon. During the Regular PCP experiment the ACR could not be calculated from the
tracer-gas data so a default value of 0.5 h'! was used.

Baseline emission rates are attributable to the building materials, finishing materials, and
stationary furnishings. We assessed baseline emission rates during a period with no indoor
occupancy or activities, by leaving the house at rest for 24 hours. The air conditioner and
associated ventilation fans were left on. The day used for baseline analysis occurred halfway
through the month-long campaign so as to capture the house in a used but unoccupied state. Due
to overnight calibrations we do not measure a full 24 hours; instead we calculate emissions from
6:30 am to 2:30 am the following day.

Measurements of VOCs were made by proton transfer reaction time-of-flight mass spectrometry
(PTR-TOF-MS, PTR-TOF-8000, IONICON Analytik GmbH, Austria), a chemical ionization
technique with minimal fragmentation that uses H3O" as the reagent ion. PTR-TOF-MS provides
mixing ratio measurements of VOCs that possess a proton affinity greater than that of water,
namely alkenes and oxygenated VOCs as well as some halogenated species. It is not sensitive to
most alkanes because of their low proton affinity. Measurements were collected at 1 Hz
resolution, processed with the PTRwid software package, and later averaged to 1-minute time
series.>

Multipoint calibrations were run each night, alternating between two multicomponent mixtures.
A total of 18 compounds were directly calibrated. Uncertainty in reported mixing ratios for
directly calibrated compounds is +/- 10%. All other compound mixing ratios were calculated
using a default proton transfer reaction rate constant of 2.5 x 10 cm? s™! for both the primary ion
as well as the for first water cluster, H3O*(H20). Mixing ratios calculated from the default
reaction rate constant are typically accurate to +/- 50%; uncertainties could be higher for
inorganic species such as chloramines.*?

Sample air was continuously drawn from two sample inlets through tubes (PFA; OD 0.635 cm;
length 8.4 m; flow rate 1.5 L/min). One inlet was located in the kitchen of the test house, the
other was outdoors. The sample flows were subsampled at 150 ml/min through a 6-way valve
(NResearch, 648T091; PTFE inner contact surfaces) and PEEK tubing (length 2m) into the PTR-
TOF-MS. Indoor air was measured for 25 minutes then outdoor air was measured for 5 minutes
during each 30-minute period throughout the experiment. To avoid carryover effects, only the
last minute of outdoor sampling is used for to calculate the outdoor concentrations, allowing 4
minutes for compounds to equilibrate in the valve, PEEK tubing, and instrument. Similarly, after
switching back to indoor sampling the first 5 minutes of data are discarded, to allow for sample-
line equilibration. In summary, under this sampling scheme, for every 30 minutes, the analysis
utilizes 20 minutes of indoor measurements and 1 minute of outdoor measurement.

Air-change rates (ACR) were determined by the continuous release of a tracer compound (butene
D3, Cambridge Isotopes, Inc.) as in Liu et al. (2018).3* Throughout the experiments the test
house was mechanically ventilated at a target ACR of 0.5 h'!. ACR during the activity and
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occupancy had a mean value of 0.6 h™! and an interquartile range of 0.5-0.7 h'! (n = 25). For
occupancy and activity experiments ACR is calculated at the time resolution of the experiment, 1
h for cleaning experiments, 2 h for cooking and occupancy experiments. ACR is calculated with
1 h time resolution during the unoccupied experiment. A separate recirculation system contained
the air conditioner (AC). Although the cooling function of AC unit was thermostatically
controlled, the recirculation fans were left on continuously. With a recirculation turnover time of
~7 min, the house is expected to become well-mixed within 20 min after a localized emission
event.

Total emissions into the house, Miotal (Mg), Over a time interval, At, are the sum of the mass of
the compound that remains in the house and the mass that is removed by ventilation.
Mathematically this works out to:

Mtotal = pV(Cfinal - Cinitial) + pVAAt(Cavg - Coutdoors) (1)

Where Cinitial and Crinal are the indoor mixing ratios (ppb) at the beginning and end of the interval
At (h), A is the ACR (h!), Cayg is the average indoor mixing ratio (ppb) over At, and Coutdoors iS
the average outdoor mixing ratio over At. To convert mixing ratios to mass emitted each term is
multiplied by V, the mixed volume of the house (235,000 L), and p (mg mm™), the gas density at
20 °C of the species emitted, as calculated from the molar mass of the compound and the ideal
gas law. The first term of equation 1 is the mass of a given compound that remains in the house
after being emitted over the interval At, while the second term is the mass of emitted compound
that has been lost to ventilation over At.

For the reported emissions M (mg) from occupancy and activities, continuous emissions from the
house and its contents are subtracted from Miotal:

M = Mtotal - Mbaseline = pV(Cfinal - Cinitial) + pVAAt(Cavg - Cinitial) (2)

This assumes baseline emissions, Mpasetine (Mg), and corresponding baseline mixing ratios are
constant over the integration period. The baseline subtraction is susceptible to two types of
errors: changes in baseline emission rates or ACR over the course of the experiment, and Cinitial
not being a steady state concentration. The first case is likely to be small. For cleaning
experiments At is 1 h; for cooking and occupancy experiments At is 2 h. Temperatures in the test
house remain stable over this timeframe, so changes in baseline emissions due to changes in
surface temperatures are expected to be low. Additionally, emissions caused by changes in
temperature due to the activity (i.e. kitchen surface temperatures increasing during cooking)
should be included as emissions due to the activity. ACR is calculated over the same time
interval as the experiments, giving a representative rate of ventilation over the entire integration
time.

Causes of unstable initial mixing ratios could be declining concentrations from an earlier
emission, increasing concentrations after the house has been flushed with outside air, and
concentration fluctuations of compounds due to the cycling of the AC system. The first two
errors are minimized by allowing the house VOC concentrations to equilibrate before beginning
the experiment. In experiments preceded by flushing the house with outside air, ~80 min is given
for indoor concentrations to approach steady state after the house is re-sealed. In a study of VOC
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and SVOC rebound rates at the test house, Wang et al. (2020) find compound rebound time
constants of ~1000 s (17 min), with the slowest compounds showing a time constant of 2600 s
(43 min), indicating that after 80 min signals should be approaching steady state
concentrations.®® In experiments not preceded with a flushing, the house was allowed to rest for
3 hours. At an ACR of 0.6 h! at least 80% of the elevated concentrations from the previous
experiments would be removed. Only one type of experiment is performed on a given day
preventing a “cross contamination” of emitted species. Changes in concentration due to AC
cycling are minimized by averaging over the 15 minutes prior to the beginning of the experiment
for the Cinitial term. Mixing ratio terms Cinal, Cinitial, and Cavg are all derived from 1 min averages
of mixing ratios measured indoors. During periods where outdoor measurements were being
made, indoor mixing ratios are linearly interpolated.

Errors are also minimized by conducting replicates. For each activity experiment 7 replicates are
performed. Emissions are calculated for each replicate. For each ion signal the mean emission is
calculated, as well as the 95% confidance interval (CI , 6 DOF, 2-sided). If the mean is both
greater the 0.001 mg and greater than the CI it is reported as an emission.

Note that Equation 1 will give a nef emission over At, where any loss process other than
ventilation will be reported as a negative emission: it is the total emission minus any chemical or
physical loss over the integration period. Values of M given by equation 2 are similar despite
background subtractions and should be taken as the net emission over the integration time At due
to the activity or occupancy.

In addition to emissions, M, we report emission rates, E (mg h™') , from the unoccupied house.
Emission rates are calculated by dividing Equation 1 by At, giving the same equation used by Liu
et al. (2019):!

E = Mootal - py (QLmeEe | 4 (Copg = Cour) 3)
E is calculated with a 1 min time step (At =0.017 h) by linearly interpolating mixing ratios and
ACR. For events with emission spikes this is too short of a time step, slower than the 7 min
turnover time of the ventilation system. However emissions during the unoccupied day are
continuous and changes in emissions driven by the AC system are evenly distributed throughout
the house as they occur in the ventilation system. Performing the analysis with a 1 h timestep did
not change the results. Emissions rates during the unoccupied period are reported as the mean
emission rate over the 20 h measurement period.

4.4. Results and Discussion
4.4.1. Baseline Emissions from the Building and its Contents

Over the entire 30-day measurement campaign, 250 VOC signals were detected indoors above a
minimum threshold average of 5 ppt and limit of detection (LOD), whichever was greater. While
the house was unoccupied, 222 VOC signals were detected above this threshold. More than 95%
of these VOCs (216) were measured at elevated concentrations in the house when it was
unoccupied for 24 hours, indicative of persistent VOC emissions indoors. Median mixing ratios,
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ratios of median indoor to median outdoor concentrations (I/O), and mean baseline emission
rates for the 15 highest emitted compounds are found in Table 4.4.1, while a complete list is
found in Table 4.8.1.

Table 4.4.1 Top 15 emitted compounds from the unoccupied house. Median mixing ratios (Cavg),
median-indoor to median-outdoor concentration ratios (I/O), and mean indoor emission rates
(Eavg) over the unoccupied day.

m/z Ion Formula  Compound Assignment Cavg (ppb) 1/0 Eave (mg h)
61.0275 C2Hs02" acetic acid 55.9 >10 17
33.0333 CHsO" methanol 39.8 >10 6.3
47.0124 CH;0," formic acid 11.9 >10 2.8
47.0485 C:H,0* ethanol 12.6 2-10 2.8
143.142 CoH190" C9 saturated carbonyl 2.2 2-10 1.5
371.091 C10H3105Sis" siloxane D5 0.743 >10 1.5
43.0537 CsH7* propanol fragment -+ 5.6 >10 1.2

propene

45.033 C2Hs0* acetaldehyde 5.23 >10 1.1
59.0484 C;H,0* acetone + propanal 3.6 2-10 0.92
83.0847 CeHutt alkyl fragment 1.78 >10 0.75
97.0277  CsHsO:" furfural 1.4 O“{‘g’g = 0.75
137.132 CioHi7 monoterpenes 1.35 2-10 0.61
117.09 CsH1302" hexanoic acid 0.873 2-10 0.49
71.0847 CsHur* pe“tanggnftrjf:lem " 1.4 2-10 0.46
41.0382 CsHs* alkyl fragment 2.22 >10 0.45

For the vast majority of VOC signals, 1/O ratios are above 1, indicating indoor sources. Median
outdoor concentrations are below the limit of detection for 82 (37%) of the VOC signals found
indoors, thus we infer these VOCs originated exclusively indoors. Another 20 signals (9%) are
an order of magnitude (I/O > 10) more abundant indoors than outdoors, while 107 (48%) have
I/0 ratios between 2 and 10. In total, based on the I/O ratio, 94% of VOC detected are more than
twice as high indoors indicating the dominance of indoor sources across a broad suite of VOCs
even without including the effects of occupancy and occupant activities. A further 10 VOC
signals (5%) are found with I/O ratios between 1 and 2, whereas only 3 (1%) were lower indoors
than outdoors.

Only 4 signals show net negative emissions, indicating loss either indoors or at the building
envelope. Only two of the VOCs show appreciable removal, acetonitrile and CsHsO™, lost at
rates of 0.09 mg h'! and 0.12 h'!, respectively. Time series of the indoor and outdoor mixing
ratios (Figure 4.8.1) show elevated morning outdoor concentrations of acetonitrile which does
not appear indoors. By the afternoon concentrations between the two sites are equal. For CsHsO"
it is the opposite pattern, elevated outdoor concentrations leading to loss in the afternoon. The
total VOC signal loss rate is 0.22 mg h™!, or roughly 200 times smaller than VOC emissions
indoors.
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Figure 4.4.1 Mass spectra of (A) the VOC emissions rate from the building and its contents (top,
mg h'!), and (B) the VOC infiltration rate from outdoors (bottom, mg h'!). Emissions from the
building and its contents are 7 times greater than transport from the outdoors, with the two
figures showing the different chemical fingerprint of each source.

The total VOC emission rate in the unoccupied house over the 20 h sampling period from the
building and its static contents was 49 mg h™!, whereas the total VOC infiltration rate from
outdoors was a factor of 7 smaller at 7.1 mg h™! (Figure 4.4.1). The most emitted VOC indoors
for baseline conditions was acetic acid at 17 mg h™!, accounting for one third of the detected
VOC emissions from the building and its contents. The second and third most emitted VOCs
were methanol (6.3 mg h!, 13%) and formic acid (2.8 mg h!, 6%) respectively. Liu et al. (2019)
identified the same three compounds as the top emissions from a normally occupied residence in
California, independent of occupant activity.! In their study these three compounds comprise
~75% of the total “baseline” emissions, whereas we find a more diverse spectrum of emissions,
with these three compounds accounting for 50% of total quantified emissions from the building
and its contents. The Liu et al. analysis of baseline emissions specifically excluded VOCs that
also had significant occupant activity sources (e.g. ethanol from cooking). Doing so
systematically biases the comparison of their baseline emissions low versus the way we have
calculated emissions here, including all observed VOC during the unoccupied period. In their
study Liu et al. (2019) report the average baseline total VOC emission rate of 37.3 mg h™! had a
strong temperature dependence, doubling as temperatures increased from the minimum observed
16 °C to the maximum observed 23 °C. The mean air temperature of the HOMEChem test house
on the unoccupied day was 25.1 °C (interquartile range of 24.7-25.5 °C), and the larger total
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VOC emission rate reported here is at least qualitatively consistent with the Liu ef al. results
when accounting for temperature dependence of baseline emissions.

The AC system caused air temperature swings of 2 °C on ~30 min cycles, and 1 hour averaging
reveals that the afternoon sees warming of 0.4 °C, smaller than the swings caused by AC (Figure
4.8.2). Surfaces see a smaller temperature effect from AC. Kitchen floor temperatures fluctuate 1
°C with the AC. At 5:30 AM the 1 hour mean temperature of the kitchen floor was 25.2 °C, and
increased steadily to 25.9 °C at 4:30 PM. By 2:30 AM the following day the 1 hour mean
temperature returned to 25.2 °C. As with the air temperature, surface temperature swings caused
by AC are larger than the general trend in warming over the day. Figure 4.8.3 shows the hourly
mean total VOC emission rate as well as the surface floor temperature during the unoccupied
day. There is no apparent trend between the temperature and emissions, perhaps due to the AC
temperature signal being larger than the warming over the day and the noise introduced into the
emissions signal by the AC cycling.

During the unoccupied period 32 VOC signals were found to vary in concentration with the air
conditioner supply temperature, which oscillated as the compressor cycled on and off. Duncan et
al. (2019) reported similar behavior for water soluble organic gases, such as organic acids.!!
Consistent with their work, we find that acetic acid and formic acid were the most abundant
compounds exhibiting this cycling. The time-resolved analysis results suggest that these two
compounds experience negative indoor emissions with the air conditioner active, implying that
the compounds are condensing in the HVAC system, likely on the cooling coils, which drain to
the outdoors. Figure 4.4.2A shows the mixing ratio of acetic acid, as well as the temperature of
the air leaving the AC system over 5 air conditioning cycles. Soon after the AC turns off, as
indicated by a rise in temperature, the concentration of acetic acid increases. Once the
temperature setpoint is reached, causing the AC to resume operation, the temperature drops, and
fluxes become negative as acetic acid is (apparently) lost to cold, water coated parts of the
ventilation system. The oscillation of acetic acid accounts for more than half of the total VOC
signal oscillation that is associated with AC operation.
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Figure 4.4.2 Acetic acid mixing ratios cycle with the AC outlet temperature (A, left), the
oscillation of which is clearly seen in the total VOC signal of the unoccupied house. Red shading
indicates AC is off and temperature is increasing, blue shading indicates AC is on and cooling.
Note that the AC outlet temperature is not the ambient temperature of the house, rather a proxy
measurement of the temperature of the AC cooling coils. Figure B (right) shows the acetic acid
mixing ratio as a function of AC outlet temperature. Red indicates warming and blue indicates
cooling. The cycle is asymmetric, moving counterclockwise around the plot.

On a time-resolved basis, acetic acid emissions range between positive 150 mg h! and negative
120 mg h!, while formic acid emission rates range between 27 mg h'! and -24 mg h™!. Figure
4.4.2B shows acetic acid mixing ratio as a function of AC outlet temperature. Red markers
indicate warming and blue indicate cooling. The cooling cycle is asymmetric, moving
counterclockwise around the figure. At the bottom left the temperature and concentration are
both at their lowest. The AC cycles off, and the temperature rises before concentration. After a
few degrees of warming, the concentration then rises with temperature until the AC cycles on, at
the top right corner of the plot. Again, there is a lag between the change in temperature and
change in mixing ratio. It is unclear how efficient is the net removal of these acids because of the
air conditioner. For example, it is possible that much of the acetic acid deposited in the HVAC
system is reemitted when the cooling cycle ends and warmer air flows through the system.
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Figure 4.4.3 Emissions from bleach cleaning (A), natural product mopping (B), and cooking (C).
Bleach mopping is dominated by chlorine compounds, specifically monochloramine,
dichloramine, and trichloramine. Natural product mopping has the least diverse emissions of the
activities, with monoterpenes comprising 60% of the emissions. Cooking emissions are large due
to the 200 mg of ethanol emitted per event, as well as the many compounds released in the mg
range.
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4.4.2. Emissions from Cleaning

Cleaning emissions depend substantially on the types of cleaning solutions used. Emissions from
mopping with bleach produced twice as much observed VOC emissions per mopping event as
mopping with natural products, and the chemical composition of emissions from these events are
completely different (see Figure 4.4.3).

Total gas phase emissions from bleach mopping are 38 & 6 mg per mopping event including 32 +
6 mg of chlorinated species. Table 4.4.2 lists the top 10 emitted ion signals, while Table 4.8.2
lists the complete emissions and relative 95% CI for all ion signals during bleach mopping. The
top three emissions are chloramine, dichloramine, and trichloramine, comprising 82% of total
emissions. These species are not VOCs, as they are inorganic. Mattila e al. 2020 showed that
these compounds are removed significantly faster than the air-change rate, implying that they are
either lost through additional physical or chemical processes.?*(and Mattila in prep) These
species, especially trichloramine, are known respiratory irritants with links to asthma, and much
research on exposure has focused on emissions from swimming pools.*¢-? In addition to
chloramines, chlorinated VOCs are emitted, although in smaller quantities. Of particular note is
cyanogen chloride (NCCI), a toxic compound that has been used as a military poison gas.*’ The
highest concentrations of NCCI observed during this study were 1-2 ppb during bleach mopping,
corresponding to an emission of 1 + 0.2 mg per mopping event. Possibly a fragment of a larger
chlorinated species, the ion CHCI," is among the top 10 emitted VOC ions. Chloroform,
previously identified in bleach, is also found.*!

In total we detect 97 distinct ions emitted from bleach cleaning, the vast majority in small
quantities. These trace organics, many of which are highly oxidized, may come from the
oxidation and fragmentation of organic surface films due to the oxidizing nature of bleach. It is
also possible that their emission stems from a physical rather than chemical process: mopping
with a bleach solution could liberate these oxygenated species from the organic surface film
through changing the water content and/or pH of the surface. Regardless, both the major and
minor emissions from bleach cleaning can be thought of as “secondary’: they do not originate
from the cleaner, but rather chemical or physical processes that are a result of cleaning.

Natural product mopping produces large emissions of terpenoids. The 10 highest emissions from
natural product mopping is listed in Table 4.4.3, while the complete list of emissions as well as
95% CI are listed in Table 4.8.3. Of the total 19 + 3 mg of VOC emitted per mopping event, 12 +
3 mg are monoterpenes, and the top 10 highest emitted VOCs include ions consistent with citral,
monoterpene alcohols, and C14H2307, an ion formula suggestive of a class of fragrance
compounds called ionones. Overall, we report 79 emitted VOCs, fewer than reported from
bleach cleaning, possibly due to lesser oxidative activity associated with the cleaning solution.
Also, these VOC ions appear to be emitted directly from the cleaner, rather than chemically
produced or physically liberated from surfaces.

Natural product mopping releases large amounts of reactive terpenes. During the HOMEChem
experiments, indoor ozone concentrations were low, ~8 ppb on average. However, in a more
polluted urban environment, the large release of terpenes indoors could lead to the formation of
secondary organic aerosol (SOA). Additionally, we find that the loss rate of monoterpenes from

60



indoor air during cleaning activities is consistent with the ventilation rate suggesting they are
transported outdoors much faster than they can react indoors. Once outdoors, these compounds
are precursors to photochemical smog chemistry, in particular, the formation of secondary
organic aerosol.

Table 4.4.2 Top 10 emissions from bleach cleaning (mg per mop). Compound assignments with
double asterisk are tentative (**).

Ion Formula Compound Assignment Emission (mg per mop)
NH3Cl+ chloramine 16
H2CI2N+ dichloramine 9.5
HCI3N+ trichloramine 4.2
CH50+ methanol 1.1
C2H50+ acetaldehyde 1
CHCIN+ cyanogen chloride 1
CHCI2+ - 0.91
C3H70+ acetone + propanal 0.78
CH302+ formic acid 0.35
CCI3+ chloroform** 0.23

Table 4.4.3 Top 10 emissions from natural product cleaning (mg per mop).

Ion Formula Compound Assignment Emission (mg per mop)
CI10H17+ monoterpenes 12
C10H170+ citral + others 1.2
C7H11+ - 0.53
C14H230+ - 0.44
CI0H190+ monoterpene alcohols 0.35
CSH50+ furanoid fragment 0.32
Co6H11+ alkyl fragment 0.26
C8H902+ 4-anisaldehyde + others 0.22
C7H9+ toluene 0.18
C7H7+ 0.18
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Table 4.4.4 Top 10 emissions from stir fry cooking (mg per event).

Ion Formula Compound Assignment  Emission (mg per event)
C2H70+ ethanol 200
CH50+ methanol 13
C2H502+ acetic acid 10
C2H50+ acetaldehyde 5.1
C3H70+ acetone + propanal 3.8
C10H170+ citral + others 1.8
C3H50+ acroleinf#r-agggril?nic acid 17
CAH9O+ butanal + methyl ethyl 16
ketone
C5HO9+ isoprene 1.1
CoHI11+ alkyl fragment 0.89

4.4.3. Emissions from Cooking

The top 10 emissions from stir-fry cooking are listed in Table 4.4.4. Table 4.8.4 lists the
complete emissions from stir fry cooking. Total emissions are 250 + 50 mg per cooking event,
with 80% of the emitted mass accounted for as ethanol (200 + 40 mg per event). This high
emission of ethanol originates from the addition of stir-fry sauce to a hot pan, which quickly
volatilizes the compound. Figure 4.4.4 shows a time series of selected compound mixing ratios
for a cooking event. Ethanol is not commonly discussed in literature we found regarding cooking
VOC emissions. More emphasized are saturated alkanes (from the gas fuel used for combustion)
and carbonyl compounds.'®*> However, Liu ef al. (2019) identified ethanol as the most abundant
VOC in the living space of a normally occupied residence, and noted large spikes in emissions
during a wide variety of cooking events.! At HOMEChem, the next highest emitted VOCs are
methanol and acetic acid, with emissions of 13 and 10 mg per event, respectively. Acetic acid
has many potential sources but we suspect that it originates in the stir fry sauce as well. Klein et
al. (2016) identified boiling vegetables as a source of methanol; the frozen vegetables added to
the hot pan may be the source at HOMEChem.'® VOC ions consistent with short chain aldehydes
(acetaldehyde, acrolein, butanal, pentanal, and methacrolein) contribute 10 mg per event to total
emissions. These compounds are expected to arise from high temperature degradation of cooking
oil, and some are deleterious to human health.!%%

Cooking emissions are more chemically complex than emissions from mopping with either
bleach or natural products (Figure 4.4.3). In total we report emissions for 164 VOC ions,
compared to the 79 from natural product cleaning and 97 from bleach cleaning. Furthermore, it is
clear that cooking emissions depend substantially on the method of cooking as well as the types
of food, thus our experiments are specific to the chosen experimental conditions, rather than
broadly representative.

Figure 4.4.5 compares the baseline emissions from the building and its contents with bleach
mopping, natural products mopping, and cooking. Each pie chart shows the top 10 emitted VOCs
as well as one slice representing the sum remainder of emissions. Activity emissions are
dominated by 1-3 VOC ions, while baseline emissions show a more diverse distribution.
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Figure 4.4.4 Time series of meal cooking. Points indicate 1 minute averaged measurements,
while the thin dotted lines indicate periods with no indoor data due to outdoor sampling. The
addition of sauce to the hot pan results in rapidly evaporation of large amounts of ethanol, as
seen in the bottom plot, as well as the sum VOC in the top plot. Both acrolein and methanol
increase in concentration before the addition of sauce, most likely from heated oil and heated
vegetables, respectively.
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Figure 4.4.5 Relative speciation of emissions from activities and the building itself. Each chart
shows the 10 most emitted compounds, as well as one slice for the remaining compounds.
Emissions from the building and its contents are the most diverse.

4.4.4. Emissions from Occupancy

A total of 238 VOC ions were emitted in at least one occupancy experiment. Only 71 of these
were detected across all five occupancy experiments. Per capita emission rates of select VOC
signals and CO; are presented in Table 4.4.5. We compare our results to reported emission rates
from Tang et al. (2016) and Stonner ef al. (2018).%2° A complete list of occupancy emission rates
are found in Table 4.8.5. Average CO- emissions were 27 g person™ h'!, in general agreement
with the 21 g person! h'! reported by Tang and 30 g person™! h! reported by Sténner. Here, we
separate emissions into three broad categories: metabolic emissions, emission of skin oil
oxidation products, and personal-care product emissions.

Emissions of acetone ranged from 380 pg person! h'! to 550 ug person’! h'! with no clear pattern
related to PCP usage. The average emission rate, 460 pg person™! h'!, agrees well with Stonner ef
al., but is less than half the reported acetone emission rate from Tang et al. Isoprene emissions
show similar variability unrelated to PCP usage. The average emission across all experiments is
72 ug person’! h'l, less than half of the ~160 pg person’ h'! reported by both Tang ef al.and
Stonner et al. This variability has precedence: in a review of human breath VOCs, Fenske and
Paulson report that exhaled mixing ratios spanned ranges of 12-580 ppb for isoprene and 1.2-
1880 ppb for acetone.** Interestingly, the variability of the two breath volatiles does not
correlate: for instance the experiment with the largest per person emission of isoprene, “High
PCP Morning,” has the second lowest per person emission of acetone. Emissions of C4HeO, an
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unsaturated carbonyl, remain consistent across all five experiments, in the range 14-20 ug
person’! h'l. The ubiquity and stability of this emission suggests it may be a human produced
VOC. Tang et al. do not report emissions for this compound; however, Stonner et al. report an
emission rate of 8 pg person™ h!.

Emissions of ethanol could originate either from PCP or from breath. For both “Low PCP”
experiments (conducted on the same day), ethanol emissions are in line with reported results
from both Tang ef al. and Stonner et al. For the other three experiments, ethanol emissions were
an order of magnitude higher, 1500-5300 ug person™' h!. Alcoholic beverages were not
consumed during these experiments; however, consumption from the night before could
conceivably have led to elevated breath emissions the following day. Additionally, ethanol is
used as a solvent for perfumes and colognes, as well as in hair spray.

Despite the low ozone concentration during the HOMEChem experiments, emissions were
detected and quantifiable for reaction products of skin oil ozonoylsis. The intermediate product
6-MHO was detected across all five occupancy experiments, while 4-OPA was only found
during three experiments and at lower levels than 6-MHO. These observations are consistent
with the production mechanism for both products: 6-MHO can be produced from a single
ozonolysis of squalene, whereas 4-OPA requires a minimum of two ozone-initiated reactions.
Low ozone concentration will favor more production of 6-MHO over 4-OPA.?8 An ion consistent
with decanal, CioH210", was emitted during all five experiments at an average emission of 16 pg
person’! h'l. Decanal can be formed from the ozonolysis of unsaturated fatty acids; it was a major
product when Wisthaler and Weschler (2010) exposed skin oil soiled glass wool to ozone.®
While acetone can be produced from skin oil oxidation, the large quantities we observe suggest
that skin oil oxidation would be responsible for only a small fraction of overall indoor acetone
emissions.

The most striking effect of varying PCP usage is seen in terpene and siloxane emissions. The
highest emission of monoterpenes is seen in the “High PCP Morning” experiment, 300 ug
person’! h'l, compared to the “Regular” and “Low PCP” experiments with monoterpene
emissions in the range 33-84 pg person™ h'!. However, the “High PCP Afternoon” experiment
has monoterpene emissions of 47 pg person’! h'!, well in line with the “Low” and “Regular PCP”
experiments. We attribute this outcome to the product being applied in the morning and
volatilizing away over the course of the day.

The effect of PCP depletion during the day is evident in D5 siloxane emissions: for both Low
and High PCP experiments, the compound showed high emissions in the morning and low
emissions in the afternoon. This is especially remarkable for the High PCP usage case: in the
morning, the emission rate was 16 mg person™! h'!, but in the afternoon experiment emissions of
D5 siloxane were not detected. The High PCP morning emission rate was 6 times greater than in
the Regular PCP experiment, and almost 50 times greater than the Low PCP Morning
experiment. This declining per person emission rate of siloxanes was also observed in the
classroom study of Tang et al. (2015).3° With respect to modeling indoor VOC emissions, time-
dependent emissions introduce an added challenge: occupancy alone is not sufficient to
accurately capture siloxane emissions. Also important for this purpose would be the time since
application of PCP.
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Total emissions from the two Low PCP experiments are 1.5 and 1.9 mg person™ h!. For
“regular” application of PCPs, total emissions increase to 6.6 mg person’! h'!; this increase is
mainly attributable to higher emission rates of ethanol and D5 siloxane. The “High PCP
Morning” experiment yields a total VOC emission rate of 20 mg person™ h'! of which 80% is D5
siloxane. By the afternoon, D5 emissions are not detected, and total occupancy-associated VOC

emissions drop to 7.0 mg person™' h!,

Table 4.4.5 Per-capita occupant emissions for select compounds (pg person’! h'') from this study

as well as Tang et al. (2016) and Stonner ef al. (2018).72

Emissions per occupant (ug person™ h™')

Regular This
Low PCP PgCP High PCP study Tang et al.
avg
Ion Formula Fo.rmula Morning  Afternoon Morning  Morning  Afternoon
Assignment
carbon
CO2 dioxide 2.2E+07  2.7E+07  2.6E+07 2.8E+07  3.3E+07  2.7E+07 2.1E+07
CHsO0+ methanol 46 310 - - 170 180 156
C-H;0+ ethanol 170 200 2600 1500 5400 2000 94.9
C;H;0+ acetone 450 550 380 390 510 460 1060
CsHot+ isoprene 76 75 60 83 66 72 162
unsaturated
cH0  carbomvl(ee, 15 19 13 22 18 17 -
methyl vinyl
ketone)
CsHis+ &
CsHuO+ 6-MHO 25 37 13 15 21 22 99.3
CsHoOx+ 4-OPA 0.25 7.2 - - 3 3 37.9
CiHz0+  ClOsaturated g 20 14 15 17 16 312
carbonyl
CioHi7+ monoterpenes 84 51 33 300 47 100 187
CisHas+ sesquiterpenes 3.6 5.8 3.7 22 4.6 8 8.1
CsH2504Si4+ siloxane D4 2.3 0.97 3.4 160 2.5 34 90.2
C10H3105Sis+ siloxane D5 340 8.2 2900 16000 - 4800 3400
C12H3706Si6+ siloxane D6 5.1 5.5 130 270 19 86 102
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4.5. Conclusion
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Figure 4.5.1 Speciated emissions for a hypothetical day consisting of 3 meals cooked, 1 bleach
mop, 3 occupants with regular PCP usage, and 24 hours of both VOC infiltration and emission
from the building and its contents.

During a typical day at HOMEChem, we observed 1200 mg of VOC signal emitted directly from
the house and its contents, while only 170 mg of VOC are transported to indoors from outdoors.
If the occupants cook 3 meals and also mop once with bleach, these activities will emit another
790 mg of VOC. Assuming 3 occupants with regular PCP usage, another 470 mg of VOC will be
added to the house from the occupants themselves, and a total of 246 VOC signals will be
emitted. For this hypothetical day, total VOC emissions into the house would be 2600 mg, with
45% coming from baseline emissions, 28% from cooking, 18% from occupancy, 7% from the
outdoors, and 1% from bleach cleaning. Clearly, ranked only on the total mass of emissions, the
house and its furnishings are the largest source of VOCs. Figure 4.5.1 shows the top 20 emitted
ions for this hypothetical day, speciated by emission source. Emissions from the building are the
dominant source for 80% of the emitted ions. That is, of the 246 VOC signals emitted, 196 are
emitted mostly from the house and its contents. One day of emissions from the house and its
contents will generate more monoterpenes (15 mg) than one natural product mopping event (12
mg), more acetaldehyde (26 mg) than three stir fry cooking events (15 mg), and more isoprene (7
mg) than three occupants continuously present (4 mg).

However, from the standpoint of health impacts or indoor chemistry, more than total VOC mass
must be taken into account. For instance, while bleach mopping contributes relatively small
emissions by mass, the injection of reactive chlorine compounds into the air may have greater
health impacts than do the chemicals released from baseline emissions. And while acetic acid is
the largest single baseline emission, it may not play much of a role in indoor chemistry. For this
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reason, we have provided speciated emissions for hundreds of compounds, most of which are
emitted at quite low levels, yet may prove to be important for indoor chemistry, outdoor
chemistry, and human exposure.
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4.8. Supporting Information
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Figure 4.8.1 Indoor (blue) and outdoor (orange) mixing ratios for the 4 compounds that showed

net negative emissions on the unoccupied day.
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Figure 4.8.2 Indoor air temperature during the unoccupied day. Thick line depicts 1 h average.
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Figure 4.8.3 Rate of total emission into the house, averaged to 1 h (blue). Orange lines show the
temperature of the kitchen floor, with the thicker line depicting 1 h averages.

73



Table 4.8.1 Average mixing ratios, median-indoor to median-outdoor concentration ratio, and
indoor emissions for the unoccupied day. Compound assignments are meant to denote the
suspected primary compound measured at that signal. Compound assignments with double
asterisk are tentative (**).

m/z

27.0238

28.0182

28.0304

33.0333
41.0382
42.0336

43.0537

45.033
47.0124
47.0485
48.0086
49.0162
49.0275

51.9947

53.0389

54.0333

57.0328

59.0484
60.0456
61.0275
61.9788
63.0069
67.0537

68.0503

69.033
69.0691

71.0485

Ion Formula

C2H3+

CH2N+

C2H4+

CH50+
C3H5+
C2H4N+

C3H7+

C2H50+
CH302+
C2H70+
H202N+
CH5S+
CH502+

NH3Cl+

C4H5+

C3H4N+

C3H50+

C3H70+
C2H6NO+
C2H502+

CHCIN+

CH303+

CSHT7+

C4HO6N+

C4H50+
C5H9+

C4H70+

Compound Assignment
alkyl fragment
hydrogen cyanide

alkyl fragment

methanol
alkyl fragment

acetonitrile
propanol fragment +
propene
acetaldehyde
formic acid
ethanol
nitrous acid
methanethiol

methane diol

chloramine
alkyl fragment

acrylonitrile**

acrolein + propionic acid
fragment

acetone + propanal
acetamide
acetic acid

cyanogen chloride

alkyl fragment
pyrrole
furan

isoprene

unsaturiated carbonyl
(e.g., methyl vinyl ketone)

74

C avg
(ppb)

0.197
0.04

0.038

39.8
2.22
0.707

5.6

523

11.9

12.6
0.088
0.083
0.096

0.017
0.013
0.029

1.05

3.6
0.694
55.9
0.052
0.454
0.072

0.029

0.172
0.977

1.06

/o

Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD

>10
>10
1-2

>10

>10
>10
2-10
2-10
2-10
2-10
Outdoor
<LOD
Outdoor
<LOD

Outdoor
<LOD

>10

2-10
2-10
>10
1-2
1-2
2-10

Outdoor
<LOD

2-10
2-10

2-10

E avg
(mg h™)
0.026

0.008

0.005

6.3
0.45
-0.09

1.2

1.1

2.8

2.8
0.015
0.019
0.021

0.005
0.002
0.007

0.28

0.92
0.15
17
0.008
0.005
0.021

0.009

0.053
0.27

0.19



71.0847
73.0277
73.0638

74.0609
75.0431

75.9946

76.9793
77.0223
77.0421

78.9941
79.0203
79.0403
79.0521
81.0348
83.0486
83.0847

85.0279
85.064
85.1005

87.0432
87.0788
88.0759
89.0585

91.0214

91.0414

91.053

93.0364
93.069

94.998

95.0163

95.049
95.084
96.0446

C5HI11+
C3H502+
C4H90O+

C3H8NO+
C3H702+

C2H3CIN+

C2H2CIO+
C2H503+
C3H9S+

C2H40Cl+
C2H70S+
C2H703+

CoHT7+
C5H50+
C5H70+
CoHI11+

C4H502+
C5H90+
C6H13+

C4H702+
C5H110+
C4HI10NO+
C4H902+

C2H702Si+

C3H703+

C7H7+

C6H50+
C7HO9+

C2H7S2+

C2H7025+

C6H70+
C7H11+
C5H6NO+

pentanol fragment +
pentene

acrylic acid**
butanal + methyl ethyl
ketone

propionic acid

glycolic acid**

propanethiol

2-thioethanol

benzene
furanoid fragment
furan
alkyl fragment

furanone

cyclopentanone + others

hexanol fragment +
hexene

diacetyl + others

pentanal + C5 ketone

butyric acid

dimethoxysilane

aromatic fragment
toluene

dimethyl disulfide

dimethyl sulfone**

phenol

4-pyridinol

75

1.4
0.288
0.596

0.154
1.02

0.007

0.008
0.024
0.018

0.034
0.047
0.215
0.207
0.733
0.185
1.78

0.08
0.269
0.512

0.584
0.213
0.038
0.917

0.029

0.077

0.097

0.312
0.564

0.036

0.115

0.415
0.176
0.171

2-10
2-10
2-10

2-10
2-10
Outdoor
<LOD

Outdoor
<LOD

1-2
Outdoor
<LOD

2-10
2-10
2-10
2-10
<1
2-10
>10

Outdoor
<LOD

2-10
2-10

2-10
2-10
2-10
2-10
Outdoor
<LOD
Outdoor
<LOD

Outdoor
<LOD

2-10

2-10
Outdoor
<LOD
>10

>10
>10
>10

0.46
0.067
0.13

0.044
0.3

0.002

0.002
0.005
0.005

0.01
0.016
0.08
0.068
-0.12
0.064
0.75

0.043
0.1
0.2

0.24
0.078
0.012

0.36

0.014

0.039

0.062

0.14
0.24

0.016

0.053

0.2
0.08
0.08



96.9948

97.0277

97.0636
97.1005

98.0612

99.0074
99.0434

99.0796

100.077

101.023

101.059

101.095

103.04
103.073
104.05

105.034
105.069
107.049
107.083

108.081

109.067

109.1

111.044

111.08

111.116

113.023
113.059
113.095

113.131

114.092

115.039

CH503S+ methanesulfonic acid
C5H502+ furfural
C6HYO+ dimethyl furan
CTH13+
CSH8NO+ furfurylamine
C4H303+
C5H702+ furfuranol
C6H110+ cis-3-hexenal and others
C5H10NO+ 2-piperidinone
C4H503+ succinic anhydride
C5H902+ 4-OPA + others
C6H130+ hexanal + C6 ketones
C4H703+ acetate anhydrate®*
C5H1102+ pentanoic acid
CT7THON+ benzonitrile
C4H90S+ methional**
C8H9+ styrene
C7H70+ benzaldehyde
C8H11+ C8 aromatics
C7H10N+ dimethylpyridine
C7H9O+ cresol
C8H13+ 6-MHO fragment
C6H702+ benzenediol
C7H110+
C8HI15+ 1-octen-3-ol fragment +
others
C5SH503+
C6H902+
C7H130+
C8H17+ octanol frgment + others
C6H12NO+
C5SH703+

76

0.268

1.44

0.38
0.367

0.034

0.012
0.085

0.407

0.066

0.028

0.377

0.28

0.118
0.415
0.011

0.055
0.207
0.511
0.235

0.058

0.101

0.14

0.095

0.17

0.711

0.017
0.055
0.098

0.039

0.011

0.044

Outdoor
<LOD

Outdoor
<LOD
>10
2-10
Outdoor
<LOD
1-2
2-10

2-10

2-10
Outdoor
<LOD

2-10

2-10

2-10

2-10
Outdoor
<LOD
Outdoor
<LOD
>10
Outdoor
<LOD
2-10
Outdoor
<LOD

2-10
>10
2-10
2-10

2-10

<1
2-10
2-10

2-10

Outdoor
<LOD
Outdoor
<LOD

0.14

0.75

0.19
0.17

0.016

-0.001
0.015

0.12

0.021

0.004

0.15

0.13

0.056
0.2
0.004

0.026
0.1
0.29
0.1

0.031

0.051

0.074

0.049

0.084

0.37

-0.008
0.021
0.05

0.02

0.006

0.019



115.075

115.11

116.906
117.056
117.09

118.065

119.085
119.917

121.031

121.064

121.099
123.116

125.024

125.06

125.096
125.132
127.111
127.146
129.056
129.09

129.127

131.105
133.065

133.1
135.045
135.082

135.116

136.022

136.077

137.06

137.132

139.075

139.111

C6H1102+
C7H150+ heptanal + C7 ketones
CCI3+ chloroform**
C5H903+
C6H1302+ hexanoic acid
C8HS8N+ indole
COHI11+
HCI3N+ trichloramine
C7H502+
C8H90+ anisaldehyde + others
C9H13+
COH15+
C6H503+
C7H902+
C8H130+
COH17+
C8H150+ 6-MHO + others
CY9H19+ nonene
C6H903+
C7H1302+
C8H170+ C8 saturated carbonyl + 1-
Octen-3-ol
C7TH1502+ heptanoic acid
C9HO0O+ cinnamaldehyde
C10H13+
C8H702+
C9H110+
CIOH15+ 1,4-diethylbenzene
CTHONS+ benzothiazole
C8H10NO+ 2-aminoacetophenone
C8H902+ 4-anisaldehyde + others
C10H17+ monoterpenes
2-methoxy-4-
C8HITO02+ methylphenol (creosol)
C9H150+

71

0.181

0.159

0.171
0.135
0.873

0.013

0.094
0.013

0.027

0.113

0.113
0.106

0.009

0.034

0.086
0.166
0.185
0.062
0.124
0.131

0.295

0.095
0.016

0.053
0.02
0.044

0.08

0.032

0.01

0.062

1.35

0.041

0.149

2-10
2-10

1-2
2-10
2-10

Outdoor
<LOD
2-10
1-2
Outdoor
<LOD

2-10

2-10
>10
Outdoor
<LOD
Outdoor
<LOD
2-10
>10
2-10
2-10
2-10
2-10

2-10

2-10
Outdoor
<LOD

2-10
2-10
2-10

2-10
2-10

Outdoor
<LOD

2-10

2-10

2-10

2-10

0.085

0.084

0.013
0.069
0.49

0.007
0.049

0.015

0.063

0.039
0.067

0.007

0.019

0.05
0.1
0.11
0.034
0.068
0.065

0.15

0.059
0.011

0.032
0.01
0.024

0.04

0.017

0.006

0.038

0.61

0.024

0.071



139.145

141.055

141.092

141.127
141.162
143.071
143.107

143.142

145.05
145.122
146.977

147.077
149.096
149.133

151.112
151.145
153.056
153.127
155.089
155.107

155.14

155.177
157.086

157.157

159.101

159.134

160.999

161.153

163.076
163.112

163.151

165.091
165.163

CI0H19+

C7H903+

C8H1302+

C9H170+
CI10H21+
C7TH1103+
C8H1502+

C9H190+

C6H904+
C8H1702+
C6H5CI12+

CIOHI10+
CI0HI130+
CI11H17+

CI0HI150+
CI11HI19+
C8H903+

CI0H170+
CO9H15S+

CO9H1502+

CI10H190+

CI11H23+
C8H1303+

CI10H210+

C8H1503+

C8H1902+

C7HACIF2+

C9H2102+

C10H1102+
CI11HI50+

CI12H19+

CI0H1302+
CI2H21+

methoxymethylfurfural

nonenal + others
1-decene

C9 saturated carbonyl

octanoic acid

neopentylbenzene

vanillin + others
citral + others
pentylthiopene

monoterpene alcohols

C10 saturated carbonyl

parachlorobenzotrifluoride

1,3,5-triethylbenzene

78

0.066

0.011

0.034

0.084
0.082
0.051
0.142

2.2

0.009
0.1
0.009

0.014
0.095
0.043

0.067
0.037
0.047
0.656
0.032
0.048

0.051

0.051
0.058

0.186

0.015

0.033

0.01

0.008

0.009
0.019

0.014

0.017
0.02

2-10
Outdoor
<LOD
Outdoor
<LOD
2-10
2-10
2-10
2-10

2-10

Outdoor
<LOD
2-10
Outdoor
<LOD
Outdoor
<LOD
2-10

2-10

2-10
2-10
2-10
2-10
2-10
2-10

2-10

2-10
2-10

2-10

Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
1-2
2-10
Outdoor
<LOD
2-10
Outdoor
<LOD

0.037

0.006

0.02

0.055
0.054
0.026
0.086

1.5

0.005
0.067
0.005

0.008
0.067
0.027

0.046
0.024
0.025
0.4
0.019
0.031

0.035

0.036
0.043

0.14

0.009

0.025

0.006

0.005

0.004
0.013

0.009

0.011
0.013



167.071

167.104

167.177

169.122

169.158
169.194

171.172

175.148
177.163

179.179

183.174

183.208
185.119
185.152

185.188

189.131

189.161

191.179

193.161

193.193

195.176

195.207

197.15

197.224
199.17
203.179
205.195
207.178

207.203

209.224

C9H1103+

CI0H1502+

C12H23+

CI0H1702+

C11H210+
CI12H25+

C11H230+

CI3HI19+
CI13H21+

CI13H23+

C12H230+

CI13H27+
CI0H1703+
C11H2102+

C12H250+

CI13H170+

Cl14H21+

C14H23+

C13H210+

C14H25+

C13H230+

C14H27+

C12H2102+

C14H29+
CI12H2302+
CI15H23+
CI15H25+
C14H230+

CI15H27+

CI15H29+

veratraldehyde

(fragerance)

pinonaldehyde + others

C11 saturated carbonyl

C12 saturated carbonyl

sesquiterpenes

79

0.018

0.025

0.011

0.027

0.022
0.057

0.072

0.05
0.02

0.018

0.013

0.013
0.015
0.019

0.052

0.01

0.02

0.053

0.006

0.017

0.006

0.007

0.012

0.014
0.457
0.016
0.049
0.021

0.02

0.008

2-10

2-10
Outdoor
<LOD

2-10

2-10
2-10

2-10

>10
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
2-10
2-10
2-10

2-10

Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
2-10
Outdoor
<LOD
2-10
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD

0.011

0.017

0.007

0.019

0.016
0.037

0.058

0.042
0.016

0.014

0.01

0.007
0.009
0.013

0.043

0.007

0.018

0.052

0.005

0.016

0.004

0.006

0.01

0.012
0.36
0.014
0.043
0.022

0.02

0.008



211.239

213.152

213.22

215.165
217.181

218.189

219.176

219.207

221.155

221.19

221.221

223.067

223.095

223.24

225.257

227.035

227.235

231.161

231.177

233.225

235.208

243.219
245.226

247.241

249.257

259.241
261.257

263.272

CI5H31+

C12H2103+

C14H290+

CI12H2303+
Cl16H25+

CI15H24N+

C15H230+

Cl16H27+

C14H2102+

C15H250+

C16H29+

C6H19038i13+

CI12H1504+

Cl6H31+

C16H33+

CI3H704+

CI5H310+

CI12H2304+

C16H230+

C17H29+

C16H270+

C18H27+
C18H29+

C18H31+

C18H33+

CI9H31+
C19H33+

CI19H35+

C14 saturated carbonyl

C16 aromatics + others

chromanol + others

siloxane D3

diethyl phthalate

pentadecanal

C17 aromatics + others

callicarpenal (bug

repellent)

C18 aromatics + others

80

0.012

0.01

0.017

0.078
0.029

0.007

0.008

0.015

0.027

0.01

0.012

0.064

0.02

0.006

0.011

0.009

0.005

0.01

0.024

0.017

0.028

0.007
0.015

0.017

0.008

0.015
0.016

0.008

Outdoor
<LOD
Outdoor
<LOD

Outdoor
<LOD
<1
1-2
Outdoor
<LOD
Outdoor
<LOD

Outdoor
<LOD

Outdoor
<LOD

Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD
Outdoor
<LOD

Outdoor
<LOD

2-10

Outdoor
<LOD
2-10

2-10

Outdoor
<LOD
2-10
2-10
Outdoor
<LOD

0.011

0.008

0.014

0.017
0.005

0.008

0.016

0.029

0.011

0.012

0.074

0.024

0.006

0.011

0.01

0.006

0.012

0.026

0.018

0.03

0.008
0.014

0.018

0.009

0.013
0.016

0.008



271.249

273.258
275.273
277.288

297.081

371.091
445.086

C20H31+

C20H33+
C20H35+
C20H37+

C8H25048i14+

CI0H31058Si5+
C12H37068Si6+

siloxane D4

siloxane D5
siloxane D6

81

0.015

0.013
0.011
0.006

0.036

0.743
0.051

Outdoor
<LOD
2-10
2-10
1-2
Outdoor
<LOD
>10
>10

0.017

0.012
0.01
0.004

0.053

1.5
0.11



Table 4.8.2 Emissions (mg per mop) and relative 95% confidence intervals (%) from bleach
mopping. Table is sorted by emissions, high to low. Compound assignments with double asterisk

are tentative (**).
Ion Formula

NH3Cl+
H2CI2N+
HCI3N+
CH50+
C2H50+
CHCIN+
CHCI2+
C3H70+
CH302+
CCI3+
C2H7S82+

C4H90O+

CHA4CI2N+
C2HAN+

C4H70+

C2H40Cl+
C5H50+
C12H2302+
CTH70+
C6H1302+
C3H702+
C2H7025+
CH503S+
C3H8NO+
Co6HI11+
CH4NOS+
C2H6NO+

C8H15+

CH303+
C6H50+
C5HI110+
C6H904+
C3H502+

C8H170+

Compound Assignment
chloramine
dichloramine
trichloramine
methanol
acetaldehyde

cyanogen chloride

acetone + propanal
formic acid
chloroform**

dimethyl disulfide

butanal + methyl ethyl
ketone

acetonitrile

unsaturiated carbonyl
(e.g., methyl vinyl
ketone)

furanoid fragment

benzaldehyde

hexanoic acid

propionic acid
dimethyl sulfone**

methanesulfonic acid

alkyl fragment
n-sulfinyl methanamine

acetamide

1-octen-3-ol fragment +
others

aromatic fragment

pentanal + C5 ketone

acrylic acid**
C8 saturated carbonyl +
1-Octen-3-ol

Emission (mg per mop)

82

16
9.5
4.2
1.1

1

1
0.91
0.78
0.35
0.23
0.21

0.21

0.18
0.18

0.17

0.14
0.14
0.12
0.12
0.12
0.1
0.1
0.088
0.083
0.077
0.071
0.069

0.062

0.054
0.053
0.05
0.05
0.047

0.046

Rel. 95% CI (%)

29
38
27
59
26
20
17
41
89
20
27

46

23
60

39

22
61
86
37
75
84
32
20
44
59
38
60

91

52
95
52
98
48

97



C5H11+

C8H8N+
C7H1502+
C6H110+
C10H210+
C2H70S+
C4H503+
C5H90+
C2H2CIO+
C8H90O+
C5HI0NO+
C8H1702+
C2H4NO3+
C5H70+
C6H903+
C4H703+

C8HIONO+

COH5CI2+
C7H502+
C4H90S+
CT7THONS+
CTHT7+
C10H15+
C4H6N+
C6HT7+
C3H703+
C5H703+
C6H12NO+
C16H25+

C7HA4CIF2+

C7HION+
C4HIONO+
C2H702S8i+
C2H3CIN+

C8H702+

C5H702+
C7H1302+

C6H902+

C2H503+

C5H503+

CH6NS+

pentanol fragment +
pentene

indole

heptanoic acid

cis-3-hexenal and others

C10 saturated carbonyl
2-thioethanol

succinic anhydride

cyclopentanone + others

anisaldehyde + others
2-piperidinone

octanoic acid

furan

acetate anhyidrate**

2-aminoacetophenone

methional**
benzothiazole

1,4-diethylbenzene
pyrrole
benzene

parachlorobenzotrifluori

de

dimethylpyridine

dimethoxysilane

furfuranol

glycolic acid**

83

0.042

0.039
0.038
0.038
0.034
0.033
0.032
0.03
0.025
0.024
0.024
0.024
0.023
0.022
0.022
0.021

0.02

0.02
0.02
0.019
0.019
0.019
0.018
0.017
0.017
0.017
0.016
0.016
0.015

0.015

0.014
0.014
0.013
0.013
0.013
0.013
0.013
0.012
0.012
0.011
0.011

90

46
64
80
39
32
68
90
40
36
33
92
21
39
87
86

36

48
36
56
53
53
46
48
61
76
73
49
92

36

58
67
34
28
87
90
88
93
34
44
29



C5H8NO+
C4H502+
C6H503+
C4H4NO3+
C6H702+
C8H502+
C7TH1103+
C7H130+
CI0H1102+
C3H4AN+
C8H1902+
CH502+
CTH6N+
C4H303+
C9H90O+
C9H11+
C3H9S+

C7H903+

C8H1503+
C9H702+
C12H230+
C13H170+

furfurylamine
furanone

nitrofuran
benzenediol

acrylonitrile**

methane diol
benzonitrile

cinnamaldehyde

propanethiol

methoxymethylfurfural

84

0.011
0.011
0.01
0.01
0.01
0.01
0.009
0.009
0.009
0.008
0.008
0.008
0.007
0.007
0.006
0.006
0.005

0.005

0.005
0.005
0.003
0.003

50
95
43
34
90
30
43
88
63
34
68
41
62
92
98
84
53

64

57
42
91
75



Table 4.8.3 Emissions (mg per mop) and relative 95% confidence intervals (%) from natural
product mopping. Table is sorted by emissions, high to low. Compound assignments with double

asterisk are tentative (**).

Formula
CI10H17+
CI10H170+
C7TH11+
C14H230+
CI10H190+
C5H50+
Co6H11+
C8H902+
C7HO9+
CTHT+
C15H27+
C12H2302+
CI10H19+

C16H270+

C4H70+
C9HI150+
C8H15+

C5H9+
Cl11H23+
C10H1302+
C10H15+
CoH7+

C5H11+

CI12H2303+
C8H150+
NH3ClI+

C8H170+

C8HI11+
C8HI13+
C9H13+
C6H70+
C5H7+
C6H90+
C9H1502+
C3H703+

Chemical ID
monoterpenes

citral + others

monoterpene alcohols
furanoid fragment
alkyl fragment
4-anisaldehyde + others

toluene

callicarpenal (bug
repellent)
unsaturiated carbonyl (e.g.,
methyl vinyl ketone)

1-octen-3-ol fragment +
others

isoprene

1,4-diethylbenzene

benzene

pentanol fragment +
pentene

6-MHO + others

chloramine

CS8 saturated carbonyl + 1-
Octen-3-ol

C8 aromatics
6-MHO fragment

phenol
alkyl fragment
dimethyl furan

Emission (mg per mop)
12
1.2

0.53
0.44
0.35
0.32
0.26
0.22
0.18
0.18
0.17
0.15
0.15

0.15

0.14
0.12
0.11

0.1
0.1
0.099
0.088
0.084

0.082

0.07
0.069
0.067

0.067

0.065
0.063
0.06
0.059
0.058
0.054
0.053
0.053

85

Rel. 95% CI (%)
22
22
21
26
20
36
33
25
36
56
25
94
24

63

54
29
74

84
26
46
30
40

96

36
27
27

82

35
37
57
71
27
77
27
54



CT7THI13+
C7H110+
C8H1502+
C7TH70+
C15H25+
C8H1702+
C5H70+
C5H90+
C8H9+
C10H210+
Cl16H25+
C9H15S+
Cl4H21+
C8H130+
CI0H150+
C12H2102+

C5H110+

Cl11H17+
C9H19+

CI0H1702+

CY9H110+
C4H50+
C7H10N+
C8H903+
C2H7028i+
CHCI2+
C7H90O+
C6H902+
C10H13+
C12H2103+
C11H19+

C8HIONO+

C12H21+
C15H24N+
C8H1503+
C11H210+

C15H29+

Cl6H31+

C8H17+

C4H5+

benzaldehyde
sesquiterpenes
octanoic acid
furan
cyclopentanone + others
styrene

C10 saturated carbonyl

pentylthiopene

pentanal + C5 ketone

neopentylbenzene
nonene

pinonaldehyde + others

furan
dimethylpyridine
vanillin + others
dimethoxysilane

cresol

2-aminoacetophenone

octanol frgment + others

alkyl fragment

86

0.048
0.04
0.036
0.036
0.036
0.035
0.033
0.032
0.031
0.028
0.025
0.024
0.024
0.019
0.019
0.017

0.017

0.017
0.015

0.015

0.014
0.014
0.014
0.013
0.013
0.012
0.011
0.011
0.01
0.009
0.009

0.008

0.007
0.006
0.006
0.006
0.005
0.005

0.004

0.004

47
73
76
79
51
69
28
95
75
67
93
49
35
30

85
24

70

53
94

40

48
64
58
61
60
37
62
90
79
62
60

32

73
61
85
&9
51
76

98

72



C12H19+

C3H9S+
C3H4N+
C18H33+

1,3,5-triethylbenzene

propanethiol
acrylonitrile**

87

0.003

0.002
0.002
0.001

81

93
64
93



Table 4.8.4 Emissions (mg per event) and relative 95% confidence intervals (%) from stir fry
cooking. Table is sorted by emissions, high to low. Compound assignments with double asterisk
are tentative (**).

Ion Formula Compound Assignment Emission (mg) Rel. 95% CI (%)

C2H70+ ethanol 200 22
CH50+ methanol 13 23
C2H502+ acetic acid 10 99
C2H50+ acetaldehyde 5.1 29
C3H70+ acetone + propanal 3.8 32
C10H170+ citral + others 1.8 48
C3H50+ acroleinf—ri-az;olgrilct)nic acid 17 60
CAH9O+ butanal + methyl ethyl 16 17
ketone

C5HO9+ isoprene 1.1 29
C6H11+ alkyl fragment 0.89 51
C10H17+ monoterpenes 0.82 21
C5H110+ pentanal + C5 ketone 0.77 24
cunor - mmsletonl s 2
C7H130+ 0.41 53
C7H110+ 0.38 46
C3H702+ propionic acid 0.35 43
C7H11+ 0.34 52
C5H502+ furfural 0.28 34
C4H702+ diacetyl + others 0.27 36
CHS5S+ methanethiol 0.27 26
CSHI11+ penmn};’;nftr:f:lem - 0.23 38
C3H502+ acrylic acid** 0.21 27
C5H90+ cyclopentanone + others 0.19 38
C6H7+ benzene 0.18 30
C8H15+ 1—octen-30—$e£rsagment + 0.17 75
C6H702+ benzenediol 0.16 47
C6H130+ hexanal + C6 ketones 0.15 46
C2H6NO+ acetamide 0.15 53
C6H902+ 0.14 28
C8H150+ 6-MHO + others 0.14 47
C4H50+ furan 0.14 29
C6HO0+ dimethyl furan 0.13 30
C7H9+ toluene 0.13 73
C5H70+ furan 0.11 31
C6H70+ phenol 0.11 35

88



C8HI13+
C6H110+
C7H13+
C9H150+
CH303+
C8H90+

C8H170+

C5H902+
C3H8NO+
C2H7S82+
CTH70+
CTH1502+
C8HI11+
C10H210+
C5H702+
C10H190+

C6H13+

CH503S+
C2H4N+
C8H130+
C15H25+
C5H7+
C8H1502+
NH3Cl+
C8H9+
CI10HI15+
C2H702S+
C7TH150+
C4H10NO+
C5H503+
C9H1502+
CTH7+
CO9H19+
C6H12NO+
CO9H13+
CHCI2+
CI10H19+
C5H903+
C4H502+
COH11+
C6H1102+
CH502+

6-MHO fragment

cis-3-hexenal and others

anisaldehyde + others

C8 saturated carbonyl + 1-

Octen-3-ol
4-OPA + others

dimethyl disulfide
benzaldehyde
heptanoic acid
C8 aromatics
C10 saturated carbonyl
furfuranol
monoterpene alcohols

hexanol fragment +
hexene

methanesulfonic acid
acetonitrile

sesquiterpenes
alkyl fragment

chloramine
styrene
1,4-diethylbenzene
dimethyl sulfone**
heptanal + C7 ketones

nonene

furanone

methane diol

&9

0.11

0.11

0.11
0.098
0.086
0.085

0.084

0.077
0.066
0.066
0.065
0.064
0.062
0.061
0.06
0.06

0.058

0.056
0.055
0.051
0.048
0.045
0.045
0.044
0.043
0.043
0.043
0.043
0.042
0.042
0.041
0.039
0.037
0.037
0.036
0.035
0.035
0.034
0.033
0.033
0.033
0.032

48
36
54
52
58
40

56

58
44
68
79
73
43
43
42
45

59

38
53
54
30
36
57
59
49
40
59
47
25
36
79
81
39
46
33
25
30
93
55
46
84
28



C8H1702+
C7H1302+
C11H23+
H202N+

C8H25048Si4+

C8H1102+

C3H703+
C7H703+
C7H502+
C16H25+
C8H903+
C4H5+
CI16H350+
C11H210+
C4H90S+
C8H17+
COH17+
CI10H1702+
C8H902+
C7H902+
C2H702Si+
CI0H150+
CIl1H19+
C4H503+
C11H230+
Cl1H17+

C6H19038i13+

CI12H1504+
C2H70S+
C12H250+
C12H2103+
C6H503+
C13H21+
CI0H1502+
C4H303+
C7H10N+
C12H25+
CSH8NO+
C8H1902+
C18H31+
C5H703+
CHCIN+
C5SHI10NO+
C12H21+
C9H110+

octanoic acid

nitrous acid
siloxane D4

2-methoxy-4-
methylphenol (creosol)

vanillin + others
alkyl fragment

methional**

octanol frgment + others

pinonaldehyde + others
4-anisaldehyde + others

dimethoxysilane
succinic anhydride
C11 saturated carbonyl
neopentylbenzene
siloxane D3
diethyl phthalate

2-thioethanol
C12 saturated carbonyl

dimethylpyridine

furfurylamine

C18 aromatics + others

cyanogen chloride
2-piperidinone

90

0.031
0.03
0.029
0.029
0.029

0.028

0.028
0.028
0.026
0.026
0.025
0.025
0.024
0.024
0.024
0.023
0.022
0.022
0.019
0.018
0.018
0.018
0.018
0.017
0.017
0.017
0.016
0.016
0.016
0.016
0.015
0.015
0.014
0.014
0.014
0.013
0.012
0.012
0.012
0.012
0.011
0.011
0.011
0.01
0.01

75
79
28
59
67

78

27
40
25
65
9
41
56
66
54
53
95
37
53
29
19
67
72
81
66
46
78
29
84
52
43
40
61
38
45
30
70
44
80
82
86
69
72
40
35



CI0H13+
Cl6H27+
C4H6N+
CI18H29+
C8H1503+
CI15H23+
C14H290+
CI15H27+
CI12H2102+
C2H40ClI+
CHONS+
C17H29+
C3H4N+
CI13H23+
C3H9S+
C14H2102+
CI12H23+
CI5H250+
C11H150+
CI12H230+
C2H503+
C17H35+
CI18H27+
CI5H310+
CI3H704+
CI3H230+
C16H29+
CI3H210+
C14H27+
CI10H1703+
CI2H210+
C8H1902+
Cl6H31+
C8HI10NO+
CI15H2502+
CI16H230+
CI19H35+
CI2H19+
CH4NOS+
CI18H35+
C2H3CIN+
C7HA4CIF2+

C16 aromatics + others
pyrrole

C14 saturated carbonyl

C17 aromatics + others
acrylonitrile**

propanethiol
chromanol + others

glycolic acid**

pentadecanal

2-aminoacetophenone

1,3,5-triethylbenzene

n-sulfinyl methanamine

parachlorobenzotrifluoride

91

0.01
0.01
0.01
0.01
0.009
0.009
0.009
0.009
0.009
0.008
0.008
0.008
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.006
0.006
0.006
0.006
0.005
0.005
0.005
0.005
0.005
0.005
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.003
0.003
0.003
0.002
0.002

84
48
53
51
80
61
52
93
66
76
27
64
24
92
43
84
78
94
77
52
55
63
70
88
81
33
80
60
65
86
84
55
70
84
59
40
94
79
46
83
98
92



Table 4.8.5 Per-person emission rates for ion signals across all occupancy experiments (pg
person’! h'!). Compound assignments with double asterisk are tentative (**).

Mass

27.0238
28.0182
28.0304
33.0333
41.0382

42.0336

43.0537

45.033
47.0485
48.0086
49.0162
51.9947
53.0389
54.0333

57.0328

59.0484
60.0456
63.0069
64.0209
67.0537
68.0503
69.033
69.0691

71.0485

71.0847

73.0277
73.0638
74.0609
75.0431
75.9946
76.9793

Formula

C2H3+
CH2N+
C2H4+
CH50+
C3H5+
C2H4N+

C3H7+

C2H50+
C2H70+
H202N+
CHSS+
NH3Cl+
C4HS5+
C3H4N+

C3H50+

C3H70+
C2H6NO+
CH303+
CHONS+
C5H7+
C4H6N+
C4H50+
C5H9+

C4H70+

C5H11+

C3H502+
C4H90+
C3H8NO+
C3H702+
C2H3CIN+
C2H2CIO+

Chemical ID

alkyl fragment

hydrogen
cyanide

alkyl fragment
methanol
alkyl fragment

acetonitrile

propanol
fragment +
propene

acetaldehyde
ethanol
nitrous acid
methanethiol
chloramine
alkyl fragment

acrylonitrile**
acrolein +

propionic acid
fragment
acetone +
propanal

acetamide

alkyl fragment
pyrrole
furan

isoprene

unsaturated
carbonyl (e.g.,
methyl vinyl
ketone)
pentanol
fragment +
pentene

acrylic acid**

butanal + methyl
ethyl ketone

propionic acid

Low PCP
morning (ug
person h'')

0.67

1.2

0.2

21

170

0.074
0.18

0.62

450

3.2

4.4
0.19

4.6

76

Low PCP
Afternoon (pg
person” h')

0.51

0.4
310

60
40

42
200

0.68

0.11
0.33

9.4

550
32
0.16

32

6.8
75

0.62

92

Normal
PCP (ng
person” h™)

1.3

0.25

0.43

19
34

34

41
2600

380

5.8

0.36
0.92
60

13

High PCP
morning (ug
person h'')

1.5

0.23

12
9.8

0.98
1500

390

2.3

0.084
4.8

5.2
83

22

High PCP
afternoon (ng
person h'')

1.2

0.77
170
73
3.5

8.7

150
5400
0.45
0.62

0.49

0.54

4.6
66

0.26
0.14



77.0223
77.0421
78.0005
78.9941
79.0203
79.0521
81.0348
82.9448
83.0486
83.0847
85.0279

85.064

85.1005
85.9549
87.0432
87.0788
88.0759
89.0585
90.0184
91.0214

91.0414
91.053

93.0364
93.069

94.998

95.0163

95.049
95.084

96.9948

97.0277
97.0636
97.1005
98.0612
99.0074
99.0434

99.0796

99.9711
100.022
100.077

C2H503+
C3H9S+
CH4NOS+
C2H40CI+
C2H70S8+
C6H7+
CSH50+
CHCI2+
C5H70+
C6HI11+
C4H502+

C5H90+

C6H13+
H2CI2N+
C4H702+
C5HI110+

C4HI10NO+
C4H902+
C2H4NO3+
C2H702Si+

C3H703+
C7TH7+

CO6H50+
C7H9+
C2H7S2+

C2H702S+

C6H70+
C7H11+

CH503S8+

C5H502+
C6H90+
C7H13+

C5H8NO+

C4H303+

C5H702+

C6H110+

CHACI2N+
C4HO6NS+
C5HI0NO+

glycolic acid**

propanethiol

n-sulfinyl
methanamine

2-thioethanol

benzene

furanoid
fragment

furan
alkyl fragment

furanone

cyclopentanone
+ others
hexanol fragment
+ hexene

dichloramine

diacetyl + others

pentanal + C5
ketone

butyric acid

dimethoxysilane

aromatic
fragment

toluene

dimethyl
disulfide
dimethyl
sulfone**

phenol

methanesulfonic
acid

furfural
dimethyl furan

furfurylamine

furfuranol

cis-3-hexenal and
others

2-piperidinone

0.42
0.25

0.25

0.24

25

0.26
0.52
2.9

1.3
2.8

3.8

0.42

1.1
1.6

0.087

0.63
0.19
1.4

0.28
3.6
26

2.6

0.97

0.63
3.7

0.36
9.9

1.2
0.99
4.1

1.9

2.1
2.7

0.67

3.9
2.5
5.6
0.46
1.2

13

1.5
3.9
0.55

93

0.27
0.48

0.37
2.4
11

0.22

0.84
1.8

0.6

0.3

9.8

0.14

2.5
0.38

1.8

42

2.9
8.1
20

0.51

8.1
18

1.3
0.54

38
33

0.18

0.2
5.5

6.5

24
0.68
1.4
2.9
8.1

1.6

9.7

0.76

4.1
2.1

0.27

2.1
0.07
6.7
0.33

0.54

1.6

0.19
1.2



101.023
101.059

101.095

103.04

103.073
104.05
105.034
105.069
107.049
107.083
108.081
109.067
109.1
111.08

111.116

113.023
113.059
113.095

113.131

114.02
114.092
115.039
115.075
116.906
118.065
119.085
119.917
121.031

121.064

121.099
123.116
125.024
125.06
125.096
125.132
127.111
127.146
129.056
129.09

C4H503+
C5H902+

C6H130+

C4H703+

C5H1102+
C7THON+
C4H90S+
C8H9+
C7TH70+
C8HI11+
CT7H10N+
C7H90+
C8H13+
C7H110+

C8HI15+

C5H503+
C6H902+
C7THI130+

C8H17+

C4H4NO3+
C6HI12NO+
C5H703+
C6H1102+
CCI3+
C8H8N+
CY9HI11+
HCI3N+
C7TH502+

C8H90+

CY9H13+
CY9H15+
C6H503+
C7H902+
C8H130+
COH17+
C8H150+
C9H19+
C6H903+
C7H1302+

succinic

anhydride
4-OPA + others

hexanal + C6
ketones

acetate
anhyidrate**

pentanoic acid
benzonitrile
methional**
styrene
benzaldehyde
C8 aromatics
dimethylpyridine
cresol

6-MHO fragment

1-octen-3-o0l
fragment +
others

octanol frgment
+ others

nitrofuran

chloroform*

indole

trichloramine

anisaldehyde +
others

6-MHO + others

nonene

0.25

0.15

1.3

0.096
1.8

2.6

1.9

0.47

5.2

1.7
2.6

0.75
34
9.8

0.97

94

1.7
72

32

1.7

4.7
0.26
1.2

3.1

2.6
2.4
0.39

3.7
3.5

4.4
2.4
0.9

6.3

0.64
0.42

0.42

1.4
9.1

0.23
0.33

2.6

33

0.32
0.8

2.1
0.22
4.2
32

29

1.4
1.8
12

3.5

3.5
12

1.2

1.6

9.4

15

8.3
4.1

0.45
0.59
0.49
34
0.69

0.48

8.3

0.97
0.39
1.7
3.9
3.2
1.5
0.25
3.6

0.44
0.73

0.78

0.23

0.36

0.63
1.4
0.7

3.2
0.68

3.2

1.5

0.71
0.98
9.5
0.59



129.127

131.105
133.022
133.065
133.1
135.045
135.082

135.116

136.022

136.077

137.06

137.132
139.039

139.075

139.111
139.145

141.055

141.092
141.127
141.162
143.071
143.107

143.142

145.05
145.122
146.977
147.047
147.136
149.096

149.133

151.112
151.145
153.056
153.127
155.089
155.107

C8H170+

C7H1502+
C8H502+
C9HOO+
CI0H13+
C8H702+
CY9H110+

CI10H15+
CT7TH6NS+

C8HI10NO+

C8H902+

CI0H17+
C7TH703+

C8H1102+

C9HI150+
CI10H19+

C7HO903+

C8H1302+
CY9H170+
CI10H21+

C7H1103+

C8H1502+

C9H190+

C6H904+
C8H1702+
C6H5CI2+
CI9H702+
C8H1902+
CI0H130+

CIl1H17+

CI0H150+
CI11H19+
C8H903+

CI0H170+
CY9HI15S5+

CY9H1502+

C8 saturated
carbonyl + 1- -
Octen-3-ol

heptanoic acid -

0.58
cinnamaldehyde 1.1
0.87
0.47
1,4-
diethylbenzene 0.78
benzothiazole 0.4
2-
aminoacetopheno -
ne
4-anisaldehyde +
1.4
others
monoterpenes 84
0.55
2-methoxy-4-
methylphenol 3.1
(creosol)
2.7
methoxymethylf 08
urfural
nonenal + others 1.6
1-decene -
2.3
C9 saturated 49
carbonyl
octanoic acid -
neopentzlbenzen 058
1.2
1.2
vanillin + others 2.1
citral + others 19
pentylthiopene 0.43
1.7

1.4

2.1
1.1

1.6

1.4

1.7

0.22

1.3

51
7.4

2.9

2.9
33

1.5

1.1

1.1
0.46

60

7.5
0.69
32

0.44
1.8

1.4
1.5

4.6
6.8

0.83

0.92

33

6.7

3.1
3.6

0.13
0.15

0.38

0.76
1.4
26
170

3.1
0.86
1.1

3.7
0.22

0.73

4.8

300
61

35

9.8
11

1.4

1.8
0.64

8.5

1.8

2.1
1.9

6.7
4.6
27

390
1.8
1.3

2.7

0.48
0.15

0.64
0.58
1.4

0.77
2.2

0.23

0.93

47
39

59

4.6
1.9

0.18

0.37

0.28

1.9
2.3
8.6
100
0.69



155.14

155.177
157.086

157.157

159.101
159.134

160.999

161.153
163.076
163.112

163.151

165.091
165.163

167.071

167.104
167.177

169.122

169.158
169.194

171.172

175.148
177.057
177.163
179.179
181.118
181.156
181.193
183.174
183.208
185.119
185.152

185.188

189.131
189.161
190.087
191.179
193.118
193.161

CI0H190+

C11H23+
C8H1303+

CI10H210+

C8H1503+
C8H1902+

C7HA4CIF2+

CY9H2102+
CI0H1102+
CI11H150+

CI12H19+

CI0H1302+
CI12H21+

CY9H1103+

CI0H1502+
CI12H23+

C10H1702+

CI11H210+
CI12H25+

C11H230+

CI3H19+
CI10H903+
CI3H21+
CI13H23+
CI1H1702+
CI12H210+
CI13H25+
CI12H230+
CI13H27+
CI0H1703+
CI11H2102+

CI12H250+

CI3H170+
Cl4H21+
CI1HI2NO2+
C14H23+
CI2H1702+
CI3H210+

monoterpene
alcohols

C10 saturated
carbonyl

parachlorobenzot
rifluoride

1,3,5-
triethylbenzene

veratraldehyde
(fragerance)

pinonaldehyde +
others

C11 saturated
carbonyl

C12 saturated
carbonyl

4.6

0.88
0.88

0.46

0.72

2.3

0.073
0.44
4.2
0.41

0.11
0.5

1.7

0.9
0.32

0.58
0.41

96

2.8

1.5
1.7

20

1.7
0.53

0.09
0.18

0.2

0.48
0.79

0.49

0.61
0.32

0.2

3.9

1.2
0.38
4.4
0.98
0.19
0.25

1.1
0.34
0.11

0.085

0.9

0.73
0.94
0.41
0.79

0.2

2.4

0.59

14

0.21
0.58

0.44
0.15

0.24

0.6

0.4

0.46

0.2

0.14
2.7
0.22

0.17

0.93

0.25

0.85
0.13
14

0.45

22

5.6

15

2.5

0.85

0.35
1.9

0.88

0.32

0.9

0.33

0.14

3.5
0.68
0.36

0.073
1.2
0.29
0.74
1.2

1.5

3.1
1.5
25
1.4
2.6
2.5

1.1

1.8

1.8
0.16

0.38
1.4

0.16

0.86
0.7

0.49

0.2
0.19

0.63

2.1

0.42
5.5
0.7

0.49

0.27

0.44

0.69
0.4
0.53

2.1

1.6

0.57

1.3

1.9
0.68



193.193
195.176
195.207
197.15
197.224
199.17
203.179
204.103
205.195
207.178
207.203
209.224
211.239
213.152

213.22

217.181
218.189
219.176

219.207

221.155

221.19
221.221
223.067
223.095

223.24
225.257
227.035
227.174
227.235
231.161
231.177

233.225

235.208

237.181
237.255
239.27
241.2
243.219
243.264
245.226

Cl14H25+
CI3H230+
Cl14H27+
CI12H2102+
C14H29+
CI12H2302+
CI15H23+
CI2H14NO2+
CI15H25+
C14H230+
CI5H27+
CI15H29+
CI5H31+
CI2H2103+

sesquiterpenes

C14 saturated

C14H290+
carbonyl

Cl6H25+
CI5H24N+
CI15H230+

C16 aromatics +

Cl16H27+ others

chromanol +

Cl14H2102+ others

CI5H250+
C16H29+
C6H19038Si3+
CI2H1504+
CIl6H31+

siloxane D3

diethyl phthalate

CI16H33+
CI3H704+
C17H23+
CI5H310+
CI12H2304+
C16H230+

pentadecanal

C17 aromatics +

+
C17H29 others

callicarpenal

C16H270+ (bug repellent)

CI5H2502+
C17H33+
C17H35+
CI18H25+
CI18H27+

CI16H350+
CI18H29+

0.68
1.4
0.25
0.21
0.85

0.93

3.6
1.2
0.31
0.29
0.36
0.81

1.9
0.66

0.093

0.82
0.65

1.5

0.4

1.5
0.47

97

0.76
1.5
0.85

0.27

0.79
0.34
5.8
1.5
0.78
0.3

2.4
0.24
0.67

0.97

0.99
0.086
0.97
0.95
0.4
0.51
0.46

0.59
0.5
1.1

0.23
0.43
0.17
0.63
0.7
3.8
1.9

0.46
0.99

0.41
11
3.7

0.52

0.12
0.35

0.47

0.32

0.87

0.29
0.69

0.43

0.17

0.65

53

0.27
0.23
0.47

0.85

2.1
1.6

1.9
23
22
11
43
0.36
0.42
1.2

1.6
0.85
0.84

1.5

3.8

1.7
0.96
42
13
0.25

1.1

6.1

1.4
0.65
0.48

1.9

37

1.1
1.1

0.46

1.8
1.8

1.4
1.3
0.59
0.76
0.52
2.8
1.1
2.8
4.6
2.3
0.72
0.47

0.79

2.1

1.1

0.6

0.61
5.5

0.86
0.4
1.4

0.36

0.16

1.4

0.34
0.6
0.18
0.33
0.12

1.1



247.241

249.257
251.165
251.271
259.241
261.257
263.166
263.272
271.249
273.258
275.273
277.288
297.081
371.091
445.086

C18 aromatics +

CI8H31+ others

CI18H33+
CI15H2303+
CI18H35+
CI9H31+
CI19H33+
CI16H2303+
CI19H35+
C20H31+
C20H33+
C20H35+
C20H37+
C8H25048Si4+
CI0H3105Si5+
C12H37068Si6+

siloxane D4
siloxane D5

siloxane D6

0.3

0.83
0.29

0.77
0.45

2.3
340
5.1

98

0.79

0.28
1.4
0.39
0.58
0.12
1.4
0.39
0.25
0.56

0.97
8.2
5.5

0.97
2.2
0.21

0.23
0.9

34
2900
130

2.4

0.5
20
1.6
1.9

10
1.6
0.072
0.57

0.63
160
16000
270

0.76

0.17
6.9
0.12
0.6
1.2
9.9
0.2
0.69
0.63



5. Future Work

5.1. Indoor Air as Outdoor Pollutant

The introduction of this dissertation showed how atmospheric chemistry techniques are being
applied to indoor air, and that this work fits into the larger project to “bring atmospheric
chemistry home.” While our understanding of indoor VOC:s is far from complete, the thread of
this research must again venture outdoors.

The past 50 years has seen a dramatic reduction in US vehicular VOC emissions.! As these
emissions declined, a gap in emission inventories has widened, attributable to volatile chemical
products (VCPs), cooking emissions, and other indoor sources emitted to the outdoors.?
McDonald et al. (2018) present estimates that VCPs contribute ~50% of the petrochemical VOC
sources in industrialized cities. Despite the successful interventions to reduce VOC emissions
from transportation and other regulated sources, air pollution in major metropolitan areas still
regularly exceeds air quality standards. To understand and model these air pollution events, we
must understand the emissions of VOCs. As emissions from traditional sources of VOCs
continue to decline due to technology and regulation, this gap between emissions inventories and
observed concentrations will continue to grow. Preliminary data presented in this chapter shows
that indoor VOCs emitted outdoors can be a substantial source contributing to urban air
pollution.

In addition to the experiments reported in Chapter 4, a second set of HOMEChem experiments
referred to as “layered” experiments were conducted as well. Rather than repetitions of activities
or occupancy, layered experiments were designed to replicate a normally occupied day or a
thanksgiving holiday. For the normally occupied day 3 occupants entered the test house in the
morning and remained inside until the evening, cooking 3 meals and mopping once. For a
thanksgiving holiday, 4 occupants entered the house in the morning and prepared a large meal. In
the afternoon, 10+ guests entered the house to eat dinner.

Emissions from the house to the outdoors are given by:
M = pVAAt(Cin - Cout) (1)

Where p (mg mm™) is the gas density at 20 °C of the species emitted as calculated from the
molar mass of the compound and the ideal gas law, V is the mixed volume of the house (235,000
L), A is the ACR (h"), At (h) is the time interval over which the emission occurs, and Ci, and
Cout are the indoor and outdoor mixing ratios, respectively (ppb).

One indication of the importance of indoor emissions to the outdoors is seen by comparing
biogenic emissions to residential emissions. Emissions from the house are normalized to the
house area (120 m?), as well as the mass of carbon emitted rather than the total mass. A normal
layered day gives a total emission of 0.8 mg C m™ h'!, while the mock thanksgiving holiday
gives 1.5 mg C m* h'!. This range of total C emissions is remarkably similar to emissions
measured above a California pine forest, which ranged from 0.7-1.4 mg C m™ h'1.® Monoterpene
emissions from the normal layered day were 0.04 mg C m2 h'!, a factor of 5 lower than the 0.2
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mg C m? h! reported from the pine forest.® However, the large monoterpene emissions from
cooking herbs and citrus during thanksgiving experiments led to 0.2 mg C m2 h'! of emissions,
matching the biogenic rate. This comparison to biogenic emissions is of course limited: on a
layered day 0.03 mg m™ h'! of D5 siloxane is emitted while we would expect none from a forest.

C,H,0, C,H,0
other v
CH, other CHO,

CH,0
CH

Concentration Reactivity

Figure 5.1.1 Relative contribution of VOCs to concentration and reactivity during a layered
experiment. Large amounts of ethanol account for high concentrations of CxHyO while small
amounts of monoterpene lead to the large reactivity of CxHy.

OH reactivity, secondary organic aerosol (SOA) formation potential, and ozone formation
potential are all used to assess the air quality impact of VOC emissions. Of these, OH reactivity
is the easiest to calculate, and is used here to infer the impact of indoor VOCs emitted outdoors.
OH reactivity due to VOCs, Rvoc (s!), is given by:

Ryoc = Z kvoc+on - [VOC] (2)

Where kvoc (cm? molec™ s) is the reaction rate constant for OH with a specific compound, and
[VOC] is the concentration of that compound (molec cm™). For reported VOC signals for which
we have high confidence in the compound assignment, reaction rate constants from previous
kinetics studies are used.” '3 For compounds with a chemical formula assignment that matches
one or more chemical formulas in the NIST chemical kinetics data-base, the median reaction rate
constant is chosen.!* Finally, for VOC signals with no match in the database, a generic value of
kon is used (1.82 x 10! cm? molec! s7).15

The unoccupied HOMEChem test house has an average Rvoc of 38 s™!, four times higher than
the corresponding outdoor value of 9 s™!. The ratio of indoor:outdoor reactivity is smaller than
the ratio of indoor:outdoor concentrations, indicating that on average indoor compounds are less
reactive than outdoor compounds but their large concentration leads to the larger reactivity. This
is expected given the high percentage of oxygenated compounds found indoors. The largest
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contributor to unoccupied indoor Ryoc is monoterpenes, contributing 6 s! (15%) of the reactivity
(treated as limonene, ko= 1.61 x 1071 cm? molec! s7).!!
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Figure 5.1.2: Emitted reactivity from the normally occupied residence studied in Liu et al.
(2019). The 5 week campaign has been binned by time of day.

The layered day has an average Ron of 120 s™!, an order of magnitude greater than outdoor Ron
and three times greater than indoor unoccupied Ron. Figure 5.1.1 shows a comparison of the
relative composition of concentration and Ron of the layered day. Despite their relatively small
concentration, compounds comprised of just carbon and hydrogen make up over half of the
reactivity. Monoterpenes, a subset of this class, are again the largest single source of Rom,
responsible for 26% of Ron but making up only 1.3% of the total indoor VOC concentration. The
second largest source of Ron is ethanol. In contrast to monoterpenes it is found in high
abundance, making up more than half of the VOC signal in the house. This large concentration
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allows ethanol to overcome it’s relatively slow rate of reaction with OH, and is responsible for
one-fifth of the total indoor Rom.

As we saw in Chapter 4, ethanol is the major emission from HOMEChem cooking experiments.
Increases in urban ethanol concentrations have been attributed partially to the rise of ethanol as a
fuel additive, but expected emissions from transportation cannot completely account for
observed concentrations.! McDonald ef al. (2018) find that transportation emissions only make
up 20% total ethanol emissions in Los Angeles, and attribute the rest of the emissions to VCPs.?
The data from HOMEChem and Liu et al. (2019) both point to residential cooking as a large and
previously unconsidered source of ethanol that deserves more study.!’

In their study of VOC emissions from a normally occupied residence, Liu et al. (2019)
demonstrated that ~50% of all indoor VOC species observed by PTR-ToFMS were an order of
magnitude higher in concentration than outdoors, and ~80% of observed VOCs were at least
twice as high as outdoors.!” Ventilation rates were fast enough that in just a few hours the indoor
air exchanged completely with outdoor air.!® Together these results suggest indoor VOC
emissions are typically transported to the outdoors.

Using VOC concentration data from the field campaign described in Liu et al. (2019) we find
indoor Ron ranging from 40 s! to 120 s™! in the living space over summer and winter
measurements. Outdoor Ron was always at least one order of magnitude lower, ranging from 2 to
4 5!, Detailed measurements of ventilation allows for the calculation of reactivity emissions,
simply the volume flow rate out of the house multiplied by the indoor Ron (giving the
delightfully unintuitive units of m s2). Figure 5.1.2 shows hourly averages of emitted reactivity
over the 5 week winter sampling period.

The role of the occupant is clearly visible, with elevated emissions of reactivity in the morning
and evening, correlated with cooking and demonstrating the impact of occupant activities. The
large number of outliers further highlight the importance of the occupant, as each one indicates
an event driven emission.

This analysis is still ongoing, with the immediate intention of combining data from the
HOMEChem study with VOC and ventilation data from two normally occupied northern
California homes. These three studies, combined with previous inventories of indoor VOCs and
ventilation rates will allow us to constrain VOC emissions from residences, and comment on the
impact to urban air pollution.

The next research step for this work is to expand the scale of measurements: mobile sampling
from a van will provide VOC measurements with high spatial resolution, while a flux tower
operating in the same spatial domain will directly measure VOC fluxes from a large swath of
residences. Finally, airborne measurements over urban areas can provide city wide flux
measurements, with speciation to compare back to smaller scales. With these multiscale
observations, it will be feasible to determine the magnitude of residential VOC emissions
contributing to regional urban air pollution, and their relative importance compared to other
sources.
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5.2. Continued Work Indoors

While the trajectory of the study of VOC emissions leads outdoors, the study of indoor oxidants
is far from complete.

Our work measuring the nitrate radical indoors shows that NO3 can be an important indoor
oxidant, however this is one study of a manipulated environment over a short time frame. We are
left to speculate that certain conditions, i.e. high outdoor ozone and NOx, will lead to large
amounts of indoor NO3 chemistry. It seems prudent that the next step in determining the role of
indoor NOs chemistry is to confirm the presence of NO; in unmanipulated indoor environments,
with a focus on polluted areas.

An interesting wrinkle of the NOs3 experiments was that in the home where the measurements
took place NO released from the natural gas heating system prevented the buildup of NOs.
Similarly, during the manipulation experiments indoor concentrations of NO3 began to grow
only after the NO released from the combustion stove was depleted. As we showed in Chapter 2,
competition between NO and VOC reactions determine the influence of NOs. This competition
may be changing as new residential construction moves away from natural gas appliances and
towards electrification. Berkeley, for instance, limits the use of natural gas in new construction.'*
However the effects are not immediately obvious: with insufficient ozone, NO attenuates NO3
chemistry. With excess ozone, NO is a precursor to NO3 formation.

On a broad level, if we wish to increase our understanding of the importance of NO3 indoors we
must increase our understanding of the other oxidants with which it competes. While more
studied than NOs, the OH radical has few indoor measurements. Promising work on indoor
relevant OH production pathways has shown that OH levels indoors can lead to significant
oxidation.'>~!8 The Cl radical may also take on an increased importance indoors especially during
bleach cleaning.!®?° Ozone is the most characterized indoor oxidant, but the work in Chapter 3
shows there are still discoveries to be made.

An excellent body of literature on the ozonolysis of skin oil led to the work in Chapter 3, and
more field measurements of skin oil oxidation product VOCs will help us determine typical
indoor concentrations. However, because the products are released directly from the occupant (as
well as skin oil infused furnishings and clothing), exposure to these VOCs may be greater than
exposures determined from bulk air concentrations. Some products, such as 4-OPA, are known
irritants so exposure analysis could be a step to improved perceived indoor air quality.
Additionally, the presence of multiple generations of ozonolysis products presents an opportunity
to track the oxidation “age” of indoor spaces. Both 6-MHO and 4-OPA act as tracers of skin oil
ozonolysis, with 6-MHO able to be further consumed by ozone. The ratio of the two products
may prove a useful tool in assessing the state of ozonolysis in indoor air.

As mentioned in Chapter 3, the mechanism describing the humidity dependence of
heterogeneous ozonolysis is not specific to squalene. While the large number of unsaturated
bonds separating small moieties may exaggerate the effect, we expect to see it replicated in
reactions with other surface bound unsaturated organics. If this holds true, manipulating relative
humidity may strongly influence the VOC concentration and composition indoors. This could be
tested by manipulating ozone and humidity levels in recently occupied indoor spaces so as to
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capture the full chemical spectrum that builds up on indoor surfaces. Not nearly enough evidence
exists to prescribe changes to indoor humidity, however the results warrant more study of
humidity effects on ozonolysis.
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