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Abstract

Nitrous acid (HONO) is an emerging household pollutant linked to adverse health effects and an
important contributor to the indoor hydroxyl radical (OH) budget. Both play an essential role in
indoor oxidation chemistry as HONO can readily photolyze to form OH under low light conditions,
and OH can react with volatile organic compounds to generate secondary pollutants. There are
growing reports of higher levels of HONO indoors than outdoors, reaching up to 100 parts per
billion (ppb) from direct combustion emissions. Studies involving indoor surface chemistry have
observed HONO background levels of ~5 ppb in various indoor environments likely derived from
heterogenous secondary processes, but dominant mechanisms controlling indoor HONO levels

remain unclear due to the limited number of high time resolution measurements available.

To minimize any measurement uncertainty calibration sources are required to maintain accuracy
and repeatability. Historically, HONO has been a challenging compound to generate at
atmospherically relevant mixing ratios, but also has several well-documented sources that are
instrument artifacts. This work presents a simple calibration source that reaches low HONO
mixing ratios of a few parts per trillion (ppb) and up to tens of ppb using a nitrite-coated reaction
device with the addition of humid air and/or hydrochloric acid (HCI) from a permeation device.
The source can be easily assembled to generate stable HONO mixing ratios (relative standard error,
RSE <2 %) within 2 hours. The source was subjected to field transport simulations to find output
concentrations varying < 10 % under ideal conditions to prove its robustness in generating a
reproducible output. The calibration source has high HONO purity (> 90 %) and tunability for sub-
ppbv mixing ratios that can be reached with reasonable dilution flows. The design of the source
makes it highly versatile for field and lab experiments, in addition to being utilized for all state-
of-the-art instrumentations to identify systematic bias and interferences present in HONO

measurements.

To understand the impact of HONO on the indoor oxidative capacity, new instrument advances
are required, in addition to a calibration source, to perform time-resolved measurements in various
indoor facilities. Existing instruments have been primarily designed to measure outdoor HONO.
Their transition to survey indoor environments come with several challenges such as specialized
operators of expensive research-grade equipment, lack of mobility to survey various indoor

atmospheres, hazardous components/solutions, and instrumental interferences. To overcome these
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challenges, an automated HONO platform (a component of a total reactive nitrogen instrument
that senses three chemical fractions of gaseous species) was built to perform modulated
measurements of NOx and HONO. It is specifically designed to be suitable for conducting indoor
air quality surveys and to study the chemistry of indoor air. A series of experiments were
performed to characterize and validate the real-time detection of NOx (NO + NO») and HONO
with a time response of 1 minute. Preliminary measurements of the instrument were made to
demonstrate proof of concept. The design, control, and data processing of the instrument are
intended to be made open source to encourage the atmospheric chemistry community to replicate

and perform widespread measurements of indoor facilities.

Lastly, the developed HONO platform was deployed in a commercial kitchen located in a
university residence for three weeks during the KOCENA (Kitchen Organic Carbon, Emissions,
Nitrogen, and Aerosol) campaign. Cooking and sensor-controlled ventilation provided optimal
exhaust rates based on standard requirements for heat and smoke control. The high ventilation in
the kitchen effectively removed pollutants emitted directly from high-volume cooking activities
with gas appliances. The removal of direct emissions was so rapid (< 20 minutes) that the majority
of HONO emitted from cooking combustion processes were excluded during the data processing,
in contrast to the hours-long decay profiles observed for direct emissions in private residences.
Daytime and nighttime measurements of NO, NO2, and HONO were compared based on the
ventilation initiation and kitchen operation hours. The outdoor transportation of NOx was found to
contribute to early morning elevated levels and NO; likely controlled the production of HONO in
this space. Heterogenous processes played a vital role in the temporal behavior of HONO with
NO:; as its precursor. A simple model involving sources and sinks of HONO was constructed to
compare against the kitchen measurements of HONO. The predicted HONO levels were estimated
by the concentration of HONO produced by NO- surface uptake and its loss by HONO photolysis.
The model suggested that heterogenous HONO formation, with reactive uptake coefficients
consistent with the literature, contributed substantially to the observed daytime levels of HONO.
Our results also show that equilibrium partitioning of HONO from surfaces is likely maintaining
levels of HONO in the absence of direct cooking emissions a strong outdoor to indoor transport of
NOaz. This HONO reservoir is likely located on the kitchen surfaces with deposited nitrite that can
desorb as HONO. Calculations of OH production rate by HONO photolysis confirm that the

commercial kitchen act as a persistent OH source due to its 24-hour lighting. This means that
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HONO photolysis may be an important driver in indoor oxidation chemistry in commercial kitchen
environments with low photon levels and consistent lighting. Overall, two new instruments were
built to improve the accuracy and detection of HONO indoors and provided proof-of-function in
a commercial facility. The design and program of these instruments will be open source to
encourage scientists to perform more time-resolved measurements of HONO in various indoor

facilities that have yet to be explored or published.
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CHAPTER One:
Importance of studying oxides of nitrogen (NOx = NO+ NOx) and nitrous acid
(HONO) indoors

Author Contributions:

ML wrote and TCV edited this work.

1.1 Why we care about indoor air chemistry

Research in indoor air chemistry is a relatively new field with increasing interest and growth on
the chemical and physical transformations in an indoor environment (Ault et al., 2020; Nazaroff
and Weschler, 2020). New indoor facilities have evolved by increasing their energy efficiency
measures to have increasingly airtight buildings with reduced ventilation rates, which results in
elevated concentrations of indoor pollutants (Weschler, 2009). We have better understanding of
the driving sources of pollution and air quality in the outdoor environment and its associated health
impacts, but we do not understand inhalation exposure and chemistry within many indoor
environments (e.g. offices, houses, schools, etc.). Developing new regulations to continually
improve our indoor air quality with new buildings can benefit human health and sustainability
because we spend 90 % of our lives indoors (Klepeis et al., 2001; Leech et al., 2002). The
chemistry of indoor air is difficult to assess and model because they have unique properties that
depend on the location, building design, and reactive species therein that can undergo complex
heterogenous and multiphase reactions. Indoor pollutants such as gases and particulate matter can
be produced, removed, or transformed by indoor processes involving direct emissions, indoor-
outdoor air exchange, and surface deposition (Abbatt and Wang, 2020). Indoor pollutants can be
directly emitted from furnishings, building materials, and common household and personal care
products (Farmer et al., 2019; Weschler and Carslaw, 2018). Outdoor transportation of air
pollutants indoors can occur by natural (opening windows and doors) and mechanical ventilation
(heating, ventilation, and air conditioning; HVAC), as well as infiltration through the building
envelope (Carslaw, 2007; Waring and Wells, 2015). Indoor environments differ vastly from
outdoors because there are less extreme temperature fluctuations, less direct and lower energy
sunlight photons and no rain, larger surface-area-to-volume ratios, and a large impact from human

occupancy. Human behavior and activities (e.g., cooking, cleaning, and smoking) can strongly



influence the emissions and temporal profiles of indoor pollutants (Collins et al., 2018; Farmer et
al., 2019; Li et al., 2020; Wang et al., 2020b; Weschler and Carslaw, 2018; Wisthaler and
Weschler, 2010).

1.2 Pollutants of interest, oxides of nitrogen (NOx = NO + NO2) and nitrous acid (HONO)

Oxides of nitrogen (NOx = NO + NO>) and nitrous acid (HONO) are well known and emerging
gaseous pollutants that are associated with adverse health effects and respiratory disease
(Gligorovski, 2016; Jarvis et al., 2005; Salonen et al., 2019). Mixing ratios of NOx and HONO can
typically be found higher indoors than outdoors, with reported levels ranging up to 400 parts per
billion (ppb) of NO and NO», and up to 100 ppb of HONO. Their sources can be outdoor pollution
transported indoors and high-temperature combustion processes like cooking with gas appliances,
smoking, lighting candles, and fireplaces (Bartolomei et al., 2015; Collins et al., 2018; Dennekamp
et al., 2001; Lee et al., 2002; Mullen et al., 2016; Singer et al., 2017; Zhou et al., 2018). These
pollutants play an essential role in oxidant cycling as both sources and sinks indoors, especially in
areas with sunlight where NO> can photolyze to form Oz (Kowal et al., 2017) and HONO
photolyzes to form OH (Gomez Alvarez et al., 2013; Kowal et al., 2017; Zhou et al., 2018). In the
presence of O3, NO will rapidly react to form NO> which can contribute to the oxidant cycle as a
HONO precursor (Zhou et al., 2019). Historically, indoor research has focused on the
concentrations of Oz and its contribution to indoor oxidative capacity (Nazaroff and Weschler,
2022; Weschler and Shields, 1996; Wisthaler and Weschler, 2010). However, residential studies
have observed indoor environments with low O3 of a few ppb (Nazaroff and Weschler, 2022; Zhou
et al., 2019), suggesting that the hydroxyl radical (OH) may be the most important oxidant that
drives indoor chemistry in these spaces. A key contributor and source of OH is HONO photolysis,
which can generate OH at low photon energies (< 405 nm) with a maximum absorption at 354 nm

(R1).

h
HONO( — OH + NOg (R1)

Indoor levels of OH radicals are likely to be underestimated by current approaches because they
are short-lived species with a lifetime of < 1 second (s), making it difficult to measure directly.
Previously, the ozonolysis of alkenes was suggested to be the main chemical pathway leading to

indoor OH formation, resulting in an estimated indoor range of 10* — 10° molecules cm™ (Weschler



and Shields, 1996). As a result, indoor OH has previously been predicted to be lower by an order
of magnitude compared to outdoor concentrations (~10° molecules cm™), but a recent report in a
classroom observed 1.8 x 10° molecules cm™ OH which is comparable to outdoor OH in urban
regions (Carslaw, 2007; Gomez Alvarez et al., 2013). Gomez Alvarez et al. (2013) reported the
correlation between OH concentration and linked its production to HONO photolysis, highlighting
the importance of HONO as an essential radical source. Following this discovery, chamber
experiments were performed with varying light intensities commonly found indoors and direct
HONO emissions from a burning candle to confirm OH formation of 10® — 107 molecules cm™
(Bartolomei et al., 2015). In addition, artificial lighting with lower photon energy than sunlight
(i.e., halogen, incandescent, and fluorescent tubing) have since been shown capable of photolyzing
HONO (Kowal et al., 2017). In order to accurately predict indoor OH concentrations and improve
indoor oxidation in models, we must understand the formation processes of HONO and its

potential as an OH precursor in many indoor environments with widely varying uses.

1.3 Indoor HONO chemistry

Indoor HONO sources include direct emissions from combustion processes and heterogenous
reactions of its precursor NO> on indoor surfaces (R2). Multiple studies have reported high levels
of HONO indoors, where the highest mixing ratios are observed directly emitted from gas
appliances and other combustion processes (Bartolomei et al., 2015; Collins et al., 2018; Jarvis et
al., 2005; Leaderer et al., 1999; Lee et al., 2002; Park et al., 2008; Zhou et al., 2018). Average
background levels of HONO in the absence of combustion emissions are typically reported to be
~5 ppb indoors (Brauer et al., 1990; Collins et al., 2018; Gémez Alvarez et al., 2013; Jarvis et al.,
2005; Lee et al., 2002; Zhou et al., 2018), and are thought to be likely sourced from heterogeneous
surface reactions. Surface chemistry can significantly influence the temporal behaviour of indoor
pollutants like NO2 and HONO because indoor environments have higher surface-to-volume ratios
of ~3 m™" which is hundreds of times higher than outdoors (0.01 m™') (Abbatt and Wang, 2020;
Ault et al., 2020; Manuja et al., 2019; Wang et al., 2020b). The reactive uptake of NO> to indoor
surfaces is an important sink and precursor to the heterogenous formation of HONO in areas with
low photon levels and away from sunlight (Collins et al., 2018; Finlayson-Pitts et al., 2003; Kowal
et al., 2017). There are uncertainties in fully understanding the heterogenous formation of HONO,

but one well-described mechanism is NO» hydrolysis (R2) (Finlayson-Pitts et al., 2003). Gaseous



NO> can interact with a thin film of water on indoor surfaces to form gas-phase HONO and

adsorbed nitric acid (HNO3) (Finlayson-Pitts et al., 2003).

surface

2 NOzg) + H20@ds) —— HONO(g) + HNO3(ads) (R2)

Laboratory studies have proposed heterogenous HONO formation is first order in NO», and water
is essential in converting NO> to HONO (Finlayson-Pitts et al., 2003; Pitts et al., 1984; Sakamaki
et al., 1983; Svensson et al., 1987). The reaction of NO> hydrolysis is relatively linear in water
vapour concentrations below ~65 % relative humidity (RH) (Finlayson-Pitts et al., 2003). Further
lab investigations have stated that HONO formed on surfaces does not remain adsorbed,
partitioning into gas-phase readily as HONO (Collins et al., 2018; Finlayson-pitts, 2009;
Finlayson-Pitts et al., 2003; Spicer et al., 1993; Wainman et al., 2001; Wang et al., 2020b).
However, those lab surfaces were highly acidified under the given experimental conditions, which
would promote HONO partitioning. Steady levels of HONO have been observed in the nocturnal
outdoor atmosphere, which suggested HONO surface deposition as a potential loss process under
atmospherically-relevant conditions (Collins et al., 2018; Lee et al., 2002; Spicer et al., 1993; Stutz
et al., 2004; VandenBoer et al., 2013). The partitioning of HONO outdoors and indoors has been
found to be dependent on surface reactivity or pH and can be displaced from formed nitrite salts
by common atmospheric acids or other sources of H3O" (VandenBoer et al., 2015; Wang et al.,
2020a). Spicer et al., (1993) proposed that nitrite on surfaces acts as a reservoir of gas-phase

HONO, suggesting an equilibrium process is present indoors (R3).
HONO (surface) = HONO(g) (R3)

Wainman et al. (2001) suggested Henry’s law equilibrium can explain the slow release of gas-
phase HONO from nitrite/HONO sorbed to surfaces in the presence of a thin film of water, such
that indoor levels were not entirely dependent on NO> surface uptake. Recent studies by Collin et
al. (2018) and Wang et al. (2020a) have produced models that include active sources and sink
processes happening simultaneously in residencies. To match observations and temporal features,
these studies proposed the presence of a large HONO reservoir as the most likely mechanism
sustaining the stable levels observed after performing multiple enhanced ventilation experiments

where indoor HONO levels quickly recovered from the rapid ventilation-driven dilution (both



natural and mechanical) in the residency. During these experiments Wang et al. (2020a) measured

a response time of the indoor surfaces on the order of ~1 minute.

1.3.1 Indoor parameters and influences on HONO chemistry

Indoor environments are constantly evolving. Over the years, there have been continuous changes
in building material, design, and furnishings, which provide many varied surfaces for multiphase
chemistry (Weschler, 2009). There are different indoor spaces, from hidden and dark areas filled
with grime to open and sunlit areas. Indoor factors such as lighting, RH, surface material, and
surface chemical composition can influence the behaviour of HONO. Various types of indoor
lighting can decompose photolabile HONO. This is possible in areas with artificial lighting and
sunlight passing through windows, even when the windows attenuate photon energies to those
shorter than ~330 nm (Kowal et al., 2017). Recently, photochemical reactions of painted surfaces
containing titanium oxide have been identified as sources of NO, and HONO when illuminated by

indoor light sources (Gandolfo et al., 2015; Monge et al., 2010; Schwartz-Narbonne et al., 2019).

Indoor temperatures and relative humidity are more stable with fewer fluctuations than outdoor
weather. Variations in indoor temperature and RH can exist, particularly when close to heat and
water sources such as the kitchen and bathroom. Higher temperatures are known to enhance
emissions of HONO during combustion processes, and the heterogenous production of HONO is
codependent on RH (Finlayson-Pitts et al., 2003; Wainman et al., 2001). Indoor surfaces act as an
interface for heterogenous reactions and surface materials that readily sorb water can be key
contributors to building HONO reservoirs indoors (Wainman et al., 2001). Surfaces that have been
identified to lead to heterogenous HONO formation include concrete, glass, soil, mineral dust,
carpets, and painted walls coated with photocatalytic paint (Ammann et al., 1998; Finlayson-Pitts
et al., 2003; Gandolfo et al., 2020; Grosjean, 1985; Kirchstetter et al., 1996; Schwartz-Narbonne
et al., 2019; Stemmler et al., 2006; Wainman et al., 2001). The chemical characteristics of surfaces
like pH can increase or decrease the extent of HONO partitioning and depends on the type of
activity (i.e., cooking and cleaning). When cooking with gas appliances, combustion processes
directly emit NO», which can then deposit onto surfaces to form HONO (Collins et al., 2018; Wang
et al., 2020b). Cleaning products can increase the basicity or acidity of surfaces, shifting the HONO
gas-surface equilibrium (Wang et al., 2020a, Wang et al., 2020b). For example, Wang et al.
(2020b) cleaned indoor surfaces on to which HONO had been previously deposited from gas stove



emissions, using vinegar to observe strong partitioning of HONO to the gas phase due to increasing
surface acidity and possibly acid displacement reactions. These indoor factors create a wide range
of potential chemistries that could affect levels of HONO indoors since there is still a lack of
understanding on how surface area, surface wetness, air exchange rates, and temperature interact
with chemical production and loss mechanisms. The variability in indoor environments and its
evolving nature as trends change for furnishing and used building materials change, makes indoor
HONO chemistry challenging and will require consistent monitoring and research progress for the
foreseeable future. These chemical processes require further investigation in order to be
understood at a molecular level in adsorption/desorption chemistry and aqueous thin-film
chemistry. Previous studies have focused on changes in gas-phase composition, and future
research should expand their perspective to molecular views of surface properties and interactions.
Most pressing are advancements in indoor instrumentation that can be used to perform widespread
measurements, which are accessible to a large community of industry and academic professionals
for future deployment in various indoor facilities to understand how indoor factors can affect

indoor air quality.

1.4 The current state of indoor instrumentation

This thesis presents the development of two new instruments, a portable calibration source to
provide stable and pure HONO for all instruments and an automated platform that performs time-

resolved measurements of NOx and HONO suitable for indoor environments.

1.4.1 HONO calibration sources

Gas-phase HONO is a challenging compound to measure and results in several instrument
artifacts. Positive artifacts can occur in instrument inlet lines from heterogenous formation of
HONO on wet surfaces (Kleffmann and Wiesen, 2008; Zhou et al., 2002) and negative artifacts
result in wall losses from the reactive nature of HONO (Pinto et al., 2014). Calibration sources are
used to reduce measurement uncertainty and maintain accuracy and precision for HONO-detecting
instruments. Past intercomparison studies have shown a large discrepancy between various
instrument methods in detecting HONO. Authors have reported that HONO mixing ratios in their
instruments have systematic variations even though they provided similar temporal trends (Cheng
et al., 2013; Crilley et al., 2019; Pinto et al., 2014; Stutz et al., 2010). These measured differences

are challenging to identify and could originate from the instruments being externally calibrated
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with different calibration techniques that have assumptions that result in poor agreement with each
other. Thus, the motivation for developing a new portable gaseous HONO calibration unit that is
compatible with all instruments and analytical techniques could help prevent systematic bias and
help identify interferences between various instruments. An ideal calibration source should be
simple in operation and generate stable and pure mixing ratios of HONO at an atmospherically

relevant range.

Previous calibration sources have utilised acid displacement from solutions containing nitrite or
from solid sodium nitrite (NaNO-), with the reactant acids including sulfuric acid, hydrochloric
acid (HCl), and oxalic acid, in addition to sublimation of NH4NO, (Braman and de la Cantera,
1986; Febo et al., 1995; Taira and Kanda, 1990; Vecera and Dasgupta, 1991). However, these
sources can result in low HONO purity with the formation of other nitrogen oxides. The most
commonly used calibration source was presented by Febo et al. (1995), utilizing acid displacement
between gas-phase hydrochloric acid and NaNO; powder to generate continuous levels of HONO

(R4).
NaNOzs) + HClg) — HONO(g) + NaCls) (R4)

This calibration source requires a gas-tight vessel of HCI solution housed in a thermostatic bath
which can be difficult to use and travel to field sites. Additional challenges in utilizing this source
includes the fact that it makes high HONO mixing ratios up to 20 ppm, requiring a large dilution
to reach atmospherically relevant mixing ratios. Outdoor measurements of HONO are typically <1
ppb (Vandenboer et al., 2013b), while average indoor levels of HONO are ~ 5 ppb and increase
up to 100 ppb from combustion cooking processes (Collins et al., 2018; Zhou et al., 2018) so the
production of high calibration mixing ratios in parts per million (ppm) is unnecessary. High
quantities of HONO production in calibration sources can also lead to autodissociation of HONO
(RS), resulting in the production of nitrogen oxide impurities such as NO and NO> (Febo et al.,
1995; Neuman et al., 2016), and CINO in the presence of HCI at ppmv levels (Gingerysty and
Osthoft, 2020).

HONO() + HONO@ds) — NOg) + NOz2g) + H20 (R5)

The variability in HONO output is reduced by continuously mixing powered NaNO; to maintain

equilibrium between the adsorbed HONO and carrier gas flowing over the salt bed to minimize



the production of NOx. Plus, a Teflon filter is required to prevent the physical loss of suspended
NaNO: crystals and the degradation of powered NaNO- can limit the lifetime of the source, which
results in unstable HONO production rates (Febo et al., 1995; Gingerysty and Osthoff, 2020).
While there have been recent adaptations of this source in HCI (immersing thin-wall Teflon tubing
in concentrated HCI, high-concentration HCIl cylinders, and HCl permeation devices) and
dispersed NaNO; in tubing (McGrath et al., 2019; Roberts et al., 2010; VandenBoer et al., 2015;
Zhou et al., 2018), the calibration output suffers from sensitivity to vibration causing changes in
HONO output and limiting the calibration accuracy (Zhou et al., 2018). Most modified calibration
sources require up to a day to stabilize, must be continuously operated, and be stationary (i.e.
vibration isolated) to preserve stable HONO output. These challenges in previous calibration
sources highlight the need for a new development of a portable and easy to assemble calibration

source that can generate pure and stable quantities of HONO.

1.4.2 Indoor instruments to detect NOx and HONO

To understand the driving processes of indoor HONO formation, we require real-time and accurate
measurements of both HONO and NO., along with other observations of indoor air and surface
composition that can affect the chemical production and loss pathways relative to air exchange.
There are limited studies that report simultaneous indoor measurements of NO, NO»2, and HONO
together. Past studies have focused on the indoor emissions of NO and NO; due to their association
with adverse health effects because they arise from major anthropogenic sources (e.g. transported
vehicle exhaust, space heaters, gas appliances, and water heaters) (Breysse et al., 2005; Diette et
al., 2007; Hu and Zhao, 2020; Mullen et al., 2016). Most previous indoor studies measuring NO»
are now known to be biased high because of quantitative HONO interferences in NO2 passive
samplers or detection by molybdenum (Mo) catalyst chemiluminescence analyzers (Spicer et al.,
1994, Spicer et al., 2001; Zhou et al., 2018). Passive samplers for NO> collection are coated with
triethanolamine but can also react with HONO to produce the nitrite reaction product (Spicer et
al., 1994, Spicer et al., 2001), while Mo-catalysts in chemiluminescence analyzers can convert
HONO and other NOy species to NO, resulting in another quantitative measurement bias in NO2
(Dunlea et al., 2007; Joseph and Spicer, 1978; Spicer et al., 1994; Villena et al., 2012). The recent
residential study by Zhou et al. (2018) observed that HONO represented a significant fraction of
NO> measurements, as an artifact in their NO>* measured by chemiluminescence. The authors

concluded that previously reported measurements of NO> could have an overestimation by up to a
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factor of 3 due to HONO interference. This recent discovery means we require more measurements
of in-situ indoor environments to accurately characterize the absolute and relative levels of NO,
NO», and HONO, further improving indoor chemical models and the role of HONO as an oxidant

precursor.

The current state of the science instruments to detect HONO were developed for outdoor research
and includes: the long path absorption photometer (LOPAP) (Heland et al., 2001; Reed et al., 2016;
Ren et al., 2010), differential absorption optical spectroscopy (DOAS) (Perner and Platt, 1980;
Wojtal et al., 2011) and chemical ionization mass spectroscopy (CIMS) (Collins et al., 2018;
Roberts et al., 2010; Vandenboer et al., 2013a; Wang et al., 2020a). Transitioning these instruments
for indoor research can be challenging when performing door-to-door measurements in multiple
facilities because they are costly to operate and require time to assemble due to its bulkiness. In
addition, it may discourage occupants from allowing scientists to analyze their indoor environment
due to space requirements and instrument hazards. The LOPAP contains toxic dyes and strong
acids, DOAS requires a long optical pathway with a high intensity light source operated at
dangerous UV wavelengths, and CIMS has a radioactive ion source which could generate toxic
reagent ions to measure HONO (e.g. CH3I for I- chemistry is a known DNA intercalator). These
three instruments require a specialized operator who regularly ensures measurements are accurate,
which may hinder the lifestyle of the occupants. There are safer options available such as denuders
or collection by scrubbing into liquid solutions, but these approaches require extraction and offline
analysis by techniques like ion chromatography with conductivity detection, which are time-
consuming and labor intensive (Place et al., 2018; VandenBoer et al., 2014, 2015; Veceta et al.,
1991). Real-time detection is preferable because it provides the capacity to investigate the
formation and fate of HONO that occurs on timescales on the order of minutes. This is impossible
when relying on a collection medium which can be saturated or integrates observations over long
collection periods of hours to days. Consequently, new instrumentation that is compatible with the
practical requirements of measuring indoors is needed to accurately identify direct emissions and
chemical sources of HONO indoors, with safety and automation paramount when working in

occupied indoor environments like domestic residences that include pets and children.



1.5 Thesis objectives

The goal of this thesis was to develop advanced instrumentation that generates a pure and robust
HONO calibration source and automated HONO platform that can perform time-resolved
measurements of NOx and HONO. The design of these instruments has (or will be) presented on
an open-sourced platform for the atmospheric research community to easily replicate and to
promote new techniques in capable of making accurate and precise near realtime measurements of
NO, NO», and HONO. Lastly, the deployment of the automated HONO platform in a commercial
kitchen was performed to provide proof-of-concept instrument performance and also investigate
how indoor activities in a commercial facility influence the temporal behaviors of HONO and its

formation processes.
These following three thesis chapters address key aspects of these research questions.
Chapter 2:

Can we develop a new calibration source that can generate stable and high-purity HONO outputs
at atmospherically relevant mixing ratios and solve the challenges of past calibration sources? Can
the calibration source be easily assembled for field work and does the HONO quantity change
when simulating vibrations and movement from travelling for field work? Is this calibration source
compatible with the current state-of-the-art instrumentation to measure HONO in the atmospheric

research community?
Chapter 3:

Can a new automated instrument detect real-time changes of emerging indoor pollutants (NOx and
HONO) accurately and is this design suitable for indoor air quality applications? Can this new

HONO platform be used in indoor and outdoor environments?
Chapter 4:

Will the newly developed platform successfully detect measurements of NO, NO», and HONO in
a commercial kitchen facility? Can we utilize these novel field observations to understand their
chemical transformations and fate in a commercial setting with higher ventilation and varied

cooking and cleaning activities compared to past domestic observations? Can we represent these
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field measurements of HONO in a simple model of known processes of sources and sinks, as well

as impacts on potential oxidant production?
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Abstract

Atmospheric HONO mixing ratios in indoor and outdoor environments span a range of less than a
few parts per trillion by volume (pptv) up to tens of parts per billion by volume (ppbv) in
combustion plumes. Previous HONO calibration sources have utilized proton transfer acid
displacement from nitrite salts or solutions, with output that ranges from tens to thousands of ppbv.
Instrument calibrations have thus required large dilution flows to obtain atmospherically relevant
mixing ratios. Here we present a simple universal source to reach very low HONO calibration
mixing ratios using a nitrite-coated reaction device with the addition of humid air and/or HCI from
a permeation device. The calibration source developed in this work can generate HONO across the
atmospherically relevant range and has high purity (> 90 %), reproducibility, and tunability.
Mixing ratios at the tens of pptv level are easily reached with reasonable dilution flows. The
calibration source can be assembled to start producing stable HONO mixing ratios (relative
standard error, RSE < 2 %) within 2 h, with output concentrations varying < 25 % following
simulated transport or complete disassembly of the instrument and with < 10 % under ideal
conditions. The simplicity of this source makes it highly versatile for field and lab experiments.
The platform facilitates a new level of accuracy in established instrumentation, as well as

intercomparison studies to identify systematic HONO measurement bias and interferences.

2.1 Introduction

In the lower troposphere, the hydroxyl radical (OH) is the principal daytime gas-phase oxidant and
will react with volatile organic compounds (VOCs) to form secondary pollutants such as ozone
(O3) and secondary organic aerosols (Spataro and Ianniello, 2014; Ye et al., 2018). Photolysis of
nitrous acid (HONO) is a direct source of the hydroxyl radical (OH) (Reaction R1). Consequently,
this can be a significant contributor to the integrated daily OH budget, ranging from 4 % to 56 %
in urban areas (Lee et al., 2013; Volkamer et al., 2010) up to 80 % in semirural areas in the winter
(Kim et al., 2014), along with additional vertical and temporal variability (Crilley et al., 2016;
Young et al., 2012; Zhang et al., 2009).

HONO(g) + hv (A <405 nm) — OH) + NO() (R1)

The reported daytime mixing ratios of ambient HONO outdoors can vary considerably for different

environments, ranging from a few parts per trillion by volume (pptv) in the clean remote marine
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and Arctic boundary layers (Honrath et al., 2002; Kasibhatla et al., 2018; Reed et al., 2017) to 18
parts per billion by volume (ppbv) in polluted megacities such as Milan, Los Angeles, and Beijing
(Elshorbany et al., 2009; Febo et al., 1996; Harris et al., 1982; Tong et al., 2016; Zhang et al.,
2019). Measurements within biomass burning plumes from forest fires have shown very high
HONO levels, often up to 60 ppbv (Chai et al., 2019; Neuman et al., 2016; Veres et al., 2010b).
There is a growing body of evidence that HONO concentrations can be significant in indoor
environments, with levels up to 50 ppbv reported from gas stove cooking emissions (Collins et al.,
2018; Gligorovski, 2016; Gémez Alvarez et al., 2012; Liu et al., 2019; Young et al., 2019; Zhou
et al., 2018). There are a number of atmospheric HONO sources that have been reported: direct
emissions (e.g., vehicles and biomass burning), gas-phase homogenous reaction of NO and OH,
biological production in soils (Mushinski et al., 2019), and a number of heterogeneous surface
reactions (Spataro and Ianniello, 2014, and references therein). Despite the importance of HONO
to atmospheric photochemistry and radical budgets, the contribution of these sources to observed
HONO levels is still poorly constrained, particularly during the daytime (Gall et al., 2016;
Kleffmann, 2007; Lee et al., 2016; Oswald et al., 2013; Pusede et al., 2015; Sorgel et al., 2015;
Tsai et al., 2018; Ye et al., 2016).

Due to the importance of HONO in our understanding of tropospheric photochemical oxidation
and indoor atmospheric oxidation chemistry, accurate and precise quantitative measurements are
required. However, gas-phase HONO has remained a challenging compound to measure due to
several instrument artifacts and interferences. Within inlet lines, positive artifacts can occur as a
result of heterogenous HONO formation on wet surfaces (Kleffmann and Wiesen, 2008; Zhou et
al., 2002), while the reactive nature of HONO can also lead to negative artifacts due to wall losses
(Pinto et al., 2014). Furthermore, there can be interferences from ambient components in the
atmospheric matrix, such as the reduction of NO> by numerous compounds, as well as particulate
nitrite (Kleffmann et al., 2006; Kleffmann and Wiesen, 2008; Rubio et al., 2009; Sorgel et al.,
2011; VandenBoer et al., 2014). Recent intercomparison studies have shown substantial
differences between various HONO measurement techniques (Cheng et al., 2013; Crilley et al.,
2019; Pinto et al., 2014; Stutz et al., 2010). Crilley et al. (2019) observed that while different
HONO measurement techniques agreed on the temporal trends in HONO concentrations, the
reported absolute concentrations displayed systematic variation. Most studies are unable to

pinpoint the exact cause of the observed divergence between instruments; it may be due to spatial
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heterogeneity in ambient HONO concentration, unknown chemical interference(s), and/or
differences in the accuracy and precision of calibration approaches. A portable calibration unit
compatible with all instruments/techniques could assist in ruling out systematic bias and

identifying interferences between instruments during intercomparison studies.

A variety of approaches have been used in the past to generate gaseous HONO standards. Most of
these depend on acid displacement from a solution containing nitrite (NO>" ) or from solid sodium
nitrite (NaNO»). Acids used have included sulfuric acid, hydrochloric acid, and oxalic acid, with
evaporation of NH4NO> also reported (Braman and de la Cantera, 1986; Febo et al., 1995; Taira
and Kanda, 1990; Veceta and Dasgupta, 1991). By far the most widely employed modern HONO
calibration methods stem from the report of Febo et al. (1995), who presented a system for
generating a continuous source of stable gas-phase HONO in the tens of ppbv to parts per million
by volume (ppmv) range. This system utilized the reaction between gas-phase hydrochloric acid

(HCI) and NaNO; powder to generate gas phase HONO, as described in Reaction (R2):
NaNOzs) + HClg) — HONO(g) + NaClgs) (R2)

However, this calibration source requires a gas-tight vessel of HCI solution contained in a
thermostatic bath that presents considerable difficulty for many field measurement applications.
Adaptations include immersing thin-wall Teflon tubing in concentrated HCI, high-concentration
HCI cylinders, and HCI permeation devices. Gaseous HCI generated by these methods then mixes
with loose NaNO: crystals in a stirred reactor (Stutz et al., 2000), dispersed using 3 mm glass
beads packed in PFA tubing to increase porosity (Roberts et al., 2010), or pieces of PFA tubing
(McGrath et al., 2019; VandenBoer et al., 2015; Zhou et al., 2018). These adapted approaches have
been used to calibrate many atmospheric HONO instruments (Crilley et al., 2019; Heland et al.,
2001; Ren et al., 2010; Roberts et al., 2010; Stutz et al., 2000; VandenBoer et al., 2013, 2015;
Wang and Zhang, 2000; Young et al., 2012). An alternative approach that utilized dilute H2SO4
for the acid displacement reaction with aqueous NaNO> was outlined by Taira and Kanda (1990).
While this approach was shown to generate a stable and tunable HONO output at hundreds of
ppbv, it has not been widely adapted, likely due to the need for complex custom glassware and
liquid flow control in the calibration apparatus and significant dilution to reach single-digit ppbv

mixing ratios (Kleffmann et al., 2004).
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While widely used, the method described by Febo et al. (1995) presents several practical
challenges. The typically high HONO mixing ratios generated by this approach (up to 20 ppmv)
are challenging to dilute to atmospherically relevant mixing ratios. The high quantities also lead
to autodissociation of HONO (R3), resulting in the production of nitrogen oxide impurities of NO
and NO; (Febo et al., 1995; Neuman et al., 2016), and CINO in the presence of HCI at ppmv levels
(Gingerysty and Osthoft, 2020).

HONO(g) + HONOgas) — NO(g) + NO2(g) + H20 (R3)

Further, to reduce the variability in HONO output over time, the powdered NaNO:> bed requires
continuous mixing to maintain equilibrium between the adsorbed HONO and carrier gas flowing
over the salt bed to minimize the production of NOx by Reaction (R3), as well as a Teflon filter to
prevent loss of NaNO; powder by entrainment in the gas flow. The degradation of the powdered
NaNO:; structure can limit the lifetime of the source and results in unstable HONO production rates
(Febo et al., 1995; Gingerysty and Osthoff, 2020). Other systems using dispersed NaNO> suffer
from sensitivity to vibration, causing changes in HONO output and limiting calibration accuracy
(Zhou et al., 2018). Once operational, the original or modified methods require up to a day to
stabilize, and these systems must be kept continuously operating and stationary to preserve the

HONO output stability.

One solution for producing gaseous HCI for acid displacement is to use a temperature-controlled
permeation device (PD). A permeation oven is a simple instrument that can be used for the
preparation of low mixing ratios of gases from ppbv to ppmv levels (Veres et al., 2010a;
Washenfelder et al., 2003). This approach has been used to generate a consistent quantity of
gaseous analytes for over 400 compounds because it is low cost, portable, and robust (Mitchell,
2000). Permeation devices are typically made of inert polymer tube of known permeability filled
with a (semi)volatile liquid. Both ends of the device are sealed either with caps or permeable plugs,
and the emission is determined by the surface area and thickness of permeable polymer, the
concentration of the contained solution, and the temperature (O’Keeffe and Ortman, 1966; Susaya

et al., 2012).

The aim of the current work was to make a portable and easy to assemble HONO calibration
instrument compatible with HONO-measuring instruments commonly used within the

atmospheric research community. We developed coated devices to facilitate reactions of sodium
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nitrite (NaNO-) which release HONO when exposed to water vapor and HCI (Reaction R2). Herein
we demonstrate that the NaNO»-coated reaction devices produce a stable and continuous supply
of high-purity gaseous HONO. The output of this HONO calibration source spans the range of
environmentally relevant mixing ratios, up to tens of ppbv. The emission quantities, mass balance,
and purity of gaseous HONO were determined through a series of control tests with various
instruments. We present evidence of its robustness, reproducibility, and stability in HONO output.
Finally, we evaluated methods to control the mixing ratio output of the calibration source and

provide several approaches and recommendations on its use.

2.2 Experimental methods

2.2.1 Coated NaNO: reaction devices
Reactions of NaNO: on humidified surfaces produce HONO. A large and consistent surface area

is required to reproducibly produce HONO at the desired levels.

A NaNO, (EMSURE®; ACS Reag. Ph Eur, Germany) coating solution was made as a 20 g L"!
NaNO:; solution. The coating solution solvent was composed of equal volumes of methanol (HPLC
grade; Fisher Chemicals, Ottawa, ON) and 18.2 M MQ-cm deionized water with 1.0 g L™! glycerol
(Sigma Chemical Company, St. Louis, MO, USA) to facilitate a uniform salt coating. The solution
was made by dissolving the NaNO: in the water first, followed by the addition of the glycerol and
then methanol. The coating solution was stored in an HDPE bottle wrapped in aluminum foil at 4
°C until needed and remade every 3 months. To coat a reaction device, 3 mL of coating solution
was first transferred into a heat-straightened 1/2 in. (1.27 cm) PFA tube with a length of 14.4 cm
and surface area of 86.2 cm?. Rubber stoppers with centered 4.5 mm holes were inserted into both
ends of the PFA tube to reduce solution loss while evaporating the solvent. The PFA reaction
device was repeatedly inverted and rotated while covering both stopper holes to coat the inner
surface completely. The reaction device was then dried by insertion into an 8 in. (20 cm) length of
aluminum pipe (1-1/4 in./3.18 cm i.d.) and placed onto heated stainless-steel rollers to evenly coat
the PFA reaction device surface as the solution evaporates over a few hours (Nostalgia Electrics,
RHDS800 Retro Series; or Great Northern Popcorn Company, 4078 GNP Hotdog 7 Roller
Machine). Until their experimental use, prepared NaNO; PFA reaction devices were sealed with
Parafilm or vinyl end caps (McMaster-Carr; part no. 40005K14) and kept in a dark box at room

temperature.

24



Teflon-coated aluminum annular denuders (URG-2000- 30x150-3CSS, URG Corporation, Chapel
Hill, NC) were also used in some experiments in place of the NaNO, device (Fig. 2-1). To coat
these denuders, 3.0 mL of the NaNO> coating solution was transferred to the device, followed by
capping, inversion, rotation, and shaking to ensure all concentric etched glass surfaces were coated.
The excess NaNO, coating was decanted and the denuder dried with zero air at a flow of 1.0

standard liter per minute (SLPM) for about 10 min at room temperature.

2.2.2  Gas flows

The calibration source, which uses a permeation oven and NaNO> reaction device to generate
HONO, was designed to be cost-effective, lightweight, and robust for use with dry compressed air
as the carrier gas (Fig. 2-1). Full technical details of the design rationale and assembly of the
custom-built permeation oven can be found in Appendix A (Sects. 2.S1- 2.S2, Figs. 2-S1-2-S5),
with only a brief description given below. A NOy analyzer was used to characterize the output
from the HONO source. A single cylinder or zero air generator provided the separate carrier gas

flows required for the PD, a humidifier, and a dilution flow.

Carrier gas flow through the permeation oven was provided by a compressed cylinder of zero air
or nitrogen (Praxair; Air Ultra Zero, 99.999 %, Al 0.0UZ-K; high-purity nitrogen, 99.998 %, NI
4.8, Toronto, ON), but an in situ zero air generator could also be used (e.g., Aadco Instruments
model 747-10, Cleves, OH; used only for dilution flows here), providing 20 psi of pressure to
control the flow entering a four-way 1/4 in. (64 mm) Swagelok cross fitting. The zero air flows
through two critical orifices setting flows of ~50 sccm (scem: standard cubic centimeters per
minute; Lenox Laser, Glen Arm, MD; SS-4-VCR-2-50) and a mass flow controller (MFC; MKS
Instruments, Inc.; M100B00814CS1BV, 10 SLPM, gas; AIR, Kanata, Canada) set to deliver a
dilution flow of 1.0 SLPM. A proportional-integral-differential (PID) temperature controller
(Omega™; CN 7823, Saint-Eustache, QC, Canada) was used to regulate the temperature of a
machined aluminum (Al) block. The first critical orifice connects to the HCI PD channel within
the heated Al block, and the second connects to a 25 mL glass impinger (EMD Millipore
Corporation, Billerica, MA, USA) containing deionized water at room temperature. The flows are
combined and mixed to a resultant relative humidity (RH) of 50 %, which then enters the coated
NaNO; reaction device in the temperature-controlled Al block. The HCI drives the acid

displacement reaction in the NaNO»-coated PFA device, releasing HONO into the gas phase. The
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flow exits the oven into the dilution flow being delivered to an instrument or experimental system.
If operating in cold environments, care should be taken to ensure the 50 % RH exiting the

calibration system does not generate condensation in the lines.

Ultra Zero Air
ey
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NaNO, v
------ Annular
S 'Denuder
I—»( HC )
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Figure 2-1. Flow and component schematic of the HONO calibration system (pink shaded region)
interfaced with a NOy analyzer (green), dilution mass flow controller (blue), and an exchangeable
NaxCO3 annular denuder (yellow). Lines with black arrows denote the direction of gas flow
through system components. Tee and cross fittings are denoted by arrays of grey triangles.

2.2.3 Custom-built HCI permeation devices (PDs)

Although PDs are available from commercial suppliers, they are custom-made here to reduce costs,
as described in detail in Appendix A (Sect. 2.S2, Fig. 2-S5). Briefly, custom PDs are made from
PFA tubing (3.2 mm i.d. with 5 mm o.d., part no. 5733K73; McMaster-Carr, Aurora, OH) fitted
with PTFE plugs (3.2 mm diameter, part no. 84935K64; McMaster-Carr). A series of HCI PDs
were made as aqueous solutions to obtain PDs containing 1.2 and 6 M HCI solutions
(OmniTrace®; 34 %37 %, HX0607-1, Sigma-Aldrich, Oakville, ON; Table 2-1). During
operation the HC1 PD is placed within the 1/2 in. tubing in the heating block, through which the

carrier gas is flushed.
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2.2.4 NOx analyzer for HONO detection

The output from the HONO calibration source was monitored using a commercial
chemiluminescent NOy analyzer fitted with a Mo catalytic converter, set to 325 °C (Serinus 40,
American Ecotech, Warren, RI). The conversion efficiency of NO> to NO was calculated by
combining known concentrations of NO from a standard cylinder (Praxair; NI NOSMC-A3, 4.88
(=5 %) ppmv, Toronto, ON) and O3 using a gas calibration instrument (Gascal 1100TS, American
Ecotech, Warren, RI). The conversion efficiency was determined according to the manufacturer
specifications at 98.84 (+ 0.38 %) for NO2 mixing ratios delivered to the system spanning 100 to
400 ppbv. While the Mo catalyst is meant to convert NO» to NO for detection by the analyzer, it
is well known that HONO is also quantitatively converted to NO (Febo et al., 1995), and the
conversion efficiency was determined experimentally (Sect. 2.2.6). A NOx analyzer was preferred
to other independent calibration methods such as ion chromatography with conductivity detection
(IC-CD), as it is capable of continuous real-time measurement of HONO, allowing rapid frequent

checks on the calibration source output stability.

During experiments, ~100 sccm from the HONO source was diluted into an additional 1.0 SLPM
of zero air from which the NOx instrument sampled 0.63 SLPM (Fig. 2-1). The NOx analyzer
measured NO on either the NO or NOy channels for an averaging period of 1 min with the Kalman
filter set to 60 or 300 s. To correct for instrument drift or NOx contamination in the zero air, the
analyzer was flushed for at least 15 min at the beginning and end of each experiment. An annular
denuder coated with 20 g L! sodium carbonate in 50:50 methanol and water solution (Na>COs;
ACS reagent > 99.7%; Sigma-Aldrich, St. Louis, MO) — similar to that used here for NaNO; — was
inserted during some experiments to scrub HONO from the experimental flow (Fig. 2-1). The
denuder was prepared by transferring 10 mL of Na>COs-coating solution, capping, and then
inverting and rotating to distribute the solution evenly. The remainder of the coating solution was
decanted and the denuder surfaces dried under a flow of 1.0 SLPM of zero air until completely dry
(~10 min). The denuder was inserted into experimental flows for at least 1 h as a second check on
sources of background NO and NO, as impurities being emitted from the calibration source or
carrier gas. A Na;COs denuder can also be used as a robust alternative to provide the NOx analyzer
inlet overflow instead of a cylinder of zero air. This enables corrections of HONO measurements

or calibrations for NOy present in the sample air or calibration source carrier gas, respectively.
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2.2.5 Conversion efficiency of the NOx analyzer Mo catalyst for HONO

A Mo catalyst at 325 °C will reduce HONO to NO, though reports have shown that this conversion
may vary between NOx analyzers (McGrath et al., 2019; Zhou et al., 2018). We measured the
HONO generated by the calibration source with the NOx analyzer and then directed the HONO to
a scrubbing solution of I mM NaOH in two glass impingers connected in series for several hours
to days to collect NO» to a level that could be quantified by IC-CD. The second bubbler was used
to determine the extent that HONO was quantitatively collected in the first bubbler (i.e., to capture
any breakthrough). The HONO generated by the calibration source and quantified by IC was
compared to the NOy analyzer measurement, using the introduction of a Na,CO3 annular denuder
to perform background correction. The HONO conversion efficiency determined by comparison
to the IC was found to be 104 + 4 % (n = 3), confirming unit conversion efficiency, with the
associated error set by the 4 % accuracy of the IC-CD method for NO2™ (R? > 0.999) when
employing our previously developed separation method (Place et al., 2018). The IC precision near
the analyzed concentrations for NO2™ was measured to be 3 %. All data presented in this paper

therefore use a conversion efficiency of unity for the Mo catalyst.

2.2.6 Supporting instrumentation

In our mass balance experiments for the production mechanisms governing HONO generation in
the calibration system, we used two additional tools to monitor experimental gas flows. Mixing
ratios of HCl were measured at 0.5 Hz using a cavity ring-down spectrometer (CRDS) (G2108
HCI gas concentration analyzer, Picarro, Santa Clara, CA) with a 5 pptv detection limit for 1 min
averaged data. Further details on the performance of this instrumentation can be found in Dawe et
al. (2019). Measurements of HCI and HONO to investigate acid displacement efficiency of the
calibration system were performed at 2 Hz using a quadrupole chemical ionization mass
spectrometer (CIMS, THS Instruments LLC, Atlanta, GA) using acetate reagent ions to facilitate
proton transfer and detection of negative ions at m/z 35 and 46, respectively. Observed ions were
normalized to the detected quantity of the acetate reagent ion and multiplied by 8 x 10°, resulting
in signal units of normalized counts, as we have previously reported for the detection of these
analytes (VandenBoer et al., 2013). The signal from the CIMS was averaged to a 1 min time base

to compare to other measurements.
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In our purity and stability experiments, additional instrumentation was used to detect HONO, NOy,
and other reactive gases. A time-of-flight (ToF) chemical ionization mass spectrometer utilizing
iodide adduct reagent ions (I ToF CIMS; Aerodyne Research Inc., Billerica, MA) was used to
measure HONO and detect a wide array of other analytes (e.g., CINO2, HNO3, N2Os, etc.) in
experimental gas flows. Specific operational details of the ' ToF CIMS for these atmospheric
species are presented elsewhere (Neuman et al., 2016; Veres et al., 2020). A broadband cavity-
enhanced absorption spectrometer (ACES) was used to measure HONO and NO; (Min et al.,
2016), and a single-photon laserinduced fluorescence (LIF) instrument was used to measure NO
(Rollins et al., 2020). A high-sensitivity chemiluminescent NO instrument fitted with a gold
catalyst (NOyO3) was used to quantify NO and NOy (Fahey et al., 1985; Fontijn et al., 1970; Ridley
and Grahek, 1990; Ridley and Howlett, 1974; Ryerson et al., 1999).

2.3 HONO calibration source characterization

2.3.1 NaNOz-coated reaction device

Previous calibration methods required a 1-2 g bed of loose crystalline NaNO: to generate high
mixing ratios of HONO but only consumed a minimal amount of NaNO; from the total supply
before being thrown away (Febo et al., 1995; Roberts et al., 2010). At maximum, our NaNO>-
coated PFA reaction devices could contain up to 60 mg of NaNO> (3.0 mL x 20 g L™! NaNO»
coating solution) or 40 mg of NO;" if there was 100 % coating efficiency. Due to the hydrophobic
nature of PFA and the loss of liquid solution from the drying procedure, however, the reaction
device retained only a fraction of the applied NaNO,. The amount of NO>™ present after coating
the PFA devices (n = 3) was determined by rinsing with deionized water and analysis by IC-CD.
An average mass of 0.53 £ 0.27 mg NO> was deposited on the surface of the PFA device — 1.3 %
of the total NO;™ applied. The quantity coated on the PFA devices was sufficient to generate stable,
low mixing ratios of HONO for extended periods. To efficiently use most of the salt, we calculated
how long the NaNO: coating could provide a specific calibration mixing ratio of HONO (Eq. 1).
Thus, we designed and operated our coated devices based on their calculated capacity to generate
a specific mixing ratio of HONO (Cuono) continuously over time based on the number of moles
of NaNO: deposited in the coating (nnano2) and the total dilution flow in moles of air for that same

duration (Fair).

Cuono = nNaN02 /Fair 1)
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To generate higher mixing ratios of HONO, more NaNO> mass and/or coated surface area are
required. The higher surface area of a coated glass annular denuder housed in Teflon-coated
aluminum tubing was explored for use as an alternative to PFA tubing. To test this, three annular
denuders were prepared using the same volume of coating solution. An average mass of 7.26 +
1.80 mg of NaNO; on the denuder surface was determined — 18 % of the total applied. Thus, the
coated annular denuder resulted in about 18 times more deposited NaNO; than the PFA devices,
due to the higher available surface area of pattern-etched glass. Unfortunately, these devices
proved unstable, as discussed below, and are expensive. The HONO output from other tubing

materials was also tested (Sect. 2.3.7.2).

The lifetime of the NaNO> devices can be approximated using Eq. (1), under the assumption that
a stable output of HONO is generated from the start of the experiment. At standard room
temperature and pressure, a device generating 2 ppbv of HONO and containing the average 0.53
mg of NO>™ observed for the PFA device could last for up to 88 d. In practice, we observed a PFA
device generating approximately 2 ppbv min~' of HONO to be reliable for over 4 weeks during
experiments performed to test the stability and reproducibility of the PFA devices (Sect. 2.3.5,
2.3.6). The lifetime of the device is expected to decrease proportionally if a higher output of HONO
for a given mass of NaNO> coating is required. Decreasing HONO mixing ratios on the order of a
hundred pptv on hourly timescales (for an initial few ppbv of output) was used as a metric to

indicate that coated reaction devices were depleted since their output was no longer stable.

2.3.2 HONO generation with water vapor

Prior calibration sources have exclusively reported HONO production via the acid displacement
mechanism. In the mass balance experiments reported below, where we employ this mechanism,
it was discovered that water vapor alone was responsible for a measurable amount of the generated
HONO in the ppbv regime. Mixing ratios of HONO produced using our coated PFA reaction
devices exposed to water vapor were too low to accurately measure using our NOy analyzer (< 0.6
ppbv). To explore the influence of water vapor (i.e., humid air) on HONO output, we performed a
series of experiments at different RH using an NaNO;-coated annular denuder. The denuder
generated higher HONO mixing ratios, on the order of several ppbv in 1.1 SLPM. Prior to the
experiments, the calibration source unit was flushed with zero air for at least 12 h. The absence of

HCI (< 5 pptv) was confirmed with the CRDS. When the RH passing through the denuder was 0
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% we observed no HONO, with signal near the detection limit of the NOx analyzer (0.50 + 0.48
ppbv, n=43). When we increased the RH of the carrier gas, we observed the production of HONO,
but the variation was not monotonic. At a RH of 25 % HONO output increased to 11.73 = 0.39
ppbv (n = 35) followed by a decrease at an RH of 50 % to 8.60 + 0.63 ppbv (n = 38). This trend is
likely due to the effective Henry law constant of HONO in the aqueous film on the surface of the
NaNO: device, due to the weak acid nature of HONO (pKa = 3.4). When the humidity is higher,
less HONO may be released from the surface due to the increased presence of water in which a
larger equilibrium concentration of aqueous nitrite can be sustained. This contrasts with HCI (pKa
of -8), which completely dissociates in aqueous solution on the surface of the NaNO» device and

facilitates the acid displacement mechanism (Reaction R2).

This is the first observation of water-vapor-produced HONO. Prior calibration sources typically
generated very high HONO mixing ratios from 100 ppbv up to tens of ppmv in the displacement
vessel, resulting in the contribution from humid air being undetected (Febo et al., 1995; Gingerysty
and Osthoff, 2020; McGrath et al., 2019; Roberts et al., 2010; VandenBoer et al., 2015; Zhou et
al., 2018). The observed HONO mixing ratios from this mechanism in our experiments would
likely be within the error of the mass balance calculations or indistinguishable from noise in the
analytical instrumentation in prior reports. Our results suggest that the use of water vapor passed
over a NaNOz-coated PFA reaction device produces sub-ppbv mixing ratios of HONO for
calibration of instruments making ambient observations in remote environments. Using water
vapor alone, the only way to increase the HONO mixing ratios from the calibration system is to
increase the available amount of NaNO», which is challenging (Sect. 2.3.1 and 2.3.7.2). A more

controlled approach to reach higher mixing ratios is through the acid displacement technique.

2.3.3 HCI emissions from custom-built PDs

To generate stable HONO mixing ratios using an NaNO> reaction device on the order of a few to
tens of ppbv, a stable source of HCI is required. The HCI generated from custom-made PDs was
therefore evaluated as a function of solution concentration contained (1.2—6 M), temperature (30—
60 °C), and stability by CRDS (Table 2-1, Fig. 2-S6). Custom-made PDs of different concentration
and lengths were tested for their ability to produce a range of HONO mixing ratios. Custom-made
PDs have been previously demonstrated in our work to provide a stable emission source of HCI]

(Maclnnis et al., 2016). The HCI output was found to be temperature dependent and increased
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exponentially with temperature, as expected from theory (Sect. 2.S2). However, as the PD was
ramped to higher temperatures (>50 °C) the permeation rate became more unstable, with a
resulting settling time of about 1 h as the materials from the permeation oven apparatus re-
equilibrated (Fig. 2.S7). Since the HC1 PDs were observed to be most stable at 30 and 40 °C, these
temperatures were considered optimal to generate the stable HONO mixing ratios. Note that the
HONO mixing ratios in the 100 sccm flow exiting the reaction device range from 9.7 to 72 ppbv
(Table 2-1), which are much lower than all prior calibration sources, enabling easy dilution to
reach environmentally relevant HONO mixing ratios for instrument calibration or experimental

applications.

Table 2-1. Description of custom-made HCI permeation devices used to generate HONO. Zero
air-corrected mixing ratios of emitted HCI and generated HONO using a single NaNO»-coated
PFA reaction device were measured with the heated Al-block at 40 °C in 1.1. SLPM. The
variability reported for each observation represents one standard deviation from the mean (n = 30
to 60 using 1-minute averaged data).

Date of PFA PTFE Measured
HCl Manufacture Device Plug HONO Date
PD ™M)  (YYYY/MM) (cm) (cm) HCI (ppbv) (ppbv) (YYYY/MM)
PD-1 1.2 2017/04 9.92 0.60 0.58+0.01 0.95+0.51 2019/10
PD-6a 6 2017/04 9.41 0.70 0.21+£0.01 0.88+04 2019/10
PD-6b 6 2019/04 9.11 0.75 2.0£0.01 2.8+04 2019/11
PD-6¢c 6 2019/04 9.65 0.70 50+0.3 6.2+0.5 2019/11

Two newly made 6 M HCI PDs (PD-6b and PD-6¢) were found to emit different, yet highly stable
(e.g., = 0.01 ppbv), mixing ratios at identical oven temperatures (Fig. 2.S6). This demonstrates
potential variability with each new device due to inconsistent results during custom fabrication
compared to commercial PDs. The most likely source of such differences in output is variability
in our sealing of the PTFE plugs resulting in increased emission rates. In any case, the PDs remain
stable with less than 10 % relative standard deviation. In comparison, commercial-device emission
rates are often certified within = 30 %. The emission rates of commercial PDs are certified through
measurement by gravimetric weight loss over time (ng min ). A commercial 1/4 in. (64 mm)
Teflon HCI PDs of 6.55 M, certified to emit 1905 + 520 ppbv in 100 sccm flow at 40 °C (relative
standard deviation, RSD = 27.3 %; VICI Metronics, Inc.; Poulsbo, WA), has this output variance

due to the coemission of water and propagated measurement uncertainties. A lower variance in the
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emitted HCI was observed from our custom-made PDs when we quantified HCI directly by either
CRDS or IC-CD. Custom-built PDs were therefore chosen over commercial PDs due to their
demonstrated stability and low cost. It was found that HCI outputs of the custom-PDs slowly
diminished over time, which emphasizes the need for regular calibrations. For example, the HCI]
output from 2-year-old PD-6a emitted 0.21 + 0.01 ppbv in 1.1 SLPM in comparison to 2.0 + 0.01
ppbv when it was newly made, which decreased the resulting HONO generation in the reaction
device. Similar results have been observed in calibrations with PDs of aqueous NH3 and HNO3
solutions decreasing by ~30 % during 2 years of storage, as well as for carbonyl sulfide (Fried et
al., 1998; Neuman et al., 2003). Despite the decreasing HCI output over a year or more of use, HCI
PDs act as a stable acid source on the order of weeks, producing consistent HCI output to
subsequently generate stable HONO, even when removed from the permeation oven or stored for
up to 2 months. Overall, it is difficult to replicate PD emission rates using the same HCI
concentration and material dimensions for a custom-made PD. The custom-built PD seals can be
altered by replacing the PTFE plug by crimping the ends of heated-to-pliability PFA tubing to
form welded polymer ends (Sect. 2.S2). Such an approach is expected to improve the
reproducibility of the custom-device emission rates but is beyond the scope of this work to explore

in more detail.

2.3.4 Acid displacement to generate HONO

Two techniques were used to assess the reaction completion between HCl and NaNO; in the
calibration system. We applied a mass balance approach that combined the CRDS measurement
of HCI, our NOy analyzer HONO measurement, and IC-CD quantitation of these acids scrubbed
into 1 mM NaOH. The displacement efficiency was further confirmed by simultaneous observation

of HCI and HONO by acetate quadrupole CIMS.

2.3.4.1 Mass balance of HONO generated

Experiments were conducted to confirm that HONO can be generated by introducing only humid
air (50 % RH) within the NaNO- devices without the presence of HCI. In humid air, we observed
HONO levels above the detection limit (DL) of the NOx analyzer. A single PFA device exposed
to humid air (50 % RH) released up to 0.61 ppbv of HONO — equivalent to 77 % of the total HONO
generated when coupled with an HCI PD (Table 2-2). The reaction of the humidified NaNO»-

coated device, resulting in the release of HONO, implies formation of NaOH. Further speculation
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on the reaction mechanism is beyond the scope of this work. Given the existing challenge in
producing low mixing ratios of HONO in the pptv range, it appears that these can be reached most
easily without the use of an HCl PD in our calibration system, while higher mixing ratios
necessitate the addition of HCI (Sect. 2.3.7). The NOx analyzer signal was indistinguishable from
zero when the NaNQO; reaction device was absent, but all other conditions were matched. This

demonstrates that HONO was generated only within the NaNO, reaction device.

The total flow for all mass balance experiments was 1.1 SLPM (Fig. 2-1) with zero air flows
replacing those typically carrying reagents when they were removed. We observed that the HONO
output from the reaction devices was greater than the HCI input from the PDs, confirming that
another chemical reaction was generating the remaining HONO (Table 2-2). Mass balance could
only be achieved when accounting for the HONO generated by the NaNO> exposed to humid air
(~ 50 % RH). No other acidic or ionic contaminants were present in NaNO; reaction devices or
the HC1 PDs when scrubbed solutions were analyzed by IC-CD. Therefore, other NOy species that
could have biased the NOy analyzer measurement high were judged to be absent, and pure HONO
was generated (i.e., only NO>™ was enhanced in calibration system flows scrubbed into 1 mM
NaOH). Further investigation of the system HONO purity is presented in Sect. 2.3.7.3, which
further supports this conclusion. The remainder of the HONO output from NaNO; devices
quantitatively matched the HCI input to the reaction device in dry air after accounting for the water
vapor production route. No HCI was observed to exit the devices, indicating unit acid displacement

efficiency and reaching mass balance.

Table 2-2. Mass balance of measured mixing ratios of HCI entering and HONO exiting the
calibration source to determine acid displacement efficiency (ADE) at 50 % RH and 40 °C.
Uncertainties represent 1¢ standard deviation from the mean for >30 minutes of measurements
and 1o propagated error for calculated values.

HCIn HONO from HONO from H,O HONO from  ADE

PD (ppbv) HCI1+H:0 (ppbv) (ppbv) H>0 (%) (%)
PD-6a  0.08 £ 0.002 0.31 £0.15 0.24+0.14 77 £45 >99
PD-6b  2.2+0.011 2.78 £ 0.41 0.61 £0.44 22+16 >99
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2.3.4.2 CIMS measurement

Confirmation of these observations with the quadrupole CIMS provided higher time resolution
observations of HONO and HCI simultaneously. The ions monitored were m/z 35 (Cl") for HCl
and 46 (NOy) for HONO (Fig. 2-2). The instrumental sensitivity to these two analytes is similar
under this ionization scheme (VandenBoer et al., 2013). The HONO calibration source was
stabilized for 2 h before the gas stream was introduced to the CIMS. Zero measurements were
taken for 15 min before and after the measurements to correct for background drift in the m/z 46
signal. Upon sampling the output of the HONO calibration source the signal at m/z 46 rapidly
increased (Fig. 2-2). The signal of CI" at m/z 35 was below the detection limit throughout this
period, confirming again that the HCI from the PD was entirely consumed by the NaNO> reaction
device throughout the measurement period, consistent with the experiments presented above where
no HCI was measured by the CRDS. Overall, the results from these assessments indicate that the
HONO calibration source is generating HONO with a one-to one displacement efficiency by HCI,
consistent with this observation from other HONO calibration sources using higher quantities of
HCl in a salt bed (Febo et al., 1995; Roberts et al., 2010), and the remainder originating from the

water vapor reaction.
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Figure 2-2. Conversion efficiency of HCI (blue) to HONO (red) via the acid displacement reaction
on a NaNO; reaction device. The HCI PD-6a and one coated PFA device were used and measured
following two hours of stabilization. The acids were observed by acetate quadrupole CIMS with
time resolution of 0.50 s and averaged to 60 s. Yellow shaded regions indicate the addition of zero
air to the instrument inlet for background correction, while red and blue shaded regions correspond
to 1o variance in the observations.
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2.3.5 Stability of HONO production

The time required to achieve stable HONO signals was tested by inserting HCl PD-6a and the new
NaNO:; PFA reaction device into the calibration system, followed by flow start-up. Stable HONO
signals were observed within 7 h of powering on the HONO calibration system. This is 5 h longer
than required to reach stable mixing ratios for a previously stabilized NaNO» device. Three trials
using newly coated NaNO; reaction devices and PD-6a, once stabilized, generated an average
HONO output of 2.28 + 0.58 ppbv, which corresponds to an RSD of 24 % between runs and a
relative standard error (RSE) of 3 % (n = 2367; Fig. 2-3). The noise observed in the stabilized
HONO output in Fig. 2-3 can be primarily attributed to the noise associated with the NOx analyzer
detector (18 of the 24 %; DL = 0.4 ppbv; 1 min average). This conclusion is supported by the lower
noise in ~2.5 ppbv HONO mixing ratios observed by the CIMS (Fig. 2-2, RSD of 8.1 %), ACES
(RSD 8.2 %), and NOyO3; (RSD 1.9 %). In these added observations with higher sensitivity
instrumentation, the stability was equal to instrumental precision. This represents a major
improvement over our previously reported calibration sources with potential for 30 % variability

at a minimum (VandenBoer et al., 2013; Zhou et al., 2018).
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Figure 2-3. Mixing ratios of HONO observed using HC1 PD-6a and three different, but freshly
coated, NaNO> PFA reaction devices. Time zero indicates the start of HONO production in the
calibration unit where no prior flow through the calibration unit existed, but all temperatures were
stable at 40 °C. Reported measurements are one-minute average data with a 30 s Kalman filter on
the NOy analyzer.
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However, when the HCI output from PDs is unstable, this can interfere with the stability of the
HONO generated because it is dependent on acid displacement. A common characteristic of our
custom-made PDs monitored by real-time CRDS measurements is short-duration increases in
output over minutes up to 1 h, due to reduced emission of H>O and increased emission of HCI,
resulting in transient pulses from the device (Fig. 2-4a). The anticorrelation between HCI and H,O
is expected for a constant mass emission to result from the contained aqueous solution. A

corresponding rapid increase in HONO production results from such occurrences (Fig. 2-4b).

Commercial PD manufacturers evaluate average mass emission rates by gravimetric weight loss
over several weeks at 40 °C for certification, which could include such short-term events. The
HONO output from a newly made custom-made HCl PD (PD-6¢c) over four consecutive
observation periods upon insertion of a new NaNO reaction device (Runs 1-4) at constant
temperature (40 °C) shows that the new custom-made PD requires about 1 week of operation
before its output is stable (Fig. 2-4b—c). Therefore, careful preparation of PDs and NaNO; reaction
devices in advance of extensive use will yield a HONO calibration source with the fastest
stabilization times possible for continuous operation over a period of months. Note again that the
HONO measurements for Fig. 2-4b—c were performed several months before the HCI emission
rates for PD-6¢ presented in Table 2-1 were obtained, resulting in high HONO mixing ratios

produced in these experiments.
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Figure 2-4. (a) CRDS high-resolution observation an HCI emission burp (red) and H>O decrease
(blue) from PD-6a resulting in 50 % increase of the HCI mixing ratio emitted. (b) Time series of
four consecutive measurement periods of HONO production, using only PD-6¢ and a new NaNO>
coated reaction device in each run. (c) Box (1% and 3" quartile) and whiskers (36 from the mean)
of HONO mixing ratios observed for the four runs are binned by duration of use for each new
reaction device in hours. Mean values are indicated with a filled dark blue diamond marker, median
values by the light blue crossed box marker, dark pink circles are 2o outliers and dark red squares

3o outliers.

2.3.6 Reproducibility and robustness

The HONO calibration system was designed to not only be stable, but also reproducible in its
output of HONO for a given PD and any NaNO:> reaction device, resulting in robust portability.
We tested the reproducibility, and therefore robustness, of the HONO calibration system by putting
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it through a series of experiments designed to simulate transport to, and use in, the field. Further
assessments of its reproducibility by measuring the output with different NaNO» reaction devices

and HCI1 PDs were also made.

2.3.6.1 Field transport simulations

Simulations of field transportation subjected the system to full disassembly and reassembly of the
acid displacement and permeation oven setup. In addition, for some experiments the calibration
unit was transported on a lab cart over very rough flooring to simulate vibrations experienced for
real use when transported using rolling carts, mobile labs, or aircraft. For the first eight simulations
PD-6a and one NaNO»-coated reaction device were used over several weeks (see Table 2-S1 for
further detail). Following reassembly after the field transport simulations, the HONO calibration
source was restarted, the system was equilibrated for 2 h, and then its output was measured by the
NOx analyzer (Fig. 2-5). An Na,COs-coated annular denuder was incorporated into the middle of
five of the eight trial experiments for 1 h to determine whether any NOx was being generated
between restarts and its associated variability (FS1-FS5; Table 2-S1). No measurable NOx was

detected in any of these experiments.

The average HONO mixing ratio within the eight field transport simulations (FS) ranged from 1.68
to 2.51 ppbv. The HONO output across all eight field simulations had an average of 2.07 + 0.48
ppbv (RSD = 24 %; RSE = 2 %, n = 218). These measurements used a single NaNO> reaction
device over 5 weeks of continuous operation, after which the depletion of NaNO> resulted in a
decline of HONO mixing ratios. These HONO mixing ratios are similar to the average HONO
output of 2.28 + 0.58 ppbv (RSD of 24 %, RSE of 3 %, n = 2367) from the previous measurements
with PD6a (Fig. 2-3), which were not subject to field simulations but did use freshly coated NaNO»
reaction devices. The generated HONO mixing ratios varied most between our early experiments
(FS1-FS4; RSD > 24 %), when first gaining experience in ensuring gas-tight connections
throughout the calibration system, with improvement clearly emerging over time (FS4-FS8; RSD
<10 %). The RSE values of field transport simulations had a lower RSE of 1 % compared to 3 %
for the experiments that were stationary (Fig. 2-5), likely due to the reuse of the same NaNO»
reaction device. This demonstrates that the HONO calibration source can robustly generate a
reproducible mixing ratio output within 25 % of the mean during each system reconstruction if the

same HCI PD is used. It is worth noting here again that most of the variance observed in HONO
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mixing ratio output within any of the presented trials derives from the precision of our NOy

analyzer detector (Sect. 2.3.5).
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Figure 2-5. (a) Mixing ratios of HONO for the eight field transport simulations (Table 2-S1). All
observations were background corrected by linear interpolation across the experiments using zero
air before and after HONO observations and an Na>COs3 coated annular during (Fig. 2-S4). (b) Box
and whiskers plot of the HONO output using measurements collected after two hours of calibration
source stabilization. The light blue crossed box represents the median, the dark blue diamond the
mean, light pink circles the data points, dark pink circles the 36 outliers, and the black box the 1
and 3" quartiles of observed HONO mixing ratios. The whiskers denote the 3¢ standard deviation.
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2.3.6.2 Factors acting reproducibility of HCI input

As shown in Table 1, PDs made with the same HCI concentration (6 M) and similar dimensions
did not lead to the same HONO output, due to variability in the HCl emission rates. While it is
possible for custom-made PDs to have similar HCI emissions and therefore HONO output (when
using the same NaNO; device), it is difficult to achieve in practice. When making a new PD as per
the methods described in Sect. 2.S2, it can be difficult to replicate because the emission rate
depends on the effectiveness of the plug seal. For this reason, one cannot simply make a HCI PD
with plugs using the same concentration and material dimensions and necessarily expect the same
output. We present an alternative Teflon welding method to overcome this limitation in Sect. 2.S2,
which has been successfully used for generation of VOC PDs. Regardless, the output of new HCl
PDs should be quantified prior to use and not subject to extreme conditions to ensure the polymer

permeability is retained.

The reproducibility of HONO output using a stable HCI PD is shown in Fig. 2-5. The observed
HONO output ranged from 1.68 to 2.51 ppbv (n = 8, RSD = 24 %). We next tested the
reproducibility for newly made HCI PDs. Two experiments used PD-6b, containing 6 M HCI (Fig.
2-S10). After a period of stabilization, the two experiments generated similar HONO mixing ratios
(2.58 £ 0.43 ppbv after 25 h, RSD =16.5 %, RSE = 1.43 %, n = 792). The spikes in HONO output
at 15 and 21 h in the second experiment (green trace, Fig. 2-S10) were likely due to pulses of HCI,
which we commonly observed with new PDs (e.g., Fig. 2-4a-b). This emphasizes our
recommendation that new custom-made HCI PDs should be used for an extended period prior to

use for acid displacement to ensure the emission rate has stabilized.

We made another PD with 1.2 M HCI, as it emits less HCI in comparison to a PD made with 6 M
HCI (Table 2-1), to determine the reproducibility in HONO output at lower mixing ratios. Across
three experiments using a previously stabilized NaNO; device, an output of 0.69—1.12 ppbv (RSD
=53.7 %, RSE =4.52 %, n = 143) was observed (Fig. 2-S11). The high RSD is due to instrument
noise as the HONO output approached the detection limit of the NOx analyzer (0.4 ppbv).
Nonetheless, a stable output of HONO was achieved within 2 h after starting the calibration
system, similar to our previous results (Fig. 2-5). As long as a new custom-made HCI PD has been
allowed adequate time to stabilize under a gas flow at constant temperature (ideally 7 d), a stable

HONO output can be easily replicated within 2 h of starting the resulting HONO calibration
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system. We recommend quantifying the HCI emissions prior to use if the PD has been stored for

a long period or been subjected to extreme conditions.

2.3.7 Adjusting and controlling HONO mixing ratios
Increasing the mixing ratio of HCI and the type and quantity of NaNO> reaction devices connected

in series were explored as methods to adjust the HONO mixing ratio exiting the calibration system.

2.3.7.1 Temperature control

The HONO calibration system was designed to be tunable by adjusting the oven temperature. HCI1
emissions increased with increasing temperatures (30-60 °C, Fig. 2-S6). The HONO mixing ratios
increased exponentially with increasing oven temperatures (Table 2-3 and Fig. 2-S12). Very low
levels of HCI exited the NaNO:> device (< 3 % of HCI input), which demonstrated that there was
continued near-unity acid displacement efficiency. With increasing temperature of the NaNO»
reaction device in the presence of water vapor, a similar increase in HONO mixing ratio was
observed, roughly doubling for every increase of 10 °C. Thus, the HONO mixing ratio output can
be adjusted by changing the temperature of the Al block with either water vapor alone or in
combination with an HCI PD. Part of the observed variability in HONO emissions at 50 °C was
contributed by the increasingly unstable emissions of HCI at this temperature (e.g., see Fig. 2-S6).
The use of multiple HCI permeation tubes in a single oven, in series, or in parallel are additional
options to control the HONO mixing ratio generated in the calibration system. as the PFA devices
(Sect. 2.2.1) to see if there was an improvement in output stability or increased emissions of
HONO. The materials used were all cylindrical tubing with 1/2 in. (1.27 ¢cm) inner diameters and
were of similar lengths and surface area. The different materials that were tested showed similar
HONO outputs (within variability), except for quartz (Table 4). The quartz tubing gave a notably
lower HONO output compared to other materials. This may have been due to a poor coating
efficiency on the surface, as observed visually when making this device. This is an unexpected
outcome given that quartz is more hydrophilic than PFA. That we observed similar HONO outputs
for the other materials could be due to the devices having the same internal surface area coated
with NaNO», implying that HONO output is proportional to surface-available NaNO,. The inside
of a PFA device was etched manually every few millimeters in concentric circles in an attempt to
increase the surface availability of NaNO», but no change in HONO output was observed compared

to the unetched device
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Table 2-3. Average mixing ratios of HCI input (PD-6a), and HONO emitted from reaction with
water vapor and with both reagents as function of temperature. Uncertainty denotes 1o standard
deviation from the mean of measured values.

Temperature HCI HONO from H>O Total HONO
(°C) (ppbv) (ppbv) (ppbv)
30 0.230 + 0.003 0.3 05+04
40 0.330 + 0.007 0.7 1.0+ 0.5
50 0.660 + 0.037 1.3 2.0+0.5

2.3.7.2 HONO output with different types of NaNO:-coated devices

The produced HONO mixing ratios were tested using different materials coated with NaNO> via
the same methodology as the PFA devices (Sect. 2.2.1) to see if there was an improvement in
output stability or increased emissions of HONO. The materials used were all cylindrical tubing
with 1/2 in. (1.27 cm) inner diameters and were of similar lengths and surface area. The different
materials that were tested showed similar HONO outputs (within variability), except for quartz
(Table 2-4). The quartz tubing gave a notably lower HONO output compared to other materials.
This may have been due to a poor coating efficiency on the surface, as observed visually when
making this device. This is an unexpected outcome given that quartz is more hydrophilic than PFA.
That we observed similar HONO outputs for the other materials could be due to the devices having
the same internal surface area coated with NaNO», implying that HONO output is proportional to
surface-available NaNO;. The inside of a PFA device was etched manually every few millimeters
in concentric circles in an attempt to increase the surface availability of NaNO», but no change in

HONO output was observed compared to the unetched device.

Two additional methods were tested to increase the available surface area in the NaNO; device:
increasing the number of coated PFA reaction devices in series and using an annular denuder. The
HONO output with two PFA devices connected in series increased when using either 2.0 ppbv
(PD6b) or 5.0 ppbv of HCI1 (PD-6¢) at 40 °C and 50 % RH. We did not observe HCI breakthrough
at the exit of the first PFA device, indicating that the increased HONO mixing ratio is the result of
the water vapor reaction. We observed variability in the amount of HONO produced between the

four PFA devices, ranging from 0.8 to 1.3 ppbv per device.

More HONO can be generated using the same PDs in conjunction with an annular denuder, which

has a larger internal surface area of 3063 cm? compared to 388 cm? for the PFA device. HONO
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emissions using PD-6¢ and an annular denuder produced a factor-of-4 higher mixing ratio of 24.5
+ 1.0 ppbv compared to 6.2 + 0.5 ppbv with a single PFA device, but it required 45 h to stabilize.
Again, the increase is due to promotion of the water vapor reaction. The major drawback of using
an annular denuder is that the output drifted to lower mixing ratios continuously at a rate of a few
parts per billion by volume per hour (ppbv h™'), which was not a feature of the PFA devices (Fig.
2-6). The HONO output over any 4 h period was reasonably stable (within 0.5 ppbv) following the
first 24 h of stabilization time, which suggests that a NaNO;-coated annular denuder could be
viable for short duration HONO calibrations if a secondary quantitative method is available to
confirm its output (e.g., a NOx analyzer with a quantified HONO conversion efficiency). Overall,
using a NaNO,-coated annular denuder can provide higher HONO outputs than using PFA devices

but requires at least daily independent verification.

2.3.7.3 Purity of the HONO output

Previous work has demonstrated that there can be a notable NOy impurity when generating HONO
via the acid displacement method (Febo et al., 1995). To test the purity of the calibration source,
the HONO output was analyzed by additional reactive nitrogen, NOy, and NOy instrumentation.
For these experiments, we used a 6 M HCI PD and two PFA devices in series in a 40 °C calibration
system, which was determined to have an output of 770 pptv of HONO. First, the output was
analyzed by an I' ToF CIMS and found no evidence for any detectable amounts of other nitrogen-
containing species (e.g., CINO,, CINO, HNO3; Fig. 2-S13) except for HONO (Neuman et al.,
2016; Veres et al., 2020). The I" ToF CIMS is not sensitive to NO or NO», so further measurements
were made with our Mo catalyst NOx analyzer, a cavity-enhanced absorption spectrometer (Min
et al., 2016), and a gold-catalyst NOy instrument (Fahey et al., 1985; Fontijn et al., 1970; Ridley
and Grahek, 1990; Ridley and Howlett, 1974; Ryerson et al., 1999), which determined that NO»
impurities were at or below 10 % of the generated HONO based on the detection precisions of the
latter two instruments. Finally, we quantified NO impurities using a single-photon LIF instrument,
which is sensitive to subpptv levels of NO (Rollins et al., 2020). We observed NO at 5.5 % of the
measured HONO signal (42 versus 770 pptv). Examination of our modified NOx analyzer
experiments using the same calibration system configuration revealed 6 % NO on average
compared to the observed HONO (ca. 6-9 ppbv), consistent with the LIF measurements. In
contrast, when using a NaNO;-coated annular denuder with the same HCI PD, our modified NOx

analyzer observed NO/HONO to decrease to 2 %.
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Recent work, using an analogous HONO calibration system, has found high production of NO,
NOg, and CINO (> 10 %) when HCl input to loose NaNO2 was >4 ppmv (Gingerysty and Osthoff,
2020). We observed similarly high output of NO when the HCI input was increased to 2.4 ppmv
through the NaNO;-coated devices. Under these conditions, the impurity may be due to self-
reactions of HONO at high mixing ratios, as seen in other packed or stirred NaNO» salt beds (Febo
et al., 1995). NO impurities at HONO mixing ratios below 100 ppbv in the salt bed may result
from other heterogeneous processes generating NO in the lower HONO production regime. It may
be that such small absolute quantities of NO have been produced in all prior calibration sources
but, as the mixing ratio of HONO produced has been reduced in our calibration system, that this
impurity increases in a relative sense. The purity of the calibration source when generating < 100

ppbv in the salt bed is > 90 % HONO, with the remainder accounted for as NO and/or NO-.

2.3.8 Context and application

The RSE of our stable HONO output is < 2.5 % and less than previous HCI acid displacement
calibration source adaptations (VandenBoer et al., 2013; Zhou et al., 2018). Potential reasons for
the improved stability in HONO output are the stable production of HCI from custom-made PDs
and that the calibration system presented in the current work eliminated the need for solid NaNO»
powder, which is prone to disturbance of equilibrated emissions through vibrations that can result
in changes of up to a factor of 2 in mixing ratio output (VandenBoer et al., 2013; Zhou et al., 2018).
The RSD values at the low HONO mixing ratios in this work are larger than reported by Febo et
al. (1995), who generated much larger mixing ratios but did not specify the measurement details
of their NOx analyzer to facilitate true comparison. The greatest accuracy possible for this
calibration source requires quantitation of the HONO output by a separate analytical method (e.g.,
IC-CD) and should not rely on the assumption that the HONO generated is equivalent to the HCI1
delivered into the reaction device due to the additional production mechanism driven by water
vapor. While the output of this system is demonstrated to be highly reproducible with a given HCI

PD, we recommend regular calibration.

24 Conclusion
We present a cost-effective, portable, stable, tunable, and robust gas-phase HONO calibration
source. We utilized both a water vapor only, as well as its combination with the acid displacement

reaction of HCI, with sodium nitrite (NaNO2) coated on the inner wall of a short length of PFA
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tubing within a machined Al-block permeation oven to produce a stable and continuous supply of
high-purity gaseous HONO. We demonstrated for the first time that HONO was produced by
humid air in the NaNO> reaction device, such that the HONO output was consistently higher than
the HCI input. If a HONO calibration source in the pptv range was desired, it could be achieved
easily by using only humid air flowing through an NaNO»-coated reaction device. The output of
this HONO calibration source spans the range of environmentally relevant mixing ratios — from
pptv levels to tens of ppbv. This will allow instruments to be calibrated and/or intercompared using
their standard atmospheric sampling parameters, without the need for excessive — or impossible —

dilution or additional pumps, valves, and mass flow controllers.

We demonstrated that our HONO calibration system mixing ratio was tunable by adjusting the
temperature of the permeation oven to control the water vapor reaction, as well as HCI emission
rates from PDs. The HONO calibration source was designed to facilitate multiple calibrant
concentrations, as the four holes in the aluminum heating block (Fig. 2-S3) allows for the operation
of parallel HONO sources if desired. The most stable HONO output was achieved using NaNO»-
coated PFA devices at 40 °C, with HONO mixing ratios of 2.28 + 0.58 ppbv (RSD of 24 % and
RSE of 3 %, n = 8) that were reliably reproduced following complete assembly of the system.
From our wide range of instrumental observations, the output of the source appears to be constant
within + 10 % or better. The purity of HONO source was determined to be > 90%, and while lower
than previous work (99.5 %; Febo et al., 1995) this may be a consequence of previously unseen
side reactions of increasing importance at the low HONO mixing ratios generated. We consider
this an acceptable trade-off for a robust field-deployable HONO source unit. The resulting system
can be disassembled, transported, and reassembled to produce the same HONO mixing ratios
reproducibly, without the need for regular maintenance — where the same PD is retained between
rebuilds. Custom-made HCI PDs are prone to variability in emission rates, both between similarly
made PDs and over time, and therefore require regular characterization but can provide a stable
output over the order of weeks. While higher HONO outputs were possible to generate using an

NaNOz-coated annular denuder for any given HCI PD, the outputs were unstable over time.

This HONO calibration instrument provides a universal solution to gas-phase HONO calibrations
suitable for the full range of atmospheric instrumentation used for outdoor or indoor field

measurements or laboratory experiments. This calibration unit could be used to intercompare the
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responses/measurements between HONO instruments to investigate and validate accuracy and
precision of their ambient measurements in addition to identifying and isolating potential
interferences (Crilley et al., 2019). We anticipate it will also find utility in the generation of
isotopically labeled HONO for the emerging exploration of stable-isotopic composition of HONO

and its relation to the wide variety of suspected atmospheric HONO sources (Chai et al., 2019).
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Abstract

A new automated measurement platform was built to detect real-time changes in emerging indoor
pollutants, NOx and HONO. The platform is a subset of a total reactive nitrogen (tN;) instrument
that measures three fractions of nitrogenous species by exploiting their acidic, basic, or neutral
molecular properties and is suitably designed for indoor air quality applications. This new
instrument is safe, non-invasive, and user-friendly in comparison to cutting-edge instruments for
research. In addition, it requires less space and generates minimal noise for ease of deployment in
occupied residences. The automated platform utilizes an inlet with different sampling pathways to
measure HONO by difference from NOy in a given air sample by scrubbing it in a reactive base-
coated annular denuder. A series of experiments were performed to characterize and validate the
real-time detection, in which the NOx and HONO response times were within 1 min. The denuder
scrubbing efficiency for HONO was near 100 % and no bias in NOx measured through the denuder
and the rest of the sampling inlet was observed. This chapter describes the build and shows proof
of function of the instrument for replication by other researchers to widely survey and improve our

understanding of indoor chemistry of HONO.
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3.1 Introduction

3.1.1 Indoor air chemistry

In recent years, buildings have evolved to become more energy efficient resulting in gastight
indoor environments (Weschler and Carslaw, 2018). These result in increased exposure to elevated
pollutant concentrations that are associated with adverse health effects, which is concerning
because humans spend 90 % of their lives indoors (Klepeis et al., 2001; Leech et al., 2002). Indoor
chemistry is complex, and the chemical transformations can be influenced by multiple factors
including the use of household products and multiphase reactions on various surface materials
ranging from furnishings to building materials. Everyday indoor activities can encourage direct
pollutant emissions such as smoking, cleaning, and cooking, but these can vary based on human
behavior. We have yet to understand how our indoor oxidative capacity is impacted from our daily

lifestyles and how these pollutant levels impact our health.

3.1.2 An emerging indoor pollutant

Nitrous acid (HONO) is an important atmospheric pollutant and source of hydroxyl radical (OH),
a principal daytime oxidant that can drive oxidation reactions (Spataro and Ianniello, 2014).
Photolabile HONO can readily release OH under low light conditions (A < 400 nm; R1) such as

during early mornings in an outdoor environment (Kleffmann, 2007).
HONOg) + hv (AL<40 nm) - OH + NOg) (R1)

Studies have shown that light sources present in indoor environments are also of sufficient energy
and intensity to promote HONO photodissociation including sunlight passing through windows
(Goémez Alvarez et al., 2013) as well as artificial sources (i.e. light bulbs, fluorescent tube,
incandescent, etc.) (Kowal et al., 2017; Zhou et al., 2018). Windows can attenuate photon
wavelengths shorter than ~330 nm, but even with this cutoff the photons passed are of sufficient
energy to initiate photochemistry of indoor pollutants like nitrogen dioxide (NO2) and HONO
(Kowal et al., 2017; Young et al., 2019). Both pollutants are important sources of oxidants that
drive indoor oxidation chemistry, where HONO can form OH and NO:> photolysis can result in O3

formation (R2, R3) (Gandolfo et al., 2016; Gomez Alvarez et al., 2013; Kowal et al., 2017).
NO2+ hv (A<398 nm) - NO + O (R2)

0+02- 03 (R3)
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Outdoors, the primary precursor of OH is from ozone (O3) photolysis, but recent residential studies
have found indoor O3 levels are relatively low (Liu et al., 2021; Zhou et al., 2018) unless an ozone-
generating appliance is present (i.e. printers, air purifiers) (Britigan et al., 2006; Hubbard et al.,
2005). Outdoor infiltration of O3 can be facilitated by open doors and windows, but O3 is quickly
lost. It is titrated if NO is present, forming NO», in addition to O3z being readily deposited onto
surfaces (Liu et al., 2021; Weschler and Carslaw, 2018; Wisthaler and Weschler, 2010; Zhou et
al., 2018). When Oj; levels are low indoors, OH may be the sole driver in indoor oxidation
chemistry. However, the detection of OH is difficult indoors because of its short lifetime (<1
second, (s)), leading researchers to focus on and understand OH formation pathways for predictive
analysis. Only recently has HONO attracted attention for its potential contributions as an oxidant
precursor. As a result, increasing attention on HONO formation and loss processes can result in
better estimation of the indoor OH budget and the role of oxidants in indoor air quality. Reports
consistently show higher levels of HONO indoors than outdoors and these can range up to 100
parts per billion by volume (ppbv), often directly emitted from gas appliances and combustion
processes when the highest quantities are observed (Collins et al., 2018; Mattila et al., 2020; Zhou
et al., 2018). In comparison, outdoor levels of HONO are typically found to be below 1 ppbv
(VandenBoer et al., 2014). Exposure to high levels of HONO may lead to adverse health effects
such as a decrease in lung function (Beckett et al., 1995; Brauer et al., 1993; Jarvis et al., 2005;
Rasmussen et al., 1995). The study by Beckett et al. observed an increase in respiratory and mucous
membrane symptoms within their slightly asthmatic subjects when they were exposed to 650 ppb
HONO for three hours. Another exposure risk includes the reaction products of HONO with
amines (e.g. those emitted in thirdhand smoke and surface-deposited nicotine) which are
carcinogenic nitrosamines (Sleiman et al., 2010). Past studies have focused on smoking as the
indoor amine source of highest concern (Ge et al., 2011; Hems et al., 2019; Sleiman et al., 2010),
but with a decline in smoking indoors other amine sources may be of emerging importance.
Potential indoor amine sources may include household products that contain these organic
compounds, for example in basic cleaning solutions and hair products. Currently, sources of
amines are poorly characterized indoors and require more quantitative measurements, particularly
because of their transformations with HONO. The second contributing source of HONO indoors
is heterogeneous hydrolysis of NO» (R4) (Collins et al., 2018; Finlayson-Pitts et al., 2003; Spataro

and lanniello, 2014; Wang et al., 2020b). This reaction mechanism is complex and not well
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understood under relevant atmospheric conditions. One well described mechanism of NO>
hydrolysis has been presented by Finlayson-Pitts et al., (2003) which proposed dinitrogen tetroxide
(N204) as a key intermediate. However, this can only occur when NO> concentrations are large
enough to form N2O4 which is very small even in highly polluted atmospheres. There is limited
exploration of the hydrolysis mechanism under atmospherically relevant conditions. Regardless,
many studies have suggested and provided evidence that NO> can and does react with household
surfaces (i.e., walls, ceilings, carpets, windows) to heterogeneously produce HONO (Gandolfo et

al., 2017, 2020; Goémez Alvarez et al., 2014; Wainman et al., 2001).
2 NO2(g) + H20@ds)  HONO(g) + HNO3(ads) (R4)

Various factors in indoor environments are thought to cause large variability in indoor HONO
measurements including surface properties of building materials, and analytical methods for
HONO that do not agree well with each other. When combined, these uncertainties complicate the
interpretation of HONO chemistry (Crilley et al., 2019). Thus, there is a need for continual
improvement in HONO-detecting instruments that mitigate bias and interferences to close the gap

on reliable field measurements.

Indoor environments are vastly different than outdoors, and their unique properties can influence
HONO formation. There are higher indoor surface-area-to-volume (SA:V) ratios typically ~3 m™!,
which is hundreds of times higher than outdoors and is on the order of 0.01 m™! (Abbatt and Wang,
2020; Ault et al., 2020; Manuja et al., 2019; Wang et al., 2020a). Higher SA:V promotes
heterogenous reactions, including the formation of HONO from NO». As mentioned above, indoor
environments also have lower energy photons at lower fluxes, so HONO can significantly
contribute to the indoor OH budget in sunlit areas. A classroom study in France reported HONO
photolysis as being the primary source of OH and this generated 1.8 x 10° molecules per cubic
centimeter (molec cm™) OH, which is similar to typical outdoor OH levels of ~10® molec cm™
(Gomez Alvarez et al., 2013). Buildings with controlled heating ventilation and air conditioning
(HVAC) units can play an additional role in facilitating chemical reactions. Commercial buildings,
for example, have higher ventilation rates that increase indoor-outdoor air exchange in comparison
to private residences, resulting in higher indoor levels of O3 (Zhou et al., 2019). The increased O3

can react with NO to form gas-phase NO>, followed by NO; reacting on indoor surfaces to form
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HONO. There are a few residential studies focused on HONO formation but fewer in a commercial
environment for intercomparison (Collins et al., 2018; Wang et al., 2020b; Zhou et al., 2018).
Household activities can directly influence HONO chemistry, acting as both sources and sinks.
For example, a home cleaning study by Wang et al., (2020a) observed rapid decrease in HONO of
71 — 90 % when mopping the floor with bleach due to the release of reactive chlorinated species.
Chlorinated species like hypochlorous acid were proposed to react with nitrite present on surfaces
to form chlorine nitrite as a competing process against HONO formation, resulting in less gas-
phase HONO (Mattila et al., 2020; Wang et al., 2020a). The use of acidic cleaning solutions (e.g.
acetic acid) also increased the surface-gas HONO partitioning through acid displacement or
changes in surface chemical properties, where both are currently thought to be potentially
important factors regulating observed indoor HONO levels (Wang et al., 2020b). To understand
the drivers of indoor HONO formation in all indoor environments, we require real-time and
accurate measurements of both HONO and NO,, along with other observations of indoor air and

surface composition to constrain chemical production and loss pathways against air exchange.

There are limited studies that report simultaneous indoor measurements of NO, NO2, and HONO
together. Past outdoor studies have focused on NO and NO; because of their primary emissions
from combustion engines and the related regulations due to their adverse effects on human health,
which was translated to indoor studies (U.S EPA, 1993). Indoor levels of NO have been found to
range up to 400 ppbv and NO; up to 300 ppbv when directly emitted from combustion processes
using gas appliances or being transported indoors via outdoor air infiltration and HVAC (Zhou et
al., 2018 and references therein). However, it is now recognized that most previous indoor studies
measuring NO2 would be biased high because HONO interferes quantitatively with both NO-
passive samplers and NO; detection by Mo-catalyst chemiluminescence analyzers. As a result, we
have a distorted picture of the amount and importance of NO> indoors, and no insight into the
presence or variability of HONO. Passive samplers for NO:> collection are coated with
triethanolamine which also reacts readily with HONO (Spicer et al., 1994; Spicer et al., 2001),
while Mo-catalysts in chemiluminescence analyzers convert HONO and some other NOy species
to NO as a measurement bias for NO» (Dunlea et al., 2007; Joseph and Spicer, 1978; Spicer et al.,
1994; Villena et al., 2012) which we have exploited in the construction of our HONO calibration
source (Lao et al., 2020). The indoor home study by Zhou et al. (2018) selectively observed that
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HONO represented a significant fraction of the measurement that would typically be reported as
NO> by the chemiluminescent technique. They concluded that previously reported indoor
measurements of NO2 could have been overestimated by a factor of three if these methods are all
quantitatively detecting HONO. This recent discovery means that we require more measurements
of in-situ indoor environments to accurately characterize the absolute and relative levels of NO,
NO», and HONO, so that indoor chemical models can be improved for their representation of

HONO, particularly allowing us to constrain its importance as an oxidant precursor.

3.1.3 The need for new instrumentation catered to indoor environments

The current suite of instrumentation to measure HONO was developed for outdoor research where
these instruments are costly, immobile, and contain hazardous components like toxic dyes, acids,
and radioactive ion sources. Examples of instruments used outdoors that cannot be easily used
indoors include: the long path absorption photometer (LOPAP) (Heland et al., 2001; Reed et al.,
2016; Ren et al., 2010), differential absorption optical spectroscopy (DOAS) (Perner and Platt,
1980; Wojtal et al., 2011) and chemical ionization mass spectroscopy (CIMS) (Collins et al., 2018;
Roberts et al., 2010; Vandenboer et al., 2013; Wang et al., 2020a). While safer options are available
like denuders or collection by scrubbing in to liquid, these methods are time consuming and labor
intensive, requiring extraction and offline analysis by techniques like ion chromatography with
conductivity detection, with the resulting data having low time resolution (Place et al., 2018;
VandenBoer et al., 2014, 2015; Vecera et al., 1991). Real-time detection is preferable because it
provides the capacity to investigate the formation and fate of HONO at timescales on the order of
minutes. This is impossible when relying on a collection medium which integrates observations
over long collection periods and has the potential to become saturated. Consequently, new
instrumentation that is compatible with the practical requirements of measuring indoors is needed
to accurately identify direct emissions and chemical sources of HONO indoors, with safety
paramount when working in occupied indoor environments like domestic residences with pets and

children.

The new instrument developed in this work exploits a known observational strategy in obtaining
accurate and precise data and can be programmed to facilitate easy data processing. The goal is to
provide comfort to residents by constructing the instrument from safe and simple components, and
therefore incentivize and improve understanding about their quality of indoor living environment.

61



The benefit of deploying this instrument for research purposes is that it is compact, safe, and quiet
so that occupants can carry out their daily activities unobstructed. Measurements of NO, NO», and
HONO are detected by chemiluminescence which does not require toxic reagent solutions or create
any exposure concerns for other hazards. There is ideally no need for daily instrument inspection,
maintenance, or removal of chemical waste. Smaller pumps are utilized to minimize waste heat
production and they are soundproofed to decrease noise pollution. Electronic components are
organized neatly and enclosed in a case for a high level of safety. The automated control of the
instrument in particular reduces maintenance and supervision requirements, with a potential goal
of being able to service and operate the instrument in full remotely. A user-friendly interface was
designed to remove the requirements of a specialized operator, and the controls and measurements
are automatically logged into a text file. Collected datasets can be uploaded into an integrated
development environment with a custom-script to automate data processing and finalization for
quick analysis and visualization. Lastly, the analytical platform is inexpensive, user-friendly, and
mobile so that it can perform door-to-door measurements, in addition to being a subset to the total

reactive nitrogen (tN;) instrument that can measure three classes of nitrogenous species.

This new platform is built upon the time-resolved sampling method by Zhou et al. (2018) with an
oscillating Teflon three way valve between two pathways to measure HONO using a difference
technique and coupling this to a chemiluminescence analyzer. Two pathways contain a bypass
channel inserted upstream of the analyzer and a gas denuder channel that scrubs acidic species like
HONO and HNO3 with a sodium carbonate (Na,COs3) coating. The chemiluminescence analyzer
detects HONO as NO> because HONO decomposes on the 325 °C molybdenum (Mo) catalyst
(Brauer et al., 1990; Spicer et al., 1994; Villena et al., 2012; Zhou et al., 2018). Our HONO
platform integrates calibration quantities of HONO and the addition of a platinum catalyst in the
tN; instrument to provide a second quantitative method (Stockwell et al., 2018). The platinum
catalyst allows the instrument to detect total reactive nitrogen by combusting all N-containing
gases to NO, which can then be used to determine the fractions of NO, NO», and HONO to other
fractions or the sum of all nitrogenous species present indoors. Quantifying the fractions of tN;
allows better overall assessment of indoor chemistry as it will limit the use of strategies that simply
create secondary species, and directly improving our indoor air quality. Overall, this instrument is

an upgraded method to previous works because it contains automated instrumental control,
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operation, and datalogging, and the channels are optimized for several novel parameters that have
not been attempted before. The instrument provides the best option to date to perform quick,
routine analysis of reactive nitrogen chemistry in occupied indoor environments. Using this
instrument to survey a large collection of indoor atmospheres, particularly in private homes, will
help close the gap on understanding the controls and variability of indoor HONO chemistry. It
may influence future new home regulations or provide advice on safer appliance practices to

prevent poor indoor air quality.

The new automated HONO instrument was therefore constructed to provide real-time detection of
gas-phase of NO, NO,, and HONO. It was designed to be highly mobile so that it can be deployed
in multiple residencies to survey the variability, formation, and fate of NOx and HONO indoors.
A series of experiments need to be performed to optimize the response time (95 — 0 %) by
characterizing the inlet and minimizing potential interferences and biases for NO, NO,, and
HONO. These experiments will explore various factors known to promote nitrogen oxide
heterogeneous chemistry including: the effects of sampling flow rates; variability in NO, NO, and
HONO mixing ratios; and relative humidity changes governing surface water availability.
Preliminary measurements in two different environments were performed to detect the air
pollutants in an indoor laboratory and during a wildfire smoke event outdoors, which were used to
identify limitations and allow improvements to the design before deployment in field campaigns
(e.g. Chapter 4). The design and control of the instrument will be made open-sourced and
widespread for the indoor atmospheric community to encourage more time-resolved

measurements at various indoor facilities that have not been explored.

3.2 Method
3.2.1 Instrumental setup of the HONO instrument

The HONO instrument consists of three main components: the data acquisition (DAQ) control
box, HONO calibration source, and a modified chemiluminescence detector (NOx analyzer;
Serinus 40, American Ecotech). The schematic overview of the HONO instrument (Figure 3-1)
shows the flow pathways that are automated to selectively measure nitrogen oxides (NOx= NO +
NO2) or HONO by chemiluminescence detection. Throughout this work, the NOx* route is
signified with an asterisk because the catalyst in the analyzer can generate NO from most species

in the NOy family (Dunlea et al., 2007; Joseph and Spicer, 1978). Similarly, NO>* will represent
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the sum of NO; and acidic species like HONO and HNOs. It is important to note that the detected
HONO may contain trace levels of HNOs3, but these are typically below the detection limit of the
NOx analyzer in indoor environments (Brauer et al., 1990; Fischer et al., 2003; Vichi et al., 2016)
and is explained in more detail in Section 3.2.2.The multiple pathways of the tN; instrument can
be differentiated by two routes, NOx* and tN;. The NOx* route includes both the NO/HONO
pathway and HONO calibration.
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Figure 3-1. Flow schematic of the measurement pathways in the HONO instrument, a component
of the tNr instrument. The tN; instrument has five modules (top to bottom): DAQ control box,
calibration source, tN; oven, NOx analyzer, and pumps. The solenoid valves are labelled with a
“V” and a number. Each has three ports labelled as nominally open (NO), nominally closed (NC),
and common (COM). The gas handling fittings are represented by the solid black objects (elbows,
tees, and a manual valve for venting excess HONO from the calibration system. The measurement
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of NOx* + HONO (pink dashed lines) takes place in an unaltered transfer of indoor air to the Mo
catalyst. The NOx is measured after the air sample is scrubbed of acidic species (purple dashed
lines) such as HONO and HNOj; by travelling through the Na,CO3 denuder (black double-lined
square). The on-demand calibration flow of HONO (green dashed lines) allows regular checks of
system performance when mixed with a dilution flow of clean zero air (black dashed lines)
supplied by an on-board zero air generator and regulated by a mass flow controller (MFC). Excess
HONO from the calibration source is scrubbed and the remaining clean air released into the
environment. The tN; route (flows involving the tN: oven and NHj3 calibration) is not a part of the
HONO instrument and its pathways are denoted by the grey dashed arrows.

The frame of the tN; instrument was constructe from T-slotted framing rails (5537T101, McMaster
Carr, Aurora, OH, U.S.A) to form a standard 19-inch rack (length x width x height is 8 x 53 x 175
cm) to mount the five modules (Fig. 3-2). Three modules (DAQ control box, HONO calibration
source, and tN; oven) are enclosed in separate black 19” rack-mounted cases (RMCV190713BK1,
Hammond Manufacturing, Geulph, ON, Canada). The instrument requires an electrical outlet
capable of providing 110 V AC and 20 A, which is commonly used for indoor heavy-duty
appliances and such outlets should be located in kitchens or laundry rooms. Two outlet strips are
mounted vertically to the rack, one outlet strip has a NEMA 5-20 plug (71515K34, McMaster Carr,
Aurora, OH, U.S.A) and the other has a NEMA 5-15 layout (7181K45, McMaster Carr, Aurora,
OH, U.S.A).

Details of the electronics and wiring for the DAQ control box are provided in Appendix B, Fig. 3-
S1. The components and construction of the HONO calibration source is provided in the
Supplemental Information by Lao et al., (2020) (Appendix A, 2.S1). The zero-air generator
provides gas flow through the HONO calibration source and also dilutes the generated HONO to
adjust its calibration quantities based on the environment and expected range of measured HONO
levels. The zero-air generator was custom-built, consisting of a small pump, water filter (4 NPT,
AFR-2000, SPK603, Thailand), membrane air dryer (IDG1-N02, Proax Technologies Ltd,
Oakville, ON, Canada), and cartridges (400 cc, “” fitting, Indicating Moisture Trap,
Chromatographic Specialties Inc.) filled with a mixture of molecular media (CP Blend, Purakol,
Purafil Inc., Doraville, GA, U.S.A) to remove trace gases like NOx, ammonia (NH3), ozone (03),
water, and volatile organic compounds (VOCs). The mass flow controllers (MFC; MKS

Instruments, Inc.) control the diluent zero air flow for HONO calibrations as well as the sample
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flow out of the system via a pump to sample at a higher rate to improve the response time. To
increase or decrease the flow rate of zero air for background/blank measurements in addition to
diluting calibration gases, the flow through MFC1 was modified. The purpose of MFC2 is to allow
an additional diaphragm vacuum pump to pull additional sample flow through the system and
improve the response time of the system by minimizing the residence time of analytes in the inlet.
This is particularly important for sticky compounds that adsorb readily onto surfaces like NH3,
which is a part of the tN; pathway, but also for reducing NO2 heterogeneous hydrolysis to HONO

on the inlet.

The sampling inlet consists of %4 perfluoroalkoxy alkane (PFA) tubing (51805K72, McMaster
Carr, Aurora, OH, U.S.A) and a polytetrafluoroethylene (PTFE) filter in a holder assembly (47
mm single-stage, 4 x ¥4” PFA Clamp, Savillex, Eden Prairie, MN, U.S.A) which is attached to
the sample inlet to remove particles. Throughout the system, the minimized amount of PFA tubing
is directed by %4 PFA tees and elbows (PFA-420-3, PFA-420-9, Swagelok, Mississauga, ON,
Canada). Gaseous compounds are diverted into different branches of the inlet as they enter the
three-way '4” solenoid valves (12V DC, Galtek®, Chaska, MN, U.S.A) by either the NO or NC
port and exit through the COM port to reach the NOy analyzer. Annular denuders (URG-2000-
30x150-3CSS, URG Corporation, Carrboro, NC, U.S.A) selectively scrubs nitrogenous species
based on its coating solution, as described below. Instrument noise is reduced by installing
mufflers (4450K3, Y4” NPT Male Steel Fitting, McMaster Carr) on the pumps (GAST, Cole-
Parmer Canada) and enclosing them in shelving lined with adhesive acoustic insulation (5692726,
90 % Adhesive Backing Polyurethane foam, McMaster Carr, Aurora, OH, U.S.A) on top of
custom-cut polycarbonate sheets (8707K 134, McMaster Carr, Aurora, OH, U.S.A).
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DAQ Control System

Power Bars (2) (LabJack & LabView)

Laptop Area
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Solenoid Valves (5)
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(Stockwell et al. 2018)
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Figure 3-2. Diagram of the tN; instrument. The T-slotted framing rails have continuous slots for
additional fittings such as sensors, handles, and other accessories. The framing rails are buildable
for future installation of additional instruments and casters were added for mobility.

3.2.2 Quantification of NOx and HONO by differential measurement and chemiluminescence
detection

The instrument relies on three important alternating pathways controlled by solenoid valves to
selectively measure various nitrogenous species. First, the air sample is passed through the filter
to remove particle-bound N; and enters Valve 5 (V5, in Fig 3-1). Valve 5 can be switched to
alternatively provide calibration measurements of HONO to the system. Valve 2 (V2 in Fig 3-1)
switches between the measurements of NOx + HONO or NOy as a Na2CO3 denuder scrubs acidic
N: like HONO (R5) and HNO3 (denoted as NOx). The Na,CO3 denuder was prepared according to
the EPA Compendium Method 10-4.2 (Winberry et al., 1999) to remove strong atmospheric acids
by the reactive uptake of the basic coating. This scrubbing technique has been previously applied
for indoor sampling and quantification of HONO (Brauer et al., 1990; Febo et al., 1993a; Zhou et
al., 2018). Lastly, Valve 1 switches between the sample transported and processed by the NOx

route or tN; route before reaching the NOy analyzer for measurement of the gas composition.
2 HONOgg) + Na2CO3¢) = 2 NaNOzs) + H2O0g) + CO2(g) (R5)
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The commercially available NOx analyzer provides continuous measurements of NO, NO>*, and
NOx at a range of 0-20 parts per million by volume (ppmv) with a detection limit of 0.4 ppbv. This
NOx analyzer contains two alternating pathways to measure NO and NOx, in which the NOx
pathway converts NO2* to NO on a heated Mo catalytic converter (325 °C). We can utilize the
NOx pathway to measure HONO indirectly because the Mo catalyst can convert additional NOy
species to NO (HONO, NOs, N>Os, HNO3;, HO>NO», and organic nitrates, as observed from
outdoor measurements) (Dunlea et al., 2007). Our previous work determined that this analyzer has
a HONO conversion efficiency of 104 + 4 % (Lao et al., 2020). The detection limit of HONO was
determined by using Equation 1 (E1) which is the sum of squares error propagation of
addition/subtraction (1). The detection of HONO relies on the NO; channel of the NOy analyzer,
in which the analyzer determines NO: by the difference of measured NOx and NO. Blank
measurements were performed using zero air to find the noise of both NOx and NO, allowing
calculation of the HONO detection limit for the NOy analyzer. It was found to be 0.60 ppbv for 1

minute time resolution measurements.

GHONO = /GﬁOX + Gﬁo (E1)

To quantify HONO, the measurements obtained from the alternating pathways of V2 can be
calculated using E2. The NOy* that passes through the NaxCO3 denuder (NO2) will decrease
proportionally to the amount of HONO scrubbed. Therefore, the HONO mixing ratio can be
determined by difference when compared to the measurement of NO," Although the Na,CO;
denuder can scrub HNOs, it has been previously reported that negligible levels of HNOj3 are found
indoors, likely due to rapid surface loss (Brauer et al., 1990; Fischer et al., 2003; Vichi et al., 2016).
Vichi et al., (2016) observed HNO3 of ~0.2 ppb in libraries, which is a factor of 25 times lower
than average indoor measurements of ~5 ppb HONO (Collins et al., 2018; Zhou et al., 2018). These
reported HNOs values indoors are less than the detection limit of the analyzer (0.60 ppb. This
allows us to measure indoor HONO without the concern of interferences of other NOy species
because majority of them have insignificant levels indoors and consequently, HONO is one of the

main species converted on the Mo converter.

HONO = NO2* — NO2 (E2)
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3.2.3 Calibrations checks of NO, NOz and HONO

A custom-built calibration source, described in detail by Lao et al. 2020 (Chapter 2) was installed
in the instrument to perform routine calibration checks of measured HONO for drift. Briefly, the
calibration source generates HONO mixing ratios in the low ppbv range by an acid displacement
reaction. Gas-phase HONO 1is generated by passing zero air over a hydrochloric acid (HCI)
permeation device (PD) to combine with humid air which enters a sodium nitrite (NaNO3) reaction
device at a total flow of ~110 cubic centimeters per minute (ccm) (R6). The calibration source has
a high purity of 90-99 % HONO, with impurities being at most 10 % NO and/or NO>. In this work,
HONO mixing ratios of up to 20 ppbv were generated by inserting a custom-made HCI PD (12 M
HCl in %2 OD tubing) and two NaNO: reaction devices in an oven at 40 °C. The HONO mixing
ratio output can be adjusted by adding a diluent flow of zero air. Typically, the minimum dilution

flow was at least 1.0 liters per minute (LPM).
HCl) + NaNOzs) — HONO() + NaClgs) (R6)

The NOx analyzer is calibrated every 6 months and before a field campaign to ensure the detection
and response of NOx does not drift after prolong instrument use in its operating range
(manufacturer specifications range of 0 — 20 ppm). A gas-calibration instrument (Gascal 1100TS,
American Ecotech, Warren, RI, USA) is used to perform multi-point calibration checks of NO and
NO; from 0 — 80 ppb by using a standard gas cylinder of NO (NI NO5SMC-A3, NI
NO2.85MZ2NAS, Praxair) to conduct gas titrations to generate NO» by reacting with Os3. Zero
checks are performed by flushing the analyzer with zero air at 3000 sccm to perform a blank
measurement to identify any bias or leaks are present in the system. The NO»> to NO converter
efficiency of the instrument is always calculated to ensure its response is linear in changes of NO

and NO; mixing ratio and meet the specifications of the manufacturer within 96 %.

3.2.4 DAQ control, operation, and data processing

The DAQ device (T7 and PS12DC, LabJack, Lakewood, CO, USA) allows automated control of
the solenoid valves and mass flow controllers when paired with additional power supplies. The
DAQ device acts as an interface between a custom graphical computer program (LabVIEW,
National Instruments, Austin, TX, USA) and acts as an analog-to-digital converter. The electronic

layout and wiring diagram of the DAQ control system is presented in detail in Appendix B, Fig.
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3-S1. A custom LabVIEW script was written to implement supervisory control and data
acquisition on this instrument. The program automatically logs: the date and time; switching of
solenoid valves according to timed intervals; analog output of the measurements from the NOx
analyzer; and MFC flow rates into a single text file. The design of the user interface (Fig. 3-3)
allows the manual modification of each valve state and MFC. The timed intervals for switching
the valve states can be adjusted in minutes to increase or decrease the time resolution of each
sampling pathway, and the overall time resolution of the tNr instrument. The MFC control is
independent of the valve controls. There are two MFCs operated by the software (Fig. 3-3). The
software and data collection was designed to be user-friendly and discussed further in Section
3.3.1.1 All data and timeseries were processed using the software, IGOR Pro 8.04 (WaveMetrics
Inc., Portland, OR, USA). The first 5 points of data (12 s averages) are rejected after each valve

change to ensure accuracy and precision.

3.2.5 Instrument characterization experiments

3.2.5.1 Response time

To build an accurate real-time gas detection instrument, the instrument response time to changes
between flow rate, analyte concentration, and sampling channel under conditions relevant to those
commonly found in indoor environments must be characterized. All experiments are carried out
by first overflowing the instrument inlet with zero air to observe any initial offset. The nitrogenous
species of interest (NO, NO,, and HONO) at known mixing ratios ranging from ~17 — 20 ppbv are
introduced into the inlet with a PTFE three-way ball valve. Once the calibration source outputs a
stable quantity of the target compound, it is turned off to initiate a decay to zero. These experiments
were repeated at different inlet flow rates ranging from 630 — 2000 ccm to observe if the response
time is quicker when decreasing the residence time of the target compound in the inlet. The NOx
analyzer requires a sample flow rate of 630 ccm, so to obtain experimental inlet flow rates >630
ccm a second MFC was utilized to allow higher flow through the inlet. The response time of
HONO at concentrations ranging from 2 — 20 ppbv were tested at 630 ccm to observe if the analyte
increases in residence time when the concentration increases. Lastly, the response time between
two sampling channels of NOx* and NOx were determined by observing how long the Na,CO3

denuder scrubs HONO. All response times (95 — 0 %) were determined by exponential fit from
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the stable initial mixing ratio via its decay to background levels or zero as shown in E3 (Moravek
etal., 2019).

ft) =yo+ Ay -exp (_(tr;lto)) + A, -exp (M) (E3)

T2

Where y, represents the offset from zero, A1 and A» are the proportionality coefficients for the
physical processes of sample volume exchange in the inlet and reaction cell, and wall interactions,
respectively. The time response of the two processes is represented by tau (1) and the start time of
the addition of zero air is represented by to. In addition, the relative importance of each process

can be described as D in E4 (Ellis et al., 2010).

p= (737) (4

When determining the response time for NO, NO», and HONO, the wall interactions were found
to be insignificant, and a single exponential fit was used. This was confirmed by calculation of D
using E4 which was compared with the calculated time responses by double exponential fit. All

time responses were multiplied by 4 (i.e. 47) to determine the 98 — 0% decay (Pape et al., 2009).

3.2.5.2 Testing the efficacy and bias of Na:CO3 denuders

Scrubbing efficacy of HONO by the Na,CO3 denuder was determined by delivering a mixture of
zero air and HONO from the calibration source to achieve a stable output of 3.8 ppbv and 14.4
ppbv into the sampling inlet. The HONO mixture bypasses the denuder (NOx* pathway) to
determine the calibration source output. The valve is then switched using the software to direct the
flow through the Na;CO; denuder to quantify the fraction of HONO lost due to reaction on the
carbonate coating. The experiment was repeated with standard NO of 17.88 ppbv (4.88 ppmv, NI
NOSMC-A3, Praxair, Toronto ON, CA) and 17.29 ppbv NO: to determine any losses or
transformations of these gases when interacting with the denuder. The NO> mixing ratio was
generated by a standardized amount NO reacting with excess O3 generated in a gas calibration

instrument (Gascal 1100TD, American Ecotech, Warren, RI).

The sampling inlet was also investigated for positive biases such as HONO formation via the
surface hydrolysis reaction of NO». The sampling inlet was supplied with a diluted mixture of

standardized NO; (5.9 ppmv, NI NX5MC-A3, Lynde Canada Inc., Toronto, ON, CA) in zero air
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(flow of 0.5 LPM). Humidified air to acheive 40 — 50 % relative humidity (RH, flow of 0.5 LPM)
was mixed with the diluted NO> as a representative indoor range for RH. The flow of standardized
NO:> was adjusted to increase or decrease its mixing ratios across the range from 25 — 300 ppb to
capture any concentration dependencies. The humidified air and NO> mixture was measured for at
least 15 min before sending it through the Na,COs-coated denuder to quantify any inlet-derived
HONO produced.

3.2.6 Setup and location for preliminary measurements

3.2.6.1 Indoor measurements in a chemistry laboratory

Indoor laboratory measurements were performed to test if the tN, instrument was satisfactorily
operational for future deployment. The chemistry laboratory is located in a university building in
Toronto, Ontario, Canada. Researchers typically come and go into this workspace from 8:00 —
18:00 conducting their individual experiments. The size of the laboratory was approximately 15
m x 8 m x 2.5 m with a fume hood near the position of the instrument. The instrument was
positioned close to the center of the room. Indoor measurements were logged on a weeknight from
September 23, 2020, to September 24, 2020. The intervals of the valve states were set to change
every 20 min between the NOx* and tN; pathway with 5 min modulations between paths with no

denuder or denuder.

3.2.6.2 Outdoor plume measurements from a chemistry laboratory

The tN; instrument was deployed at a university building in Toronto, Ontario, Canada to measure
transported biomass burning plumes from northern Ontario fires on the night of July 20™, 2021.
The tN; instrument was deployed in a laboratory with connection to outdoor air via a sampling
port. The outdoor port was a long high flow tube tunnel with 20.3 cfm sample flow governed by a
blower fan (Fig. 3-S2). The sample inlet of the tN; instrument was attached to a sampling plenum
on the high flow tubing. The sampling plenum consisted of an array of stainless steel and brass
Swagelok fittings. The sampling plenum has not been utilized for an extended period of time and
measurements were initiated shortly after turning on the blower fan. The instrument was
programed to measure each inlet flow pathway for 5 minutes (10 min intervals between NOx* and

tNr, and 5 min cycling with denuders).
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3.3 Results and Discussion
3.3.1 Instrument operation

3.3.1.1 Rationale for the design of the user interface

The graphical user interface of the tN; instrument was designed to be user-friendly and provide an
open-sourced script of the supervisory control and data acquisition modules. The current interface
(left to right, Fig. 3-3) has panels for calibration and diagnostics, valve states, NO, NO2, and NOx
measurements, and MFC. The calibration and diagnostics panel is for future use after automating
calibration quantities of HONO/NH; and adding another solenoid valve into the current setup. In
this work, the calibration quantities were controlled by a manual valve due to time constraints and
a limited number of available solenoids. The purpose of the diagnostics is to alert the user of any
technical errors in the program execution. The middle panel for valve states displays the time
interval (min) for modulating the three solenoid valves. Labels for each measurement pathway is
adjacent to show which nitrogenous species are detected. The valve loops and total running time
of the program are displayed to allow visual confirmation of the instrument setup prior to
operation, and to confirm the impact of any changes. The amplitude versus time graph shows the
state of each solenoid change during real-time monitoring. The program logs the valve state of the
initial position as “0” and when it switches as “1” for easy flagging and automation of data
processing. Our instrument relies on detecting nitrogenous species via these valve controls, so
these visualizations gives us confirmation that instrument is operating according to specifications.
The right panel displays the real-time measurements of nitrogenous species from the NOx analyzer
and the flowrates being regulated by the two MFCs. The MFC max flow (ccm) is entered first,
then the setpoint is designated, in order to accurately control the flow rates of the inlet and

calibration lines.
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Figure 3-3. The front window of the custom-LabVIEW program to set automation controls over
the various inlet channels of the tN; instrument.

3.3.2 Instrument characterization
All measurements in this section are averaged from 1 s measurements of the analog voltage output
from the NOx analyzer, which was then converted to mixing ratio in ppbv and averagedto a 12 s

timebase.

3.3.2.1 Time Response Experiments of NO, NO2, and HONO

The response times for NO, NO2, and HONO were found to be similar at approximately 1 min
when sampling with the baseline instrument flow of 630 ccm (Table 3-1). The response times
calculated from these experiments used a single exponential fit (98 — 0 %). A comparison of single
and double exponential fits was also made (Table 3-S1), but this analysis found that both tau values
were similar. Investigation of this result determined that the D (%) value representing the wall
interactions of NO, NO;, and HONO were all similar, indicating that they undergo

indistinguishable and minimal physical interactions with the inlet surfaces in the instrument.
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Table 3-1. Time response (98-0 %) of the HONO instrument at a flow of 630 ccm and calculated
by a single exponential fit for NO, NO,, and HONO

Nr species T 98-0 % (min) (n=3) Input mixing ratios (ppbv)
NO 1.09 +0.09 17.88 £0.81
NOz 0.54 £ 0.06 17.60 + 1.05
HONO 0.99 +£0.11 20.23 +1.06

The response time experiments were repeated at different flow rates for NO, NO2, and HONO and
found to be independent of the instrument flow rate from 630-2000 ccm (Fig 3-4a). The linear
trend of NO and NO> had slopes of -2.99 x 10 ppbv and 4.67 x 10~ ppbv. For HONO the time
response was also independent of instrument flow rate and mixing ratio (Fig 3-4bc), displaying no
linear trends as all calculated regression slopes were within a value of zero when considering the
uncertainties (-3.79 x 10+ 5.93 x 10™ ppbv). All three compounds demonstrating the same <1
min response times indicated that the instrument was likely limited by the inlet air exchange as
well as that of the NOy analyzer, inclusive of the instrument response time. The increased sample
flow had no effect on NO, NO,, and HONO response rates, indicating that these species do not
readily adsorb onto the PFA inlet surfaces (VandenBoer et al., 2013). Similarly, increased mixing
ratios of HONO did not affect the response time, demonstrating that there was no buildup of
HONO (-0.007 £ 0.026 ppbv) on surfaces by adsorption on the sampling lines, making the response
independent of HONO mixing ratio.
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Figure 3-4. (a) Response time experiments at various flow rates for NO (red), NO2 (black), and
HONO (green) with their linear trends (b) Response time plot of HONO to zero at 630 ccm (12 s
averages). The circles represent HONO measurements and their exponential decay (95 — 0 %).
Each colored circle and line represents a response time experiment (c¢) Response time plot of
averaged experiments (n=3) against various HONO mixing ratios at 630 ccm. The green circles
represent the averaged HONO output ranging from ~2-20 ppbv. The weighted line of best fit
(black) suggests the response time of HONO lies within 1 min regardless of a change in HONO
mixing ratio sampled (slope =-0.007 + 0.026 ppbv).
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3.3.2.2 Response time and efficacy of Na2CO3 annular denuders

The response time and efficacy for the Na,CO;3; denuder to scrub HONO were determined
experimentally and are summarized in Table 3-2. The response time to scrub HONO by the
denuder was calculated to be 1 min. Like the instrument response time for NO, NO», and HONO,
the denuder response time is limited by the response of the inlet air exchange and NOy analyzer.
The scrubbing efficiencies of HONO were tested at two atmospherically relevant mixing ratios for
indoor air: 14.4 ppbv and 3.8 ppbv. The fraction captured was observed to be greater than 99.6 %
(Fig. 3-5). A stable mixture of NO and NO; (17.88 + 0.81 ppbv and 17.29 + 1.06 ppbv,
respectively) was sent through the denuder (Fig. 3-S3 and Fig. 3-S4) to ensure that no significant
adsorption or chemical loss of NOx occurs on the surfaces of the denuder or its coating. The stable
mixing ratio of NO was inserted into the sampling inlet and its flow switched between the two
pathways with no denuder (NOx*) and with the denuder (NOx) to observe any decrease in the
mixing ratio (flow paths denoted by pink and purple arrows, respectively, in Fig. 3-1). There was
no decrease in NO when it transited the denuder and a slope of zero was observed in the timeseries
that included this modulation (-7.66 x 10 £ 7.52 x 107 ppbv). The data of NO bypassing and
entering the denuder were compiled into two datasets to apply a two-tailed t-test to confirm that
the NO mixing ratios were not statistically different with a p-value of 0.02 (less than 0.05). The
same experiment was carried out with the 17.29 + 1.06 ppbv of NO: to observe similar results, but
with a small 2 % decrease of NO2 (16.96 + 1.2 ppbv), likely due to chemical loss to the coating
and/or surface of the denuder. The 2 % loss of NO: to the denuder will be considered when
quantifying the mixing ratio of HONO. Previous studies have observed loss of NO to carbonate
denuders (Monge et al., 2010; Zhou et al., 2018). Zhou et al. (2018) reported an averaged decrease
of 2.6 % NO: after flowing 13 — 270 ppbv into the denuder, which was similar to our findings.
Like NO, the data of NO> bypassing and entering the denuder were compiled into two datasets to
apply a two-tailed t-test to find a p-value of 0.13, which was greater than 0.05. This means that the
there was a small significant loss of NO> when passing through the denuder, which can be easily
corrected by implementing into the data processing code in the future. These measurements lends
confidence that the instrument measurements are capable of quantifying the true value of indoor

NO,NOz, and HONO.
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Table 3-2. Time response and efficacy of NaxCOj3 annular denuders in scrubbing HONO and
testing the percent loss of NO and NO; to Na,CO3 denuders at 630 ccm. N/A = means not

applicable and n = number of experiments.

Species Response time Input mixing ratio = After denuder % Decrease
(min) (ppbv) (ppbv)

NO (n=3) N/A 17.88 £0.81 17.88 £0.95 0.0
NO: (n=3) N/A 17.29 + 1.06 16.96 £ 1.20 2.0
HONO (n=3) 1.02£0.16 14.38 £0.95 0.06 £0.71 99.6
HONO (n=4) 1.01 £0.36 3.78+£0.78 -0.62 £0.61 99.8
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Figure 3-5. Delivery of HONO at 14.4 ppbv into the Na,CO; denuder showing the rate of its
decrease to zero and a slope of -1.27 x 10+ 4.32 x 10" ppbv.

3.3.2.3 Testing for a positive bias in the sampling inlet

Table 3-3 demonstrates a very small positive bias of HONO formed in the sampling line when
exposed to a mixture of humid air and NO>, with the conversion ranging from 0.9-2.9 %, which is
less than the instrument precision at 5 %. The range of RH tested in these experiments from
42 - 50.0% are representative of typical indoor RH. Mixing ratios of NO> up to 300 ppb were
representative of NO2 observed to be emitted indoors from combustion processes like cooking
with a gas stove (Mullen et al., 2016; Park et al., 2008; Singer et al., 2017; Zhou et al., 2018). The
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percent HONO formed was calculated by measuring the NO» signal difference between the input
mixture and after it was scrubbed by a NaxCOs3 denuder. A PTFE filter, PFA valves and tubing are
positioned upstream of the denuder, representing about 33 % of the geometric surface area of the
inlet, while the NOx analyzer and a larger fraction of PFA valves and inlets are positioned
downstream. PFA material was chosen because it is one of the most chemically insert materials in
comparison to others, such as glass inlets that can result in the strong production of positive
artifacts (Zhou et al., 2002). The small loss 0f 2.9 % of NO> to the NaCOs3 coating The small loss
0f 2.9 % of NO2 to the Na,COs3 coating is likely resulted from the heterogenous HONO formation
by NO: hydrolysis on the sampling lines upstream of the denuder when 24.0 + 0.6 ppb NO> is
mixed with humid air inserted into the instrument sampling inlet. Similarly, experiments in Section
3.3.2.2 displayed a 2 % loss of NOz at 17.29 + 1.06 ppb, which can potentially result in a total of
5 % positive bias in our HONO measurements. This positive bias was not corrected in our proof-
of-concept work presented in Section 3.3.3 as the artefact is within the precision of the instrument.
However, this simple correction will be applied in future work. Overall, a total of 5 % of NO> can
potentially be lost within the sampling line by the surface reaction of NO> under typical RH
conditions for indoor air, and the 5 % decreases in NO> observed were just as probable to have

been driven by instrument drift and/or noise.

Table 3-3. Percent difference of the mixture of NO> and humid air scrubbed by the Na,CO3

denuder at 630 ccm

NO: (ppbv) RH Input NO:2 and humid air After denuder %
(%) mixture (ppbv) (ppbv) Difference

25 50.0 24.0+ 0.6 23.3+0.6 2.9

50 49.5 51.9+0.8 50.1+£0.8 1.0

100 41.5 107.1£1.2 1053+1.3 1.6

200 50.0 2064+ 1.4 204.6+1.9 0.9

300 49.5 3052+ 1.8 301.6+2.1 1.2
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3.3.3 Preliminary instrument operation

In this section, preliminary measurements were performed to test the operation and identify the
practical limitations of the instrument. The goal was to observe any technical, operational, or
logical errors in using the instrument and to fix these problems before deploying if for a 3-week

indoor campaign (see Chapter 4 of this thesis).

3.3.3.1 System checks and start up tests

Technical and operational tests were performed to conclude that the instrument was ready for use.
The first check was to confirm the input and output communication between the DAQ control box
and user interface was functional. This was done by using a custom-script to control each valve
state manually as these controls are necessary for quantifying NO2*, NOz, and HONO. The
solenoid will make an audible sound when switching positions to redirect a flow. The closed valves
were confirmed to have a flow rate of zero. A flowmeter (Gilian Gilibrator-2 Calibrator, Sensidyne
LP, St. Petersbury, FL, USA) confirmed that the flowrate of the MFC setpoint was within 5 % of
the desired output. The design of the calibration pathway (green arrows on Fig. 3-1) allows the
release of excess calibration gas flow through an exhaust port to prevent pressure buildup or leaks.
Before deployment, a blank measurement is always performed with zero air to ensure there are no
interferences when performing calibrations or measurements. These blank measurements can also
be used to identify system leaks or contamination if the measurements are not zero. A second
indicator to confirm that the instrument has no leaks is performed by using the flowmeter to
measure that the sample inlet pulls 0.63 LPM when only sampling with the NOy analyzer and
confirming this by modulating the sample flow through each pathway. The HONO calibration
source requires ~3 hours to warm up and generate a stable output for calibrating the instrument
(Lao et al., 2020). The HONO calibration gas is sent to the Na,CO3 denuder to confirm its
scrubbing efficacy is quantitative. Instrument operations were tested by measuring continuously
for up to 7 days to see if the software crashes, electronics overheat, or if there are unexpected
shutdowns. The instrument and LabView program ran successfully without crashing. Data
collected from the automated inlet and instrument operation was graphed to confirm that the valve

states changed within the specified time intervals for each pathway.

Both positive and negative control experiments were performed to determine how fast the
instrument measurements reflected the switch between different pathways, so data processing

80



methodologies could be determined. In the positive control experiment (Fig. 3-4a) a known mixing
ratio of NO (45.5 £ 1.2 ppbv) was introduced into the sample inlet, modulating a solenoid, and
then observing the time required to obtain the initial mixing ratio measurement from the instrument
within deviation (45.2 = 0.8 ppbv). The results from actuating all of the solenoid values showed
the NO signal remaining stable throughout the various valve changes and tubing where each valve
state in Fig. 3-4a show similar mixing ratios within an error of one standard deviation (pink
46.48 £ 1.19 ppbv, green 46.84 + 1.33 ppbv, blue 46.10 = 0.65 ppbv, switched back to green
45.83 £0.90 ppbv and purple 45.04 + 0.98 ppbv). Each valve change was compared to the initial
input of NO (pink region) to confirm that the NO mixing ratio is statistically identical after NO
enters a different pathway with all p-values less than 0.05. The stability of the NO confirms 1) there
are no leaks within the system and ii) the valves are reliable for continuous measurements as the
instrument signal was unperturbed. The time to switch between the NOx* and tN; pathway was
therefore set to only discard 1 minute of measurements (i.e. a single measurement) because the
instrument control and flow redirection was found to be faster than the inlet time response for the
analytes. In the negative control experiment the time for the instrument to reach zero in the NOx*
pathway was determined (Fig 3-4b). A mixing ratio of 45.0 ppbv of NO was added to the sample
inlet, allowed to establish a stable signal, and then flushed with zero air. The instrument was found
to reach a reading equivalent to zero within 3 minutes. The same experiment was conducted with
NO passed through the NaxCO3 denuder and observing the same instrument response of 3 min. At
this time, we were limited to 1 minute time resolution of the data generated from the American
Ecotech software, Airodis. These experiments provided the insight that the instrument response
time might actually be better than what was measured and convinced us to characterize the sample
inlet further as it would be advantageous to seek faster measurements. Improvements to instrument
time resolution were achieved by integrating the analog output of the photodetector from the NOx
analyzer directly into our LabVIEW script, yielding 1 second measurements. The analog input of
the NOx analyzer was connected to the DAQ control board, where our LabVIEW script logs the
voltage output, corrects for a zero offset of 0.25 V, and converts the voltages to mixing ratios in
ppbv using an appropriate transfer function. The integration of the date, time, and mixing ratio
measurements of the NOy analyzer improved in response time from 3 min to 1 min, which is

discussed further in Section 3.3.3.2.
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Figure 3-6. (a) A positive control experiment of flushing the sampling inlet with 46.5 ppb NO to
observe any losses that occurred when NO was travelling through inlet different pathways. The
mixture of NO traveled through the tN; pathway (shaded pink region), NOx* pathway (green),
NaxCOs3 denuder (blue), and H3PO3 denuder (purple). The calibration quantities of NO remain
stable throughout each pathway displaying a very small negative slope of
4.1 x 10*£1.3 x 10* ppbv. (b) Negative control experiment where the instrument reaches zero
signal within 3 minutes when toggling the delivery of zero air into the inlet for the NOx* pathway
with and without the NO passing through the denuder.

3.3.3.2 Nighttime laboratory measurements

Nighttime measurements were performed to test the overall performance and automation of the
tN; instrument to observe if the instrument can run smoothly in a laboratory. The instrument
operated as programmed, and raw measurements of the tN; species were graphed (Appendix B,

Fig. 3-S5). Five-minute averages of these species are presented in Fig. 3-7 to observe the mixing
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ratios of NOx and tN; slowly increasing throughout the night. Levels of NO, were the highest
fraction of tNr in the laboratory with an average of 18.42 + 7.81 ppbv and 42 %. Nighttime levels
of NO; likely originated from outdoors, followed by transportation indoors since the laboratory
does not have any active combustion processes in it at night, and we measured that it has a high
air exchange rate of 15 — 25 h™!. The NO levels were near zero from 16:00 to 6:00 with an average
of 0.83 = 0.85 ppbv. Since the laboratory has a high air exchange rate (mostly driven by an
equipped fume hood), there is an increase in the outdoor to indoor transport of air pollutants, such
as O3. Low levels of NO existed throughout the night because there are lower sources of NO
outdoors and excess O3 can rapidly react with NO to form NO», contributing as a source of NO»
in the laboratory. Peak levels of NOx and tN; in the morning (8:00) suggest emissions from a
nearby outdoor combustion source (vehicle exhaust from traffic or regional power plant like the
YorkU Chimney Stack power plant) were circulated throughout the building, including the
laboratory. An outdoor air quality monitoring station (Toronto North Ambient Air Monitoring Site,
Environment and Climate Change Canada, Air Quality Ontario, 3.27 km away from the laboratory
building) confirms the morning traffic with peak NO;" levels of 46.3 ppbv (1 h averages) which is
also measured with a chemiluminescence analyzer. Levels of HONO were stable with an average
of 1.67 + 1.20 ppbv and likely sourced from heterogenous processes and transport of outdoor
HONO indoors. After 6:00, HONO levels are slightly higher at 2.24 £+ 0.60 ppbv, probably from
the increased outdoor emissions of NO; transported indoors, that may have then deposited onto
indoor surfaces to heterogeneously form HONO. Residential studies in North America have
reported an average of ~4 — 5 ppbv HONO indoors and those values are ~2.7 times larger than our
measured values of 1.67 ppbv HONO (Collins et al., 2018; Leaderer et al., 1999; Lee et al., 2002;
Zhou et al., 2018). The lower background levels of HONO in the laboratory could be due to the
high exchange rate of 15-25 h™! from the fume hood, and the well-ventilated laboratory may result
in a smaller HONO surface reservoir from less nitrite buildup on surfaces. The surface properties
of the lab surfaces could also result in a smaller HONO reservoir. Residences typically have lower
exchange rates than commercial buildings, with the median air exchange rate reported to be
~0.5 h'! in previous residential studies in North America (Collins et al., 2018; Leaderer et al., 1999;
Lee et al., 2002; Murray and Burmaster, 1995; Zhou et al., 2018). One residential study in Korea
reported an average of 1.4 ppbv HONO, which is similar to our reported average of 1.7 ppbv

HONO (Park and Cho, 2010). However, the in-situ formation of HONO from heterogenous
83



processes and HONO surface partitioning is not understood well enough, with supporting
measurements, to make a detailed comparison between our proof-of-concept measurements and
these prior studies. Future studies should investigate the chemistry of surface-gas interactions of
nitrite and HONO that act as sources of in-situ HONO. Studies should also report building and

surface materials present in indoors, as they may be a driving factor in building HONO reservoirs.

Preliminary measurements of HONO were calculated as NO: subtracted from NO>*, using the
5-minute time resolution data. This method was not ideal because we assumed levels of NO2* and
NO2 did not change significantly over the full inlet cycle period of 20 min that the instrument needs
to complete all of its measurements through the tN; pathway. This observation strategy in indoor
environments has the potential to miss rapid changes in NOx and HONO from human activities
such as cooking. Based on these practical findings, we determined that the time intervals between
measurements from the NOy* and tN; pathways needed to be decreased to 10 min, with a time
resolution of 5 min within each pathway to accurately capture changes of moderately-lived
chemical emission or transformation events (~10-30 min). These preliminary measurements were
also collected using two timebases, one aligned with the measurements of the NOy analyzer and
the other with the PC operating the DAQ controls of the valve state and MFC. It was time
consuming to merge both timebases due to the internal data processing of the NOx analyzer and
Airodis software. As a result, we integrated the analog output of the NOx analyzer with DAQ

system to collect all the measurements on the same timebase and this was applied moving forward.
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Figure 3-7. Extracted 5 min averages of nitrogenous species from the test measurements
performed in a laboratory on the night of September 23-24, 2020. The top panel displays the 5 min
averages of NO (red dots), NO2 (blue dots), NOx (pink dots) and tN; (black dots). The mixing
ratios of HONO (green dots in the bottom panel) were stable throughout the night at 1.68 + 1.20

ppbv.

3.3.3.2 Outdoor fire plume measurements

Wildfires are important sources of atmospheric N;, and the composition varies based on age,
location, and pyrolysis temperature (Lindaas et al., 2021; Roberts et al., 2020). The number and
total area of northwestern Ontario forest fires were record-breaking in 2021. A special air quality
statement to Toronto was issued as biomass burning plumes were transported south, resulting in
elevated particulate matter (PM) from the aging smoke in July. The tN; instrument was deployed
on the evening of July 20th, 2021 in an attempt to capture some of these aged smoke plumes and
to test what the instrument could detect in terms of the gaseous N; outdoors. Unfortunately, the
instrument was deployed too late (20:00) to capture the most intense intrusion of the aged plumes
when daytime PM s levels reached up to 43 ug/m® (hourly average) in the early morning and
afternoon decreasing to < 10 ug/m? at 19:00 according to the nearby air quality monitoring station
(Toronto North Ambient Air Monitoring Site, Environment and Climate Change Canada, Air

Quality Ontario). Common nitrogen species observed in fires include NO, NO,, HONO, HNO:s,
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hydrogen cyanide (HCN), isocyanic acid (HNCO), NH3, organic nitrates, and nitrogen-containing
VOCs (Juncosa Calahorrano et al., 2021; Roberts et al., 2020). Outdoor levels of NO»* detected
by the tN; instrument were compared to two NOx analyzers at different locations (Fig. 3-8). The
tN; instrument sampled smoke plumes from an outdoor port situated on the southeast side of a
university building. The other set of NO>* data (1 min averages) was obtained from a NOx analyzer
measuring outdoor samples from a rooftop laboratory in the same building facing east, and the last
set (1 h averages) came from a NOx analyzer at a nearby air monitoring station 3.27 km away
(Toronto North Ambient Air Monitoring Site, Environment and Climate Change Canada, Air
Quality Ontario). All three datasets of NO>* (Fig. 3-8a) display similar trends in NO>*, with the
tN; instrument and air monitoring station being the most similar. The NO>* measurements show
higher levels of up to 23 ppbv than other detectors likely because of contaminants coming off of
the outdoor sampling port. The outdoor sampling tube has been used for previous experiments, but
has remained dormant for an unknown period of time, which could have resulted in contamination
of the surfaces over time before air was sampled again. The NO>* detected by the tN; instrument
went up to 23 ppbv while the rooftop NO»* displayed a consistent trend of ~7 ppbv. The air quality
station recorded the lowest NO>* levels by 4-5 times, suggesting the smoke plumes were more
detectable nearby the university building. Levels of NO>* (tN; instrument) are a factor of 5 times
higher than NO> at ~21:00, which is expected from detecting NOy species in a polluted urban
airshed, with potential mixed-in aged smoke plumes. Levels of HONO cannot be directly inferred
using the differential method because HNO3 and peroxyacetyl nitrate (PAN) are positive
interferences and that are also scrubbed in the NaxCOj3 denuder, thus our approach is unable to
quantify species within this acidic fraction of outdoor reactive nitrogen accurately (Bai and Wen,
2000; Fitz, 2002). However, the tN; instrument can detect the sum of the acidic and basic fractions

in the outdoor atmosphere, which may be useful in outdoor atmospheric research.
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Figure 3-8. (a) Preliminary outdoor measurements (I min averages) to capture aged wildfire
plumes on the night of July 20", 2021. Measurements of NO2* (light blue circles) and NO> (blue
circles) are collected from the tN; instrument (1 min averages). These values are compared to
nearby NO>* measurements from two NOx analyzers at different locations on a rooftop of the same
building (grey line) and an air quality monitoring site 3.27 km away (black dots and line). (b)
Comparison of outdoor NO measurements from the tN; instrument (dark red circles) and rooftop
NOx analyzer (red line) are comparable in their general trends with slight variability due to

sampling of local sources.
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Unfortunately, the N; fraction coming off the sampling pipe was found to have also contaminated
the instrument solenoid valves and sampling lines after the campaign when flushing the instrument
with humid air (zero air bubbled through 18.2 M MQ-cm deionized water, then diluted with zero
air). When using pure N> to perform zero measurements on the instrument inlet, the system seemed
relatively clean (Fig. 3-9a). However, when sampling humid air (50 % RH), unknown species (25-
30 ppbv) was observed to desorb off of the surfaces of the inlet and solenoid lines (Fig. 3-9b) and
it was concluded to be some component of the acidic N, pool because when it was passed through
the NaCOs3 denuder it was quantitatively scrubbed. The contaminants were eventually removed
by cleaning the valves and sampling lines with acetone and isopropyl alcohol six times. Heat was
applied onto the tubing and solenoid valves to desorb any remaining contaminants and if present,
the gas fittings were rinsed again with acetone and isopropyl alcohol. The acidic contaminant is
suggested to contain HNO3, known to adsorb onto surfaces rapidly. Previous studies have observed
Teflon adsorbing HNO3 with reported loss of 30 — 40 % of HNO3 sampled (Febo et al., 1993b;
Grosjean, 1985; Pang et al., 2002). The current setup of the tN; is not designed to transfer high
levels of HNOs, but this could be mitigated by applying heating tape to the sampling inlet and
valves to limit surface adsorption. The addition of a sodium chloride coated denuder to the inlet
could also enable selective quantification of HNO3 separate from HONO. An additional solenoid
should be incorporated in Fig. 3-1 to provide a new pathway to scrub HNO3, before entering Valve
2 (V2). This instrument is not the best option for speciated outdoor sampling compared to
established outdoor methods. Rather, its design makes it able to detect bulk fractions of reactive
nitrogen (acidic, basic, and neutral) by conversion in the tN; oven and modulation of the denuders
in the various inlet channels. While this outdoor test emphasized this fact, overall the instrument
demonstrated that it was reliable for sampling of indoor and ambient air with many common
practical considerations required in setting it up as one would have with any advanced atmospheric
chemistry instrument, including the unexpected contaminants in complex air samples through an

inlet of unknown usage history.
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Figure 3-9. (a) Zero measurements of dry N» entering the sampling inlet through the NOx*
pathway. The blue lines represents the mixing ratios of NO2* and pink is NOx*. (b) Humid air
inserted into the NOx™* pathway to observe the presence of contamination from measuring biomass
plumes. The yellow shaded regions represents when the humid air mixture travels through the
Na>COs3 denuder. The contaminant decreases to zero when scrubbed by the denuder, suggesting it
is an acidic specie.

3.4 Conclusion and future improvements

Our instrument utilizes a total of two small pumps and detected multiple nitrogenous species with
a chemiluminescence analyzer. The instrument controls and supervision are automated by a
microcontroller and its user-friendly interface removes the requirements of a specialized operator
for routine indoor air surveys. The HONO instrument is an upgraded method compared to the prior
collaboration of this group with Zhou et al. (2018). Our instrument integrated a new and stable
HONO calibration source with higher accuracy in HONO conversion efficiency achieved with the
Mo catalyst of 104 + 4 % compared to their reported 83.5 = 3 %. We further characterized the
sampling inlet, determining the instrument response time for detecting NO, NO»>, and HONO was
within 1 min and limited by the response of the NOy analyzer. The scrubbing efficiency of HONO
by the Na,CO3 denuder was > 99.6 %. No losses of NO to the denuder was observed and NO» had

a small loss of 2 % which has been previously reported when using this differential technique for

89



HONO. A positive bias of up to 2.9 % of HONO formation by NO hydrolysis was identified to
potentially form on the PFA sample inlet surfaces upstream of the denuder. Our findings show the
decrease in NO2 up to 5 % from characterizing the sampling lines can lead to a positive bias in our
HONO measurements, which can be easily corrected in our future HONO measurements and
integrated into our data processing code. The LOD of HONO is 0.6 ppb with 1 min time
resolutions, which is acceptable for relevant indoor mixing ratios of HONO that have reported
average background levels of ~5 ppbv (Collins et al., 2018; Wang et al., 2020b; Zhou et al., 2018).
The modulation of two channels were successfully ran with the entire setup of the tN, pathway
through preliminary deployment in detecting indoor and outdoor air. Preliminary measurements
of HONO in the chemical laboratory show a small HONO reservoir is present at night of 1.68 +
1.20 ppbv, likely from lower NO> surface uptake or competing processes that may decrease nitrite
buildup from other projects involving reactive chemicals. The tN; instrument can detect the total
sum of acidic and basic species in outdoor air but cannot quantify key fractions due to the presence
of NOy species. Overall, the HONO instrument in the tN, instrument can perform time-resolved

measurements of key indoor pollutants NO, NO2, NOx and HONO.

General instrument maintenance requires replacing the inlet filter, denuder coating, and scrubbing
media in the zero-air generator to ensure optimized efficiency of quantifying fractions of the
nitrogenous species. The maintenance time depends on the type of indoor environment and the
number of chemical activities (e.g., cooking and cleaning). This study did not quantify the lifetime
for the deactivation of the carbonate denuders. Zhou et al. (2018) recoated their denuder daily to
minimize potential denuder deactivation when measuring in an urban residential house. The
longevity of the zero-air generator relies on the membrane air dryer, which prevents moisture from
adsorbing on to the scrubbing media. Without the attachment of the membrane air dryer, water
saturated the scrubbing media resulting in N; contaminants with mixing ratios equivalent to
2 - 4 ppbv of NO entering the system. These contaminants were suspected to be a mixture of N
species. The voltage output of the NOy analyzer drifts after long periods of use, so a calibration of
the voltage output against known mixing ratios of NO, NO2, and NOy should be performed at least
every 3 months and at the start/end of any field campaign. In the future, the automated control of
the instrument should be upgraded by adding more solenoid valves to allow automation of the

calibration quantities of HONO and NH3 delivered to the system, along with their dilution by the
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MFC. The manual two-way waste valve should also be automated. The next step following on this
construction, characterization, and validation work was to deploy the tN; instrument in a three-
week indoor air quality campaign to measure pollutants in a commercial kitchen (Chapter 4).
Planned future field measurements at various indoor facilities will allow detailed investigations of
the total reactive nitrogen budget and give specific insight on the HONO chemistry of indoor air.
Experience gained from surveying different indoor environments and continually undertaking
practical developments of the instrument will result in easy and accurate real-time detection of

NO, NO2, and HONO.
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Abstract

The KOCENA (Kitchen Organic Carbon, Emissions, Nitrogen, and Aerosol) campaign was a
collaborative project to detect the emissions and chemical transformations of indoor pollutants
present in a commercial kitchen. Measurements of nitrogen oxides (NOx = NO + NO3) and nitrous
acid (HONO) were detected using a newly built total reactive nitrogen (tN;) instrument that can
perform modulated quantification of nitrogenous species like NOx, HONO, and ammonia (NH3).
Nitrogen oxides and HONO are important indoor pollutants that can participate in oxidant
formation, with mixing ratios typically higher indoors than outdoors especially when from direct
combustion emissions by cooking with gas appliances. The commercial kitchen had a sensor-
controlled ventilation system to control an optimal exhaust rate to rapidly removed pollutants from
the kitchen during high volumes of cooking activities. As a result, most HONO directly emitted
from cooking emissions were lost during data processing because the tN; instrument could not
reliably capture rapid cooking emissions with high ventilation that spanned less than 20 minutes.
The direct emissions of HONO were found to be unimportant because it is efficiently removed by
the high air exchange rate in the commercial kitchen. Measurements during the day (5:00 — 22:00)
and night (22:00 — 5:00) were compared based on the initiation of the ventilation and kitchen
operation hours. Transportation of NOx and HONO from outdoors contributed to high indoor
levels in the early morning suspected to come from nearby combustion sources. Stable nighttime
levels of NO2 and HONO were also contributed by outdoor transportation. Heterogenous processes
played a crucial role in dictating the temporal behaviours of HONO (total average of
2.41 £2.05 ppb, daytime average 2.48 + 2.07 ppb, and nighttime average 2.36 + 1.29 ppb).
Predicted levels of HONO were calculated by determining the concentration of HONO produced
from NO» surface uptake and its loss by photolysis to quantify the relative importance of these
processes toward generating the observed levels. Our results show that equilibrium partitioning of
HONO on surfaces is evident in sustaining levels of HONO in the absence of direct cooking
emissions. This HONO reservoir is likely located on indoor surfaces with deposited nitrite that can
desorb as HONO, which is supported by previous indoor home studies (Collins et al., 2018;
Wainman et al., 2001; Wang et al., 2020b). Calculations of the production rate of OH by HONO
photolysis confirms that the kitchen acts as a persistent OH source (average of

1

9.72 x 10 molecules cm™ s Juono = 1.66 x 107 s at average HONO concentrations of

5.85x 10'°+4.95 x 10'° molec cm™). The 24-hour lighting indicates that consistent production of
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OH by HONO photolysis may be an important driver in indoor oxidation chemistry in commercial

environments.

4.1 Introduction

In recent years, the construction of indoor facilities has become increasingly airtight to improve
energy efficiency (Weschler, 2009). Indoor air quality has simultaneously decreased due to
increased concentration of indoor pollutants, leading to higher exposure as we spend > 90 % of
our lives indoors (Klepeis et al., 2001; Leech et al., 2002). Established societal regulations and
research have focused on the mitigation of poor outdoor air quality to protect human health, yet
we do not fully understand the chemistry of indoor air and its oxidative capacity. Indoor air
pollutants can undergo multiphase chemistry to be produced, removed, or transformed by many
indoor processes including direct emissions, indoor-outdoor air exchange, and surface deposition
(Abbatt and Wang, 2020). Nitrogen oxides (NOx = NO + NO>) and nitrous acid (HONO) are well
known and emerging pollutants indoors respectively, with reported mixing ratios higher indoors
than outdoors. Direct emissions of NOx can range up to 400 parts per billion (ppb) and HONO up
to 100 ppb from high-temperature combustion processes such as cooking with gas appliances,
lighting candles, and open fireplaces (Bartolomei et al., 2015; Collins et al., 2018; Dennekamp et
al., 2001; Lee et al., 2002; Mullen et al., 2016; Zhou et al., 2018). Transportation of NOy indoors
from outside can be facilitated by open windows, doors, ventilated air, or infiltration through the
building envelope. Nitrogen oxides play an essential role in oxidant cycling as both sources and
sinks, especially in sunlit areas where NO> photolysis can contribute to O3 formation (Kowal et
al., 2017). In the presence of O3, NO will rapidly react to form NO,. The reactive uptake of NO»
to indoor surfaces is another important sink in areas where photon levels are low and away from
sunlit areas (Finlayson-Pitts et al., 2003; Kowal et al., 2017). The surface uptake of NO> can
heterogeneously form HONO, however its exact mechanism is unclear. One well-described
heterogenous mechanism is NO> hydrolysis, where gaseous NO: interacts with a thin film of water
on surfaces, forming gas-phase HONO and adsorbed nitric acid (HNO3) (R1) (Finlayson-Pitts et
al., 2003).

surface

2 NO:+ H:0 —— HONO + HNOs3 (R1)
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Laboratory studies have proposed that heterogenous HONO formation is first order in NO, and
water is crucial in the NO> to HONO conversion process (Finlayson-Pitts et al., 2003; Pitts et al.,
1984; Sakamaki et al., 1983; Svensson et al., 1987). Finlayson-Pitts et al., (2003) observed that the
NO:> hydrolysis is relatively linear in water vapour concentrations below ~65 % relative humidity
(RH). Unlike outdoor HONO chemistry, its indoor levels are not entirely reliant on NO» surface
uptake. Previous studies have observed steady state levels of HONO in the dark (Stutz et al., 2004;
Vandenboer et al., 2013) which also suggested HONO deposition onto surfaces is a potential loss
process (Collins et al., 2018; Lee et al., 2002; Spicer et al., 1993). Taken together, established
observations imply that dynamic production and exchange of HONO on surfaces should be a
widespread phenomenon. Indoors, Wainman et al., (2001) suggested that an effective Henry’s Law
equilibrium explains the codependence of RH and slow emissions of gaseous HONO various
surfaces. Gaseous HONO observations have since supported such equilibrium with interior
surfaces (R2 and R3), which have been able to reasonable explain the typical average background
levels of ~5 ppb observed in the absence of direct cooking emissions (Brauer et al., 1990; Collins
et al., 2018; Goémez Alvarez et al., 2013; Jarvis et al., 2005; Lee et al., 2002; Zhou et al., 2018).
Interior surfaces can readily sorb water to make them reactive to NO> and then act as a reservoir
for HONO including a prolonged release of HONO even after NO» has been removed from the
indoor air (Wainman et al., 2001). Other lab studies have found gas-phase HONO readily formed
and partitioned from acidic surfaces (R4) (Collins et al., 2018; Finlayson-pitts, 2009; Finlayson-
Pitts et al., 2003; Spicer et al., 1993; Wainman et al., 2001; Wang et al., 2020b). To demonstrate
the presence and capacity of the HONO surface reservoir, Collins et al., (2018) performed
perturbation experiments by ventilating a home after ensuring substantial HONO deposition to
surfaces by exposure to elevated levels of HONO from cooking with gas appliances. They
observed a rapid decrease in HONO mixing ratio after opening windows and doors due to indoor-
outdoor air exchange diluting the indoor air. Once the dilution by ventilation was halted, stable
levels of HONO immediately returned, and the authors hypothesize that these background levels

were sustained by partitioning of nitrite from surface reservoirs (Collins et al., 2018).

HONO(g) - HONO (surface) (R2)
HONO (surface) = HONO(g) (R3)
HONO (surface) = HONO(g) (R4)
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A recent study by Wang et al., (2020) performed additional enhanced ventilation experiments and
measured that surface nitrite was present on deployed glass plates in the home. These observations
support the potential for equilibrium control of gaseous HONO from a large surface reservoir. The
materials capable of this chemistry include those in studies that have identified heterogenous
HONO formation such as concrete, glass, soil, mineral dust, and indoor wall materials coated with
photocatalytic paint (Ammann et al., 1998; Finlayson-Pitts et al., 2003; Gandolfo et al., 2020;
Grosjean, 1985; Kirchstetter et al., 1996; Schwartz-Narbonne et al., 2019; Stemmler et al., 2006;
Wainman et al., 2001). The parameters controlling the conversion of NO2 to HONO include: the
type of surfaces, chemical composition, RH, and temperature (Finlayson-Pitts et al., 2003; Jacob,
2000; Pitts et al., 1984; Wainman et al., 2001). Other studies of heterogenous HONO formation
include surface photochemistry on solid organic films (George et al., 2005; Stemmler et al., 2006)
and indoor surfaces (Gomez Alvarez et al., 2014; Schwartz-Narbonne et al., 2019). Investigating
these production processes is essential because HONO directly impacts indoor air quality as a
source of hydroxyl radical (OH) by photolysis (< 405 nm) (R5), even at the low light levels and
photon energies in these spaces (Kowal et al., 2017; Schwartz-Narbonne et al., 2019). The
hydroxyl radical (OH) is a driver of indoor oxidative capacity and can react with volatile organic

compounds (VOC) to form secondary species.

h
HONO(» — OH + NO (R5)

There are limited measurements of NO, and HONO detected simultaneously in residencies (Brauer
et al., 1990; Collins et al., 2018; Jarvis et al., 2005; Lee et al., 2002; Zhou et al., 2018) and fewer
measurements in a commercial setting (Allen and Miguel, 1995; Khoder, 2002). Previously
reported values of NO> in residencies with gas appliances may be positively biased with HONO
interference in both real-time and passive sampling approaches, potentially overestimated by a
factor of 3 (Spicer et al., 2001; Zhou et al., 2018). More time-resolved measurements of NO» and
HONO are required in indoor environments to constrain the multiphase chemistry of HONO, its
impact on the indoor oxidative capacity, and for improved modelling. Surface reservoir chemistry
may play a key role in controlling indoor levels of HONO, and each indoor environment may
vastly differ based on the frequency of activities (e.g., cooking and cleaning), lighting (sunlit areas
or artificial lighting), ventilation, surface-area-to-volume ratio (SA:V), and building material.

Recent advancements in indoor instrumentation make widespread measurements accessible for
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deployment at different indoor facilities to understand how these factors can affect or drive indoor

chemistry.

This study presents novel NO, NO2, and HONO measurements in a commercial kitchen inside a
university residence building for three weeks. The kitchen recently reopened after an extended
closure (due to the COVID-19 pandemic), giving us a rare insight into capturing the increased
emissions of pollutants as cooking activities increase from incoming/returning students. The
custom-built instrument presented in Chapter 3 was deployed in the kitchen to provide modulated
measurements of NOy, HONO, and NHx (NHx = ammonia and amides), and the total gaseous
reactive nitrogen indoors. Field observations of NO, NO»>, and HONO were targeted to provide a
greater understanding of their chemical transformation and fate in a commercial setting with an
on-demand ventilation system, varied cooking, and a high volume of known direct-emission
activities like cooking and cleaning. In this work, we will investigate the processes of HONO
formation present in a commercial kitchen, including the dynamic surface-gas partitioning of
HONO. Time-resolved field measurements in the kitchen will be used to explore indoor processes
that influence the formation of stable HONO during the day and night. There are four possible
sources of HONO in the kitchen: transportation of outdoor HONO indoors, direct emissions from
combustion cooking processes (these can also partition to surfaces), and heterogenous reaction of
NO: on interior surfaces, and equilibrium partitioning of HONO generated on surfaces. The loss
of HONO by photolysis is determined by measuring the photon flux via spectral irradiance in the
kitchen. A simple model was used to calculate if these known processes can explain the observed
levels of HONO in contrast to the role of gas-surface equilibrium. Environmental influences such
as the air exchange rate (AER), temperature, NO> levels, lighting, and RH are investigated to
understand their impact on the observed HONO budget.

4.2 Method

4.2.1 Sampling location and set up

Measurements of NO, NO-, and HONO took place from August 27" to September 17%, 2021, at a
commercial kitchen inside a university residence in Toronto, Ontario, Canada. These
measurements were made by the HONO sub-unit in the tN; instrument, which provides modulated
measurements between two inlet pathways. One pathway bypasses and the other enters a Na>COs-

coated denuder, followed by analyte detection by a chemiluminescence analyzer (NOx analyzer).

104



The first pathway detects NOx* (NO + NO2*), which includes interfering gas-phase NOy species
like HONO and HNOs. The second sample flow pathway enters the carbonate denuder to scrub
gaseous acidic species, which is primarily HONO because HNOj3 levels are negligible indoors
(Brauer et al., 1990; Fischer et al., 2003; Vichi et al., 2016). The second pathway allows us to
detect accurate levels of NO» by removing interfering HONO from the NO>* measurement. This
is a common interference in indoor NOx measurements with these instruments (Spicer et al., 1994;
Zhou et al., 2018). Thus, levels of HONO are determined by the difference calculated between
NO2* and NO; measurements. The tN; instrument was set to change sample flow between four
inlet pathways (NOx*, NOx, gas-phase tN;, and tN; scrubbing NHy) every 5 minutes (min) with a
total cycle time of 20 min at a chemiluminescent detector time resolution of 1 second (s). The
sampling flow rate of the NOx analyzer was 630 cubic centimeters per minute (ccm). The NOx
analyzer was calibrated to ensure precision in its response across its operating range (manufacturer
specifications of 0 — 20 parts per million; ppm) before the campaign by a gas-calibration instrument
(Gascal 1100TS, American Ecotech, Warren, RI, USA) using a standard gas cylinder of NO
(Praxair, NI NOSMC-A3, 4.88 (£ 5 %) ppm, Toronto, ON, CA) and conducts gas titrations to
produce NO> by reaction with ozone (O3). Prior to the start of the campaign, the HONO output
from the HONO calibration source (Lao et al., 2020) was tested to ensure the calibration quantities
were in an acceptable range (up to 20 ppb) that was suitable in detecting high HONO mixing ratios
in a commercial kitchen, which was expected to increase up to 100 ppb from cooking with gas
appliances. Calibration and quality checks were performed regularly (every 1-2 days) during the
campaign using a custom-built zero-air generator and HONO calibration source during low
cooking and cleaning activities in the kitchen. Zero air was also sent into the sample inlet of the
tN; instrument to measure backgrounds and to assess an inlet contamination. Calibration quantities
of HONO were also sent through the carbonate denuders to confirm its scrubbing efficacy.
Denuders were replaced with freshly coated Na,COs denuders every two days and tested to confirm

their effectiveness of >95 %.

The tN; and supporting instruments were housed in an air-conditioned office nearby the main
kitchen area (Figure 4-1). All instruments shared the same sampling line (51805K72, 1/4” OD
PFA tubing, McMaster-Carr, Aurora, OH, USA) as a shared inlet, which was fitted with a
polytetrafluoroethylene (PTFE) filter (47 mm single stage, 4 x 4” PFA Clamp, Savillex, Eden
Prairie, MN, U.S.A) to remove particles. The inlet operated a total sampling flow rate of 3.5 LPM.
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Outside the main kitchen is a serving area for customers, operating from 8:00 to 21:00 every day
and includes cooking stations for stir-frying and grilling. Multiple hood vents located throughout
the kitchen are combined into one exhaust pathway. A microcontroller (Arduino Uno R3, Arduino,
Italy) logged the rotations per minute (RPM) from the kitchen exhaust fan panel to determine the
AER from August 27" to September 17", 2021. The exhaust fan controller and panel was located
outside of the kitchen in a mechanical room near the roof of the residence building. The cooking
ventilation in the main kitchen is controlled by on-demand exhaust hoods (ECOAZUR®, Laser
Heating & Air Conditioning, Brampton, Ontario, Canada), which optimizes the airflow rate (up to
a maximum of 25 000 cubic feet per min; CFM) based on the temperature and detection of steam
and particulate matter with a light-scattering sensor. The ventilation system includes remote
monitoring of the kitchen temperature and has nine temperature sensors co-located with the
exhaust hoods. The average of all temperature sensors (15 min resolution) was calculated to obtain
a representative temperature for model calculations from August 27" to September 17", 2021. The
kitchen contains no windows, and the lights are always on. The lighting intensity was typical for
an indoor environment at 3.2 W m™ which was measured using a spectral radiometer (Black
Comet, C-50, StellarNut, Inc., Tampa, FL, USA). Continuous measurements of NOx* were
collected from a second chemiluminescence analyzer (EC9841, American Ecotech, Warren, RI,
USA) and deployed from September 3™ to September 17", 2021. Continuous measurements of O3
by an Os analyzer (Serinus 10, American Ecotech, Warren, RI, USA) was deployed from August
27" to September 17™, 2021. The RH was logged every minute using a simple sensor (BME680,
Adafruit, New York City, USA) connected to a microcontroller (Raspberry Pi Ow, Raspberry Pi
Foundation, UK) from September 3™ to September 17", 2021. This was placed in the main kitchen
adjacent to the office housing the instruments. The kitchen outer surface area (e.g. walls, floors,
ceiling) is 656.6 m?. The furniture and kitchen appliances were not measured separately to
determine the total surface area in the kitchen. Instead, the value was multiplied by three to
approximate the additional surface area within the space to obtain a lower limit estimate of 1970
m?3. The kitchen volume is 617.3 m?, and the resulting SA:V is 3.2 m'!. The dimensions of the

kitchen are presented in detail in Appendix C, Fig. 4-S1.
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Figure 4-1. Floor plan of the commercial kitchen. The red line represents the instrument sampling
line to detect kitchen emissions and the blue symbols represents the exhaust vents. Labels of the
furniture/appliances are fume hood (FH), dishwasher (DW), sink (Si), table (Ta), fridge and/or
freezer (F), steamer and/or stove top (St), fryer (Fr), O oven (O), mixer (M), and toaster (Ts). The
quarter circles represent doors, and the solid black lines are walls. The unlabeled L-shape
represents shelves. Note: the floor plan does not depict all furniture and appliances present in the
kitchen.

4.2.2. Calculations

4.2.2.1 Kitchen air exchange rate

The kitchen AER was calculated using data logged from the exhaust fan. The exhaust fan panel
sends an analog output of 4 milliamperes (mA) at 0 RPM (minimum speed) and 20 mA at
1750 RPM (maximum speed). A 250-ohm resistor was attached to the Arduino device to convert
the current outputs to voltage values ranging from 1-5 V for logging, and these were then converted
back to RPM. All negative values in RPM were corrected to 0 and the accuracy of the fan signal

output is £ 10 % (specifications by the manufacturer). The maximum rotation rate of the exhaust
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fan is 1750 RPM which translates to 25 000 CFM ventilation flow. The total kitchen volume is
617 m>. These three values were used to calculate the kitchen air exchange per unit time (AER;

h™!) with the measured exhaust fan rotation rate (x RPM; E1).

x RPM 25000 CFM 60 min m3

AER (h'Y) =
(h7) 1750 RPM total room volume m3 h 35.31 ft3

(E1)

The kitchen AER can be separated into two periods: daytime (5:00 — 22:00) when kitchen
ventilation is operating, and nighttime (22:00 — 5:00) when this exhaust fan controlling the kitchen

ventilation is off is low and/or near zero.

4.2.2.2 Estimating the production rate of HONO from NO:

The surface uptake coefficient of NO2 (yno2) is the probability of gaseous NO» colliding onto an
indoor surface to produce HONO (E2). The equation, E2 has been described for the indoor
environment where ynoz is directly affected by the high SA:V and AER from the removal rate of
NO:2 by the reactive uptake to indoor surfaces (krem,no02) (Collins et al., 2018; Mendez et al., 2017).
In outdoor environments, yno2 corresponds to the geometric surface area and does not include
AER. Briefly, the kremNo2 1s based on the loss of NO> to the surfaces to undergo reaction to form
gas-phase HONO and combined with the indoor AER. Where V is the room volume (m?), ®NO,
is the thermal velocity of NO; at the average indoor temperature over the campaign (28.0 °C; m s~
1, S is the indoor surface area (m?), and kremNo2 is the removal rate of gaseous NO» to surface (s”
1. Continuous measurements of NO»* from the second chemiluminescence analyzer were used to
determine the daytime average kremno2 of 8.03x10°+6.03 x 107 s! (28.88 + 21.73 h')
(individual values can be found in Table 4-S1) from a total of 23 events. An exponential fit (Fig.
4-S3) was applied to peak levels of NO> prior to their clear loss to find the decay time constant (1)
and removal rate (kremNno2 = 1/ 7). Daytime NO>* is removed by the kitchen exhaust vent. No peaks
of NO; were present during the night since the kitchen was closed with no cooking-related
emissions. Therefore, the averaged nighttime AER of 2.85 x 107 s (0.10 h'') is the average
nighttime kremNno2. The averaged nighttime AER was calculated by averaging the kitchen AER per
night (total of 21 nights) from 22:00 — 5:00 using E1. The calculated daytime and nighttime yno2

in the kitchen are compared to previous indoor studies in Section 4.3.4.

4krem,N02V

YNO2 = (E2)

wNno2S
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The HONO production (Puono) by heterogenous NO> uptake to surfaces was calculated using E3,
where 0.5 represents the moles of HONO produced from NO> and measured number density of
NO: in molecules per cubic centimeter ([NO2]; molec cm™). In E3, kremNo2 represents the
deposition velocity driving the rate of HONO production and concentration of gaseous NO»
(Abbatt and Wang, 2020; Collins et al., 2018). Values of Puono calculated with this approach
represents the upper limit of HONO formation from NO- uptake (Collins et al., 2018).

Prono = 0.5 X Krem,NO2 X [NO2] (E3)

4.2.2.2 Photolysis rates of HONO

The spectral radiometer measured the spectral irradiance as a function of wavelength (W m™ nm"
1) at roughly human head height since most chemical models simulate chemistry at this respiration
region for exposure determinations. Photolysis rates of HONO were calculated to determine if it
is an important sink in the kitchen via RS and also the rate of OH production. Measurements of
the spectral irradiance were converted to photon flux (F) (photons cm™ nm! s™!) (Fig. 4-S3). The
photolysis rate constant of HONO (Juono) was calculated via E4 (Kowal et al., 2017) using the
measured photon fluxes (F), the absorption cross-section (o) (Kenner et al., 1986; Stutz et al.,
2000) and photolysis quantum yields (¢) at a given wavelength (A) in nm and integrated over the
relevant range. Reported quantum yields for HONO photolysis are unity (Burkholder et al., 2020;
Cox and Derwent, 1976).

Jnovo = [} 6(D)SA)F(A)dA (E4)

The rate of HONO photolysis (Luono) is then dependent on the photolysis rate in s™' (Juono) and
measured number density of HONO ([HONO]; molec cm™) (ES) (Kowal et al., 2017).

Luono = Juono[HONO] (E5)

4.2.3.3. Predicted HONO concentrations

Since the direct emissions of HONO were rapidly ventilated from the kitchen, to the extent that
we could not quantify them with the time resolution of our instrument, it seemed unlikely that this
was playing a major role in setting the observed HONO levels in the kitchen. A simple model was
constructed using E6 to investigate if the well-known processes of NO> heterogenous reactions

and photolysis are the main controllers on the temporal behavior of HONO observed in the kitchen.
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Predicted concentrations of HONO (molec cm™) were therefore calculated by the difference
between the produced HONO from heterogenous NO> reactions and HONO photolysis over the

modeled time intervals (dt).

[HONO)]predicteda = (PHONO — LHONO) dt (E6)

4.3 Results and Discussion

4.3.1 Data processing of tNr measurements

The tN; instrument has a user-friendly interface to control the flow rate, valving switching, and
time resolution of each pathway. The datetime, valve switches, and measurements from the NOy
analyzer are logged into a text file. Text files are saved every 1-2 days to prevent data
loss/corruption. These files are uploaded to an integrated development environment (RStudio,
Boston, MA, USA) to apply a custom-written R script to quickly clean and process the data for
further analysis and visualization. A summary of the data processing (focusing on NOx*, NOy, and

HONO) in the R script (4.S4) includes:

1. Organizing tN; datasets by each sampling pathway and the number of cycles through the inlet
configuration

2. Separating each cycle number into multiple data frames and integrating it into a large list for
each inlet configuration

3. Calculating an average at 1 min time-resolution for each data frame located in the list

4. Removing the first minute of each data frame to account for the time response of the tN:
instrument, which is limited by the NOx analyzer

5. Concatenating each sampling pathway and sorting by datetime to have a total of four data
frames per pathway (e.g., attached all measurements of NOx* into one data frame)

6. Filling in missing datetimes and applying linear interpolation for each sampling pathway to
estimate mixing ratios in missing gaps of 15 min

7. Calculating the difference of NO>* and NO> to determine the mixing ratio of HONO

8. Generating scatter plots as a quick QA/QC visualization and then saving processed datasets
into the assigned directory

9. Combining daily processed datasets into one large dataset for the entire campaign

10. Removing interpolated data when they do not make physical or chemical sense. For example,
if NO2 levels that are greater than NO>*, and this would result in negative values for calculated
HONO

11. Calculating the rate of change between measured data points of NO2* and NOg; if it is 50 %,
then flag for manual removal of interpolated values of NO2*, NO,, and calculated values of
HONO. The rate change was calculated to determine the percent change in mixing ratio over
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a period of time (1 min). This identifies emission events for measurements determined by

difference (e.g. HONO) that have a duration shorter than the time resolution of the instrument

inlet cycling time.
Linear interpolation was incorporated into the R script to fill in missing gaps of ~16 min from
removed data points from Step 4 and modulated inlet pathways for each pollutant. This statistical
method utilizes two measurement periods bracketing the gap and fills in missing data between the
measured points with a straight line. The interpolated data could underestimate or overestimate the
mixing ratio of pollutants, depending on the distribution of measured values and length of time
gap (Junninen et al., 2004). This is because linear interpolation assumes the rate of change is
uniform, which could be unrealistic in a commercial environment with activities that result in short
duration emission spikes. In this commercial kitchen, high levels of NOx and HONO are directly
emitted from combustion cooking processes and could be missed in our data processing approach.
The exhaust vent quickly removes these chemical emissions during the day because the kitchen
has a high AER of 27.2 +7.28 h'!. High variability in the measured daytime AER is driven by the
fact that the exhaust ventilation in the kitchen is regulated on-demand or by sensor feedbacks, and
as a result the exhaust fan speed adjusts accordingly based on the sensed cooking temperature or

smoke/steam transiting a light beam and causing scattering.

Interpolated points generated under such conditions are manually removed using analytical
software (Igor Pro 8.04, Wavemetrics Inc., Portland, OR, USA) when cooking events shorter than
our total instrument cycle time of 20 min were encountered. This prevents gross systematic bias
in our final dataset. This removes the bias of assuming pollutants levels are stable when they are
known to be rapidly increasing or decreasing, which was identified in this campaign by comparing
the tN; measurements (NO, NO>*, and NOx*) to those of the second chemiluminescence analyzer.
Steps 10 and 11 in the R-script were written to speed up the data finalization process. Step 11 flags
gaps between our measured data points with a rate change of + 50 % for manual removal of
interpolated data points. For example, the first data point measured from cycle 2 has
increased/decreased in mixing ratio by 50 % compared to the last data point measured from cycle
1. This will be flagged to remove the interpolated points that was filled in between measured cycle
1 and cycle 2. Flagging the rate change of + 50 % may work better in indoor facilities with stable
or lower AER. This commercial kitchen has varying AER throughout the day, so rapid changes in

mixing ratio may be less than 50 %. Therefore, requiring manual removal by visualization in the
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graphed time-series to remove interpolated data when measuring pollutants rapidly change in
mixing ratio between detection cycles. Measured data points (NO, NO2, NOx, NO>*, and NOx*)
were retained during these rapid cooking events since they are real measurements. As a result, the
majority of direct HONO emissions during the rapid cooking events were removed from the final
dataset due to high uncertainty in their values from the short lifetimes of the plumes in the kitchen.
Thus, the presented HONO levels in this work are lower-limit representations that do not fully
capture the peak values resulting from direct combustion emissions. The final dataset that results
from this processing is at 1 min time resolution with 4 minutes of data measured, and the remaining
data points linearly interpolated or left unreported based on these interpretation and processing

criteria.

4.3.2 Intercomparison of NOx* measurements between NOx analyzers

Linear regression was included in the comparison of the relationship of NO, NO>*, and NO*
measurements from the tN; instrument (real measurements every 15 min) against the second
chemiluminescence analyzer (measures continuously at 1 min resolution). Both analyzers were
calibrated at the same time using the gas-calibration instrument prior to the campaign. The tN;
instrument is the independent variable, while the chemiluminescence analyzer is the dependent
variable because it is the more reliable measure with its continuous detection. Table 4-1 displays
the slope, coefficient of determination (R?), and intercept for NO, NO»*, and NOx* measurements
on September 17™, 2021. The slope of NO»* and NOx* show good comparability between the two
analyzers and have similar mean changes in response. Both NO>* and NOx* have a positive linear
relationship of R? (0.96), confirming that both analyzers are aligned in detection. Throughout the
campaign, NO levels were highly variable temporally, and most of its levels were near the
detection limit of 0.4 ppb. Levels of NO> were always above the instrument LOD of 0.6 ppb, which

was why the comparison between both analyzers were good.

The uncertainty of measurements near the detection limit is +50 %, which contributes to the lower
correlation coefficient and linear relationship between both analyzers for NO (R? = 0.30). The poor
comparison in NO measurements is also likely from the tN; instrument underestimating NO levels
because it cannot capture high NO emissions, unlike the second chemiluminescence analyzer with
continuous measurements. When comparing a short period (30 min) of measured NO during

cooking events with high levels (> 66 ppb), the linearity increased to an R? of 0.70 and a slope of
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1.0. Overall, the tN; instrument is reliable in measuring NO>* and NOx* with a low potential for
error from the time averaging intervals and interpolation. Measurements of NO are reliable when
levels are above the detection limit. The current data analysis in this work includes data below the
LOD. Future implementation of tN; data finalizing should reject data below the instrument LOD
to improve accuracy and precision in detecting pollutants. The intercepts can be used to correct
the datasets for finalizing the NO, NO>*, and NOx* measurements since they represent the mean

value of the response variable when all predictor variables in the linear model are zero.

Table 4-1. Linear Regression of NO, NO>*, and NOx* measurements from tN; instrument and
chemiluminescence analyzer on September 17", 2021

Pollutant Slope R? Intercept
NO 0.46 0.30 0.90
NO:* 0.96 0.96 2.80
NOx* 1.0 0.96 3.2

4.3.3 Kitchen measurements

Daily and hourly diurnal trends in AER, temperature, RH, HONO, NO, NO,, and NOx are
presented in Fig. 4-2 and Fig. 4-3. Trends of AER (Fig. 4-2a, Fig. 4-3a) are correlated to cooking
events because the on-demand ventilation is linked to their exhaust hoods. The ventilation system
was designed to generate an optimal exhaust airflow when cooking to save energy (instead of
continuously operating at maximum flow), resulting in varied AER throughout the campaign.
Average daytime and nighttime AER are 27.22 = 7.3 h™! (range of 0 — 35 h™') and 0.10 £ 0.17 h*!
(0 — 0.46 h'"). Monday was the least busy (Fig. 4-2a, Fig.4-3a) with fewer customers purchasing
meals leading to less cooking. Monday had the highest variability in activity since the first Monday
of the campaign was also a national holiday, and the kitchen was closed with a daytime AER of 0
h'!. Weekdays from Tuesday through Thursday had AER up to 40 h™! during the afternoon because
it was the busiest with cooking events. The daytime average AER in the kitchen was 4.5 times
greater than the recommended minimum of 6 — 8 h™! for acceptable indoor air quality set by the
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
(ASHRAE 2019). This observation suggests the kitchen staff have low exposure to indoor
pollutants from cooking emissions since they are quickly transferred out of the kitchen by the
exhaust fan. Temperature and RH (Fig. 4-2b, Fig. 4-3b) were stable throughout the campaign at
28.0 £2.46 °C and 31.2 £+ 3 %. Hourly temperature trends show a slow increase of ~4 °C from
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26 °C starting from 6:00, reaching its max at 30 °C at noon. This is driven by outdoor air being
transported into the kitchen. The response of the automated heating, ventilation, and air
conditioning (HVAC) system to maintain cool temperatures indoors as outdoor summer
temperatures peak in the early afternoon mutes the actual temperature changes of the outdoor air
through energy exchange. The temperature slowly decreases back to 26 °C as outdoor temperatures
fall and energy is exchanged into the air to maintain the indoor temperature. Trends of RH are
inverse to temperature, where RH increases at night when the temperature is low and decreases

when the temperature is high, as expected.

The tN; instrument can capture nitrogen oxides directly emitted from cooking combustion
processes. However, what is observed depends on its measurement cycle and whether cooking
events last longer than its total cycle time of 20 min to provide the most reliable quantitative data.
Hourly diurnal trends of NO and NO- (Fig-4-2c, Fig. 4-3c) are the highest during the day from
6:00 — 16:00. During this time, hourly averages of NO range from 4.21 — 19.65 ppb,
NO2 9.46 — 17.49 ppb, and NOx 12.21 — 34.27 ppb. The reviewed kitchen cooking logs reported
the most active cooking with gas appliances from 9:00 — 16:00, but high levels of NOx initiate at
6:00. The morning increase in NOx emissions is likely from outdoor air transported indoors. These
are suspected to be from a nearby combustion point source or regional pollution (e.g., YorkU
Chimney Stack power plant or commuter traffic). These increased emissions of NOx indoors were
also observed on the university campus when the tN; instrument was deployed in a laboratory
(Chapter 3, Section 3.3.6.1). Transportation of NO and NO> can raise indoor kitchen levels and
occur by natural ventilation (open doors and windows), infiltration (outdoor air penetrating the
building envelope through cracks and porous materials), and mechanical ventilation (e.g., HVAC).
The high AER from 9:00 — 16:00 matches the known high emissions of NO and NO3, originating
from cooking with gas appliances, which are then efficiently transferred out of the kitchen by the
on-demand air exchange. The high range and variability in NO and NO> throughout the day is
affected by the type of cooking, cooking temperature, and AER. For example, the higher the
combustion temperature, the higher the expected NO formation and emission from a gas stove
burner (Dennekamp et al., 2001). When the kitchen is idle (i.e., low or zero cooking activities) or
closed (17:00 — 5:00), levels of NO range from 2.09 — 3.94 ppb, NO»> 8.83 — 14.31 ppb, and NOx
10.70 — 17.68 ppb. As expected, NO levels were much lower when the kitchen was idle than

daytime NO (4.21 — 19.65 ppb) because there were no or little combustion processes from cooking
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with gas appliances. The range of NO> when the kitchen was idle (8.83 — 14.31 ppb) and busy
(9.46 — 17.49 ppb) were relatively similar in range, suggesting another source of NO» outside of
cooking combustion processes. Nighttime kitchen hours (22:00 — 5:00) have less variable levels
with averages of 3.32 + 0.39 ppb NO, 13.12 + 0.85 ppb NO>, and 16.12 + 1.02 ppb NOx because
of its low AER (0 — 0.46 h™") and no activities in a closed kitchen. The nighttime range of NO was
much lower than daytime and often near the instrument detection limit of 0.4 ppb from the absence
of cooking activities. The steady levels of NO> during the day and night suggests that outdoor
transportation by mechanical ventilation plays a large source outside of direct combustion cooking
emissions. Nighttime levels of NO» are expected to decrease from the lack of cooking activities,
however the stable NO» levels at night suggests outdoor transportation of NO> is maintaining these

levels.

The next important loss process of indoor NO», after removal by the exhaust system, is
heterogenous surface uptake since indoor environments have high SA:V (Finlayson-Pitts et al.,
2003; Gandolfo et al., 2017; Goémez Alvarez et al., 2014; Wainman et al., 2001). The yno2 was
calculated to understand the probability of gaseous NO:2 undergoing reaction with the indoor
surfaces of the kitchen during the daytime and nighttime periods of kremNo2 had very different
removal rates due to the operation of the HVAC system. A daytime ynoz of 4.27 x 107 was
calculated using the average daytime kremno2 0f 28.9 h'! driven by the kitchen exhaust), which was
similar to the average daytime AER of 27.2 h'l. Daytime yno2 in the commercial kitchen was
greater by 10 times to reported residential studies because our kremNo2 Was larger by ~27 times
than has been reported for residential NO> removal rates of 0.5-1.5 h™! (Collins et al., 2018; Spicer
et al., 1989; Zhou et al., 2018). No comparisons of the NO, removal rate or yno2 can be made to
other commercial settings due to lack of prior studies. Given the comparability between AER and
kremNo2 during the day, the nighttime yno2 of 1.52 x 107 was estimated using the average nighttime
AER of 0.1 h'! since no direct emissions of NO were observed to calculate its removal rate. These
findings suggest that surface uptake of NO> is more active during the day when high ventilation
which promotes the constant delivery of outdoor NO; to interior surfaces, while nighttime surface

uptake in contrast is slower by a factor of ~100.

Several papers have used E2 to calculate yno2 to determine the probability of NO> to surface uptake

to form gas-phase HONO indoors (Collins et al., 2018; Mendez et al., 2017). This equation takes
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into account the influence of the geometries of indoor surfaces and the combined loss rate of NO»
to surface uptake and ventilation (kremNno2) (Table 4-S1, Fig. 4-S2). Gas-phase NO; has been
reported to have high deposition velocities (0 — 0.18 cm s™!) for a large range of indoor materials
but these can vary depending on the rate of uptake on different surfaces (Abbatt and Wang, 2020;
Grontoft and Raychaudhuri, 2004; Mendez et al., 2017). There are limitations in using E2 because
there is limited information on the parameters of indoor environments from indoor modelling
studies, which means that describing surface transformations with a value for yno2 no longer
represents a reaction probability and the SA:V is always an estimate. This is because the term
combines the reactive removal rate of NO; and its physical mixing and transport processes (e.g.
AER and transport within the kitchen in this work; krem,no2). However, past literature has not been
clear on providing detailed explanation on how this representation of the removal loss of NO2
indoors is representative of the heterogeneous formation of HONO, despite giving reasonable

results when used, and requires further investigation.

The yno2 calculated in this work uses a geometrically-determined SA:V of 3.2 m™! multiplied by a
factor of three to scale the area to be inclusive of the large volume of furnishings and kitchen
equipment, which is similar to the approach of previous indoor studies (Carslaw, 2007; Collins et
al., 2018; Manuja et al., 2019). This approximated SA:V, therefore, comes with a factor three
uncertainty because we do not know the absolute value of the kitchen surface area. Most indoor
studies have multiplied their indoor surface area by a multiple of two to three times and this was
considered as a lower limit to properly represent the true surface area from other room contents
and not just the geometric area from the wall, ceiling, and floors. Taken together this approach to
yno2 and SA:V currently limits our knowledge when modeling the reactive uptake of NO> to
various surface materials, and further characterization of the different reactive surfaces and surface
reservoirs are required to fully understand indoor chemistry. This work provides insight into a
commercial setting by presenting time-resolved measurements and utilizes these equations from

previous works to estimate the heterogenous processes of HONO for comparison purposes.
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Figure 4-2. Daily diurnal trends of 21 days except for RH (14 day) for (a) AER (red), (b)
temperature (grey) and RH (blue), (¢) NO (tan), NO: (purple), and NOx (black), and (d) HONO

(green).
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Figure 4-3. 24-Hour diurnal plots of 21 days except for RH (14 day) (a) AER (red), (b)
temperature (grey) and RH (blue), (¢) NO (tan), NO> (purple), and NOx (black), and (d) HONO
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oo

()

Daytime HONO (ppb)
NORA o

o

() 8

Nighttime HONO (ppb}
o

Figure 4-4. Comparison of (a) average HONO mixing ratios during the day (light green circles
with line) ranging from 1.25 — 4.33 ppb and (b) average nighttime mixing ratios (dark green with
circles) ranging from 0.96 — 5.33 ppb.
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4.3.4 HONO chemistry

Mixing ratios of HONO (Fig. 4-2d, Fig. 4-3d) in the absence of direct emissions, had stable
background levels throughout the campaign with an average of 2.41 + 2.05 ppb. Average daytime
and nighttime levels of HONO were similar at 2.48 + 2.07 ppb and 2.36 £ 1.29 ppb (Fig. 4-4)
regardless of the difference in AER during these two periods (daily day and night HONO averages
presented in Appendix C, Table 4-S2). A two-tailed t-test was performed to determine that the
average daytime and night values were statistically similar with a p-value of 0.05, which was equal
to the significance level of 0.05. Daytime levels of HONO were thought to be higher from the
direct combustion emissions from cooking with gas appliances. However, the time resolution of
the instrument and effective ventilation system resulted in detecting the heterogenous HONO
processes rather than the combination with direct HONO emissions. The stability between daytime
and nighttime averages suggests that an HONO equilibrium is present in the kitchen, since the tN;
instrument captured the majority of HONO emissions outside of the direct cooking events that

rapidly decayed in <20 min.

Previous work on the characterization of the automated HONO platform in the tN; instrument
(Chapter 3) has identified that a positive bias of HONO is present in the instrument sampling lines
of up to 5 % from the combined production of HONO from NO2 on the inlet and loss of NO2 in
the denuder. Here, this could translate into an additional 0.12 ppb of HONO reported in the average
measurement of 2.41 ppb. This was not a significant bias and is less than out instrument
precision/noise of 0.4 ppb, while this was not corrected in our measurements presented here, the
minor corrections will be applied to the finalized dataset for this study. Like NOy, high levels of
HONO were emitted between 6:00 — 16:00, and outdoor HONO co-emitted from nearby
combustion processes was transported indoors in the early morning. From 9:00 — 16:00, higher
NO: levels emitted from increased cooking activities can react on surfaces (daytime yno2 of 4.27
x 10) to undergo heterogenous HONO formation. Outdoor HONO can travel into the kitchen at
night via HVAC, which can contribute to the measurements of nighttime HONO because typical
outdoor levels are < 1 ppb (Lee et al., 2002; VandenBoer et al., 2013). The stable levels of HONO
observed at night are suggestive of HONO partitioning from an indoor surface reservoir with a
nitrite precursor to sustain the observed levels in the absence of NO» reactions, which has been
reported by recent indoor residential home studies (Collins et al., 2018; Wang et al., 2020b).
Background levels of HONO observed in this commercial kitchen (2.41 + 2.05 ppb) is only about
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50 % of the average HONO observed in residencies (~5 ppb) (Brauer et al., 1990; Collins et al.,
2018; Febo and Perrino, 1991; Lee et al., 2002; Zhou et al., 2018). The high AER in the kitchen
may decrease the probability of surface uptake of NO2 and HONO onto the kitchen surfaces,

depleting the nitrite abundance and HONO reservoir.

A simple chemical model was constructed to investigate processes that influence the temporal
behaviour of HONO in the kitchen (Fig. 4-5). The production of HONO by NO: surface uptake
and HONO photolysis are, as a result of the prior analysis, the likely competing processes in
changing the levels of HONO in this space. Concentrations of Puono*dt is dependent on KremNo2
and AER, which both change significantly during the day (5:00 — 22:00, Kremno2 = 28.9 h!) and
night (22:00 — 5:00, Kremno2 = 0.10 h™'). Comparing Prono*dt and measured HONO confirms that
daytime HONO is primarily produced from heterogenous surface uptake of NO» (Fig. 4-4a). High
NO:> mixing ratios (Fig. 4-5b) are present in the kitchen from a combination of combustion cooking
processes and outdoor NO2 brought indoors that then deposit onto kitchen surfaces, followed by
its conversion (yno2 of 4.27 x 107 and kremno2 of 28.9 h™!). These uptake values are reasonably
similar to those reported for many indoor and outdoor surfaces (1 x 10° — 1 x 1077) (Collins et al.,
2018; Klosterkother et al., 2021; Kurtenbach et al., 2001; Liu et al., 2020; Mendez et al., 2017;
Ren et al., 2020; Spicer et al., 1989, 1993; Vandenboer et al., 2013). The high AER in the kitchen
could influence the background HONO level observed since the commercial kitchen has lower
background levels by 50 % compared to residencies with an average AER of ~0.5 h™! (Collins et
al., 2018; Wang et al., 2020b; Zhou et al., 2018) and this may reduce the buildup of nitrite on
kitchen surfaces. The NO> surface uptake occurs regardless of the high AER, but because it can
increase up to 40 h™' it will flush pollutants out of the kitchen that partition from surfaces as well.
Generally, this also points towards a HONO equilibrium that is generated from a HONO surface
reservoir. Our model shows that nighttime formation of HONO is likely originating from the
conversion of NO; since it has a small nighttime ynoz and removal rate of 1.52 x 10 and 0.1 h™".
As a result, nighttime levels of NO; react on surfaces with 100 times less effectiveness compared
to daytime yno2. Therefore, the major source of nighttime HONO is likely driven by equilibrium
partitioning from a reservoir of nitrite on kitchen surfaces that readily releases gas-phase HONO.
Building material with a thin layer of water can readily sorb nitrite. In the presence of abundant
NHs, the nitrite will become deprotonated and can result in delayed HONO partitioning from
surfaces at night (Wainman et al., 2001). Collins et al., (2018) and Wang et al., (2020) have
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measured large nitrite quantities (average surface concentrations of 10'>molecules cm) on indoor
surfaces that is further evidence in support HONO reservoirs on many indoor surfaces. Extractions
of surface nitrite quantities on multiple kitchen surfaces during the day (after periods of cooking
and cleaning) and night could be used to strengthen our analysis and proof of HONO reservoirs
driving HONO chemistry in the kitchen. Zhou et al., (2018) observed that their reactive NO»
removal rate of 0.74 £ 0.35 h'! was larger than their mean AER of 0.5 h™!, which could mean that
the probability of NO2 surface uptake is higher in the commercial kitchen at night by up to 50 %.
The increased NO; surface uptake by 50 % with kremno2 0f 0.75 h™!- results in an increase of 2 %
in Pyono*dt, which is not enough to replicate the measured HONO at night. Predicted
concentrations of HONO (Fig. 4-5a) were calculated (E6) to see if the measured HONO in the
kitchen can be reproduced by using the upper limits of HONO production via direct NO2 surface
uptake (Prono*dt) and loss of HONO by photolysis to form OH (Luono*dt) (Fig. 4-4a). The loss
rate of HONO by photolysis is minor and do not significantly influence the predicted HONO
concentrations, but it improves the accuracy towards reproducing measured concentrations of
HONO during the day. Predicted HONO concentration does not replicate measured HONO at
night because our model does not account for gas-phase HONO partitioning from a reservoir in
dynamic equilibrium with deposited nitrite. Future field laboratory studies should aim to measure
concentrations of nitrite sorbed onto different indoor material to understand HONO surface
reservoir chemistry and homogeneity. The consistent loss of HONO by photolysis shows that
HONO could play a key role as an OH formation pathway indoors, requiring further investigation
on their importance on the HOx budget.

Indoor photolysis of HONO is a loss process that can result in the formation of OH, which has
been suggested to happen readily in indoor environments, especially in sunlit areas (Gomez
Alvarez et al., 2013; Zhou et al., 2018). Spectral irradiance measurements of the kitchen lighting
were performed to determine OH production (-Luono*dt) from HONO in Fig. 4-5¢. The kitchen
lighting uses standard fluorescent bulbs, and the lights are always on, so Juono of 1.66 x 10 s is
constant throughout the day and night. The production of OH by HONO photolysis is on the order
of 10° — 10° molecules cm™ s™! when considering the average HONO levels of 2.41 £ 2.05 ppb
(5.85 x 10'°+ 4.95 x 10" molec cm™). The Juono measured in this commercial kitchen is lower
compared to previously reported indoor light sources (i.e., uncovered office fluorescent, halogen,

incandescent) (Kowal et al., 2017) likely from being measured at head height and covered
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fluorescent lighting, and in sunlit areas of residential areas at 10 — 107 s™\. (Gomez Alvarez et al.,
2013; Kowal et al., 2017; Zhou et al., 2018). The OH production rate calculated is 10 times smaller
than observed in a residential home with a sunlit area (near a glass door) of 8.3 x 10® molecules

cm™ s when considering background HONO levels of 4.3 ppb (Zhou et al., 2018).
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Figure 4-5. Workweek diurnal trends of (a) a constructed model to predict if the HONO
concentrations (predicted, pink) generated by the source (Prnono, orange) and loss (Luono, yellow)
processes can replicate the measured HONO (green) in the kitchen; (b) comparison of measured
HONO, NO; (purple), and Luono; (¢) OH production rate (molecules cm™ s!) by HONO
photolysis.
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The commercial kitchen has artificial lighting with lower photon levels than indoor environments
with sunlight passing through windows, which has shorter wavelengths to promote HONO
photolysis. Classrooms and university buildings have more sunlit areas with reported Juono values
two times larger than our reported Jaono (Gandolfo et al., 2016; Kowal et al., 2017). This study
does not report steady state levels of OH in the kitchen because we would require VOC
measurements to consider other potential sinks of OH, which is outside of the scope of this work.
Future work may include this OH analysis with our collaborators who have performed VOC
measurements during the campaign and are currently finalizing their datasets. The calculated OH
production rates in the commercial kitchen shows that indoor environments in low light conditions
can generate OH with artificial lighting. The commercial kitchen has a consistent source of OH
production by HONO photolysis because the lights are on 24 hours a day, which is very different
from prior reports (Gémez Alvarez et al., 2013; Zhou et al., 2018). Previous models have predicted
OH concentrations to be ~10° molecules cm™ indoors (Carslaw, 2007; Waring and Wells, 2015;
Weschler and Shields, 1996; White et al., 2010), which greatly underestimates OH formation
compared to recent indoor studies reporting OH concentrations up to 103 — 10® molec cm™ in
sunlight passing through windows (Gémez Alvarez et al., 2013; Kowal et al., 2017; Zhou et al.,
2018). Our study shows that consistent production of OH (10° — 10® molecules cm™ s™!) is made
with covered fluorescent lighting 24 hours a day. The OH production may be greater than expected
in many indoor facilities because a typical house can generate up to 10° molec cm™ for a few hours
per day in sunlit areas and generate a lower amount under artificial lighting. The inclusion of all
light sources should be incorporated into new OH models since HONO photolysis is a major
contributor to the OH budget. Direct measurements of OH are difficult because of its short lifetime,
therefore by improving models can result in better assessments of our indoor air quality and to

limit secondary species production.

4.4 Conclusion and Future Work

Modulated measurements of NO, NO2, NOx, and HONO were performed in a commercial kitchen
for three weeks using a new custom-built tN; instrument that quantifies three key nitrogenous
species of NOx, HONO, and NH3. Indoor factors like temperature, RH, and AER were measured
to observe their influence on the temporal behavior of NO, NO>, and HONO. The kitchen

temperature and RH were stable throughout the campaign with averages of 28.0 + 2.46 °C and
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31.2 £3 %. The commercial kitchen has an on-demand ventilation system hooked to their exhaust
hoods to generate an optimal exhaust flow rate and efficiently removes cooking-related emissions
out of the kitchen. High daytime AER (average of 27.2 £7.28 h'!) is higher by 4.5 times than the
minimal recommended AER in restaurants, indicating that the ventilation is optimal in maintaining
acceptable indoor air quality. Nighttime AER is much lower (average of 0.10 = 0.17 h™!) than the
daytime because there are no cooking activities after 22:00. The tN, instrument could not capture
high cooking emissions that lasted < 20 min because it is less than its total cycle time and is set to
detect four pathways every 5 minutes (NOx*, NOx, gas-phase tN;, and tN; scrubbing NHy). The
detection of HONO in this work presents in-situ HONO because direct HONO emissions from
cooking were quickly ventilated out of the kitchen. Measurements of NO, NO>* and NOx* by the
tN; instrument were compared to a second chemiluminescence analyzer to confirm the reliability
of the tN; instrument, displaying positive linear relationships in NO (when above the instrument
detection limit of 0.4 ppb R? = 0.70), NO2* (R? = 0.96), and NOx* (R? = 0.96). Emissions of NOx
were the highest from 6:00 — 16:00 from outdoor transport of nearby combustion processes in the
early morning and higher volume of cooking activities (NO = 4.21 — 19.65 ppb,
NO2=9.46 — 17.49 ppb, and NOx = 12.21 — 34.27 ppb). Levels of NO, were relatively steady
throughout the day and night, with outdoor transportation via HVAC as the main source of
nighttime NO> (22:00 — 5:00) at 13.12 + 0.85 ppb. Nighttime NO (3.32 + 0.39 ppb) was low

because it is quickly titrated by O3 to form NO> and no cooking events with gas appliances.

Stable levels of HONO were observed throughout the campaign with an average of
2.41 £2.05 ppb. Their average daytime and nighttime levels of 2.48 + 2.07 ppb and
2.36 £ 1.29 ppb were statistically similar with a p-value of 0.05 with significant levels < 0.05.
Heterogenous NO; surface uptake is the dominant loss process of NO2, with a high daytime yno2
of 4.27 x 10, Daytime cooking emits NO> to rapidly uptake onto kitchen surfaces and undergo
heterogenous formation to release gas-phase HONO, which our model supported. The model was
poor in replicating nighttime HONO, suggesting that direct NO> surface uptake was not the source
in nighttime HONO concentrations. Nighttime NO> has a lower probability of depositing onto
surfaces with a small yno2 of 1.52 x 107, pointing towards a HONO reservoir as the source in
observing stable HONO at night. Our results are supported by recent residential studies in
concluding that a large HONO surface reservoir was present to maintain stable HONO (Collins et

al., 2018; Wang et al., 2020b). Direct evidence of nitrite depositing on indoor surfaces has been
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reported (Collins et al., 2018; Wang et al., 2020b), and future laboratory work should include
measuring sorbed nitrite concentrations on various interior surfaces. Various studies have probed
the parameters of heterogenous NO» hydrolysis and provided evidence of this reaction on multiple
surfaces (Finlayson-Pitts et al., 2003; Pitts et al., 1984; Ramazan et al., 2004; Sakamaki et al.,
1983; Stutz et al., 2004; Svensson et al., 1987; Wang et al., 2020a) and the next step is to explore
pre-existing nitrite films on surfaces to understand its sorption chemistry and mechanism.
Calculations of HONO production via direct NO2 surface uptake were representative of our
observed HONO in the kitchen and can be applied to indoor modelling for commercial or indoor
facilities with high and varied AER. The proposed HONO reservoir is new and should be explored
and incorporated into future models to understand indoor oxidative capacity. A better
understanding of how indoor pollutants respond to perturbations from human activities (cooking,
cleaning, use of commercial products, opening windows and doors for natural ventilation, or
controlling their HVAC, etc.) and the change of chemical composition (pH, nitrite concentrations
on surfaces) to improve indoor models of various indoor facilities and predict potential exposures
and concentrations of pollutants indoors. The consistent production of OH (average of
9.72 x 10 molecules cm™ s! Jnono = 1.66 x 107 s™1) by HONO photolysis suggests that OH may
be an essential driver in oxidation chemistry for indoor facilities that have lights on 24/7. The
continuous OH production by HONO photolysis may contribute to other complex chemical
interactions such as ozonolysis with cooking oil (Zhou et al., 2019). Future publications of this
work will include a full report of our findings during the KOCENA campaign with collaborating

scientists and shared on an open-sourced platform.
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CHAPTER FIVE: Conclusions and Future Work

5.1 Conclusions
This thesis provided the build and detailed operation of two new, cost-effective instruments to
improve the accuracy and detection of HONO, and be used to better understand the dominant

processes that control HONO indoors.

The following three thesis chapters provided detailed results and discussion to answer the research

questions addressed in Chapter 1.
Chapter 2:

A new calibration source provides stable, tunable, and robust HONO calibration quantities of a
few ppt to tens of ppb, which are environmentally relevant mixing ratios. The source generates
stable HONO output using two methods: water vapor only and an acid displacement reaction of
HCI and NaNO; coated PFA devices in a machined Al-block permeation oven. The source is
tunable by adjusting the temperature of the permeation oven to control the water vapor reaction
and the HCI emission rates from the permeation devices. The source is robust by generating
reproducible HONO output regardless of being disassembled, transported, and reassembled. The
NaNO: coated devices replaced the need for solid NaNO; powder, which was prone to changing
HONO outputs when disturbed or vibrated. The source has a purity of > 90 % , which is lower
than previous work (99.5 %; Febo et al., 1995) but is an acceptable trade-off for robust field
deployment. The calibration source was compatible with the current state-of-the-art
instrumentation, and the output of the source was constant within = 10 %, proving to be a valid
universal source. This calibration source could be used for intercomparison between responses and
measurements of HONO-detecting instruments to validate the accuracy and precision of their

ambient measurements.
Chapter 3:

The new automated HONO instrument was constructed from safe and simple components for
quick routine indoor analysis in various facilities (e.g. private homes, schools, commercial spaces).
It can be used to provide accurate and precise HONO measurements to improve our understanding

of the processes of NOx and HONO, and their contributions to the indoor oxidative capacity. This
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instrument can detect NOx and HONO using alternating Teflon three-way valves between two
pathways to measure HONO using a differential technique coupled to a chemiluminescence
analyzer (HONO LOD is 0.6 ppb). Its automated instrumental control, operation, and datalogging
is an upgraded method to previous strategies and a subset of the tNr instrument that can also detect
fractions of NHyx and total reactive nitrogen. The HONO calibration source is integrated into the
instrument to decrease measurement uncertainty and to provide confidence in our HONO
measurements during field campaigns. The instrument response time (95 — 0 %) was optimized to
1 min for NO, NOz, and HONO and is limited by the response of the NOx analyzer. The scrubbing
efficiency of HONO by the Na;CO3 denuder was > 99.6 %. No significant NO losses were
observed, and a 2% loss of NO2 to the Na,CO; denuder can be easily corrected in the data
processing code. There was a small amount of heterogenous HONO formation when flushing the
lines with a mixture of humid air and NO> with a conversion range of 0.9 — 2.9 %, which is
insignificant because it is less than the instrument precision/noise of 5 %. Preliminary
measurements were performed to test the overall performance and automation of the tN instrument
in two different environments including an indoor laboratory and during a wildfire smoke event
outdoors. The chemical laboratory showed a small HONO reservoir was present at night of 1.68 +
1.20 ppbv, likely from lower NO, surface uptake or competing processes that may decrease nitrite
buildup from other on-going projects on the interior surfaces. The outdoor wildfire measurements
proved that the tN; instrument could be used to detect the total sum of acidic and basic species in
outdoor air but cannot quantify NOx and HONO because of the presence of NOy species. This new
instrument can be used to survey various indoor atmospheres, to understand the control, processes,

and variabilities of indoor HONO chemistry and its contributions to the OH budget.
Chapter 4:

The newly developed platform successfully detected NO, NO2, NOx, and HONO in a commercial
kitchen for three weeks during the KOCENA campaign. The high AER in the kitchen strongly
influenced the detection of these pollutants. The sensor-controlled ventilation system hooked to
the kitchen exhaust hoods efficiently removed cooking-relative emissions out of the kitchen. The
averaged ventilation during the day (5:00 —22:00) was 27.2 £7.28 h™! and night (22:00 — 5:00) was
0.10 = 0.17 h™!'. The instrument could not reliably capture the high cooking-related emissions that

spanned less than 20 minutes from the high ventilation. As a result, most HONO directly emitted
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from cooking combustion processes were removed from the data processing code and this work
focused on the heterogenous processes of HONO in the kitchen. The kitchen temperature and RH
were stable throughout the campaign with averages of 28.0 = 2.46 °C and 31.2 + 3 %.
Measurements of NOy in the kitchen were the highest during the day at 6:00 — 16:00 sourced from
the outdoor transport of nearby combustion emissions in the early morning and cooking activities
(NO =(4.21 — 19.65) = 5.14 ppb, NO2 = (9.46 — 17.49) £ 2.84 ppb, and NOx = (12.21 — 34.27) +
6.81 ppb). The levels of NO2 were relatively steady throughout the day and night. The outdoor
transport of NO; indoors by mechanical ventilation was the main source of nighttime NO2 (22:00
—5:00) at 13.12 = 0.85 ppb. Nighttime NO was low at 3.32 & 0.39 ppb because outdoor sources of
NO are low, and NO is quickly titrated in the presence of O3 to form NO». Stable levels of HONO
were detected throughout the campaign with a total average of 2.41 + 2.05 ppb. The daytime
average of HONO was 2.48 + 2.07 ppb and nighttime average was 2.36 + 1.29 ppb, which were
relatively similar. A simple model was constructed using these time-resolved measurements to
calculate predicted concentrations of HONO. The model shows that equilibrium partitioning of
HONO on surfaces is evident outside of direct cooking emissions, which agreed with previous
residential studies (Collins et al., 2018; Wang et al., 2020b). This HONO reservoir is likely located
on the kitchen surfaces with deposited nitrite that can desorb as gas-phase HONO. Calculations of
the production rate of OH by HONO photolysis confirmed that the 24-hour lighting in the kitchen
is a persistent OH source (average of 9.72 x 10~ molecules cm™ s Jhono = 1.66 x 107 s7! at
average HONO concentrations of 5.85 x 10!+ 4.95 x 10'° molec cm™), indicating HONO

photolysis may be an important driver in indoor oxidation chemistry in a commercial environment.

5.2 Future work

The design and detailed operations of these two new instrumentations are/will be open source for
the atmospheric science community to replicate and encourage scientists to detect HONO in
various environments. Currently, the HONO calibration instrument has been built by other
research groups proving as a universal solution, generating stable gas-phase HONO calibration
quantities that is suitable for all atmospheric instrumentation for outdoor and indoor environments.
Future improvements to the automated HONO platform include quantifying the lifetime for the
deactivation of the carbonate denuders, its automated controls, and optimizing the data processing
code for various environments to become more user-friendly. The automated control of the

instrument will be upgraded by adding more solenoid valves to allow automation of the HONO

134



calibration quantities, and their dilution controlled by an MFC. The manual two-way waste valves
will also be automated. A standard operating procedure with detailed instructions of its design and
instrument programming in its automation of datalogging and data processing will be published
online. Lastly, the automated HONO instrument can investigate indoor processes and give insight
into the HONO chemistry in various environments. Future laboratory work should focus on
measuring sorbed nitrite concentrations on various interior surfaces to better understand HONO
reservoir chemistry and explore the pre-existing nitrite films on surfaces to understand its sorption
mechanism. Recent indoor studies have reported that the chemical composition of indoor surfaces
can influence HONO chemistry (Wang et al., 2020b, Wang et al., 2020a). The presence of NH3 on
indoor surfaces could deplete HONO reservoirs by deprotonating nitrite, which should also be
further investigated. This work will also contribute to understanding other complex chemical
interactions happening in the kitchen that is investigated by our KOCENA collaborators. The
continuous OH production by HONO photolysis in the commercial kitchen with 24-hour lighting
may contribute to other complex chemical interactions such as ozonolysis with cooking oil (Zhou
et al., 2019). The OH budget can be estimated using measurements (data in progress) of ozone and

volatile organic compounds to determine the production rate of OH by ozonolysis of alkenes.
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Appendix A:
Supporting information for Chapter Two: A portable, robust, stable and tunable

calibration source for gas-phase nitrous acid (HONO)

2.S1 Rationale for components selected for custom-built permeation oven

The custom-built permeation oven (Figs. 2-S1) is comprised of a bent aluminum bent plate (exact
dimensions provided in Fig. 2-S2), temperature controller, solid state relay, custom-built four-
channel aluminum heating block, cartridge heater with integrated thermocouple, and PFA tubing
connected with Swagelok® fittings. The PFA tubing was interfaced with four 2-way stainless steel
valves (SS-43GS6-LL, Swagelok®) to provide gas flow independently to each channel of the

oven.

Gas flow to the system is provided by a source of dry compressed air, either from a cylinder or a
zero-air generator at 20 psi (138 kPa). The flow can be turned on and off to each of the four
permeation channels in the aluminum heating block (20.3 x 7.7x 7.7 cm (8 x 3 x 3”); I x wx h,
Fig 2-S2) using 2-way Swagelok® valves (Weston Valve & Fitting Ltd., Mississauga, ON). The
flow through each channel is regulated by a 50-micron critical orifice (Lenox Laser, Glen Arm,
MD; SS-4-VCR-2-50) housed in a ¥4” Swagelok® VCR assembly (SS-4-VCR-1, SS-4-VCR-4,
and SS-4-VCR-3-4TA) to ~50 sccm. The aluminum heating block (Al-block) houses four /2 PFA
tubes to provide inert oven surfaces. Each are mounted within machined holes passing through the
center of the short axis of the block. The machined holes are the exact size of the outer diameter
of the /2" PFA tubes, resulting in firm contact between the polymer and Al. Permeation devices
(PDs) can be placed inside the 2" PFA ovens to emit stable quantities of their chemical contents
(Section 2.S2). From the input of the oven to all downstream applications, Swagelok® or Entegris

PFA fittings were used to minimize sorption effects for generated gases.

The thermal system is composed of three critical components: a temperature controller,
temperature sensor and a heat source. All components were purchase from either OmegaTM
Environmental (St. Eustache, QC) or Allied Electronics, Inc. (Fort Worth, TX). The temperature
controller regulates the temperature of the system by receiving an input signal (measurement) from
the thermocouple to compare to its setpoint value. An output signal will be generated if the input

value is below the temperature-control setpoint. The output signal is sent to a solid-state relay
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which enables the heater function and increases the temperature. A proportional-integral-
differential (PID) temperature controller (OmegaTM; CN 7823) monitors and sets the temperature
of the Al block shown in Fig. 2-S4. Using PID mode regulates the temperature of the system
automatically by using feedback from the thermocouple and associated heating element to
compensate for any changes relative to the set point. The PID controller is programmed to match
the appropriate thermocouple (Type K used here). The PID parameters are adjusted by using the
auto tune function to give the precise control (0.1 °C) without overshooting the set point. The
solid-state relay (Allied; SSR, D1210, Crydom) switches the heating cycle by converting the 5 V
DC output from the temperature controller to 120 V AC used to operate the heating element. To
dissipate the energy required for switching, the SSR was mounted on an aluminum heat sink
(Allied; HS172, Crydom) and protected by a Bussman rectifier fuse (OmegaTM; Tron, KAX-10
A) against excess current flow that could result from a latching failure. The fuse holder
(OmegaTM; FB-1) allows easy replacement of a blown fuse in the circuit. A cartridge heater with
an integrated K-type thermocouple housed in a high-temperature incoloy sheath (OmegaTM; CIR,
300 W, 120 V) is inserted into a 20.3 cm (8”) hole with a 3/8” internal diameter, on the long axis
of the Al-block. The heater is a high watt density cartridge with maximum working temperature
of 760 °C and F-type leads with fiberglass insulation. The thermocouple measures temperature by
the thermoelectric effect which results in a voltage. A K-type thermocouple consists of chromel
(Ni-Cr) and alumel (Ni-Al) alloys that generates an accurate voltage in the temperature range of 0
to 1250 °C. An upper limit on the temperature controller should be set at 150 °C to prevent thermal

degradation of PFA tubing in the Al-block during use.
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8 1

Figure 2-S1. Three (a) and two (b) dimension layout schematics of permeation-oven components
on the bent aluminum plate (1), with mounted temperature controller (2), solid state relay (3) and
its heat sink (4), electrical fuse (5), cartridge heater with integrated thermocouple (6), aluminum
block (7), source of dry compressed air (8), 2-way gas valve (9), critical orifice (10), PFA oven
(11), and gaseous output to external system. Black lines represent PFA lines guiding gas flows
throughout the system.

42.6 cm (16.7")

4.5 cm (18°)
4.5cm (1.87)
17.3cm (6.8") [8

Figure 2-S2. Dimensions of bent aluminum plate and cut-out measurements to mount the
temperature controller. Further holes for valves or a holder for the water impinger were created
with an electric drill on an as-needed basis.
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Figure 2-S3. Dimensions and machining specifications of aluminum block oven.

2.51.2 Electrical connections for temperature control feedback

Power is supplied to the entire setup from 120 V AC outlet capable of providing up to 15 A of
current (Fig. 2-S4). The temperature controller monitors the voltage signal from the thermocouple
(here: yellow/+ and red/-; terminals 4 and 5, respectively; Fig. 2-S4). When the thermocouple
signal falls below the control setpoint it sends a 5 V signal (terminals 1(-) and 2(+)) to the solid-
state relay (3-32 V DC input D(-) and C(+)). The solid-state relay closes the switch to deliver
current to the cartridge heater leads from the AC terminals (120 V AC output A(+) and B(-);
Fig. 2-S4). The relay and cartridge heater are protected by a fuse. The entire case is grounded, with

a ground wire of the power supply fixed to the bent aluminum plate.
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Figure 2-S4. Schematic of the wiring and connections of the custom-built permeation oven. The
power supply is distributed from the power inlet into the system through different wires consisting
of live wires (black), neutral wires (grey) and a ground wire (green). The temperature controller
receives signals by inputs 4 and 5 (yellow and red) connected to the thermocouple. To control the
function of the heater, the temperature controller sends a signal from output 1 and 2 to input C and
D of the solid-state relay to reach the temperature setpoint.

2.S2 Rationale and construction of custom permeation devices (PDs)

The purpose of a permeation oven is to obtain a consistent quantity of gaseous analyte via a
constant permeation rate, which results in a known mass per unit time delivered to an experimental
system or an analytical instrument for calibration purposes. A permeation oven is typically coated
or made with inert material to limit surface interactions experienced by the generated gas. The
calibration gas permeates by diffusion through the porous polymer according to Fick’s second law
of diffusion (E1, m?s™!). If the analyte is in an aqueous solution it is emitted into the oven as a
vapor based on its effective Henry’s Law constant, which is the product of its acid dissociation
constant and volatility (E2, Pa mol m™; R4) (Mitchell, 2000; Scaringelli et al., 1970). The product

of these two properties combine into the overall permeability term (P, Pa mol m™' s™!; E3).

_LEp
D = Dye rT (E1)
_AHg
S = Spe rT (E2)
P=D-S (E3)
NO2 (aq) + H+(aq) = HONOgaq) = HONO() (R4)
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Where, So, and Dy are pre-exponential constants of solubility and diffusion. In Equations 1 and 2:
Ep is the activation energy for diffusion (J mol") and Hs is the enthalpy of solvation (J mol™),
while T is temperature (K) and R is the ideal gas constant (J mol! K!). The permeation rate
depends on temperature because both diffusion and vapor pressure are exponentially temperature
dependent. Therefore, permeation ovens can provide a stable and pure emission rate that can be

tuned by adjusting the temperature of the oven.

Clean air moves through the 2” PFA oven tubes, where the vapor emissions from PDs are
accumulated, to carry them into the reaction devices, a scrubbing solution, or other
instrumentation. High precision of a permeation rate can be obtained by regulating and maintaining
constant temperature within + 0.1 °C because an increase of 1 °C of operating temperature results
in a 10 % change in sample permeation rate (Lucero, 1971). Adequate precision of our custom-
built permeation oven was achieved by choosing the temperature controller, heater, and
thermocouple with very strict tolerances. Long-term stability of the system can be ascertained from
ion chromatography or real-time measurements (see main manuscript). Also, calibrating the
permeation rate of a custom-PD can easily indicate the precision and stability of this custom-built

permeation oven.

To construct a custom-PD, a length '4” PFA tube is filled with analyte solution and the ends are
plugged. One end of the tubing is initially made malleable with a heat-gun. Once the tube is
sufficiently pliable, a rod of porous PTFE (0.125” diameter, P/N: 84935K64; McMaster-Carr) is
carefully inserted with a twisting motion and cut to keep the tubing and rod flush. To ensure an
effective seal the two materials are heated further, then compressed and rolled on a flat surface.
The open-end of the PD is then filled with analyte solution until it is approximately 2” from the
top. The PTFE plugging process is repeated to close the tube. Extra caution during this step should
be taken to avoid having the solution boil over or undergoing spontaneous ignition during heating.
It is worth noting that the length and quality of the seal around the porous PTFE rod can change
the emission rate, where a longer plug may yield a more reliable emission rate. Generally, plugs
one centimeter in length were used in this work. If the plug length is too short leakages may arise,
resulting in rapid and unstable emission of the contained solution. An alternative that avoids PTFE

plugs and associated leaks is to weld the tubing ends. This can be accomplished by heating the end
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of the tubing with a heat-gun until it is malleable, followed by pinching it with a pair of pliers to

create the weld.

a)

Figure 2-S5. a) Two PDs containing analyte solution fully sealed using the porous PTFE rod
(left) and PFA weld (right) techniques. b) Close-up perspective of finished PD ends after sealing
by the methods of PTFE rod (top) and PFA weld (bottom).

2.S3 Additional Supporting Figures and Tables
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Figure 2-S6. Mixing ratio output of two 6 M HCI PDs as a function of temperature (PD-6b, blue;
PD-6c, green). Calculated vapor pressure of 6 M HCI (black) solution using Henry’s Law (Sander,
2015). Mean HCI mixing ratios measured for 30 minutes after stable signal was observed by CRDS
(1-minute average, see Fig. 2-S7). Error bars denote 1o standard deviation from the mean.
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Figure 2-S7. Time series of the measured HCI output from PD-6b using CRDS. The blue-shaded
bars indicate the region where HCl output was considered stable and this data was used to calculate
the variance shown in Figure 2-S6.

Table 2-S1. The calculated average HONO (ppbv) output (AVQ), standard deviation (SD), and
standard error (SE) following the field transport simulations using HCl PD-6a and the same NaNO»
coated device throughout all experiments. The AVG, RSD, and RSE were all calculated from data
points collected after two hours of stabilization in each trial run. All experiments were background
corrected by linear interpolation using zero air and five experiments had insertions of Na>CO3
denuder for further identification of NOy impurities (*). The NOx analyzer collected one-minute
measurements using a 30 s Kalman filter.

ID Description of Field AVG SD SE Data RSD RSE
Transport Simulation (ppbv) (ppbv) (ppbv)  Points %) (%)
FS1* Minor shaking for 10 min 2.51 0.548  0.0537 112 26.6  2.13

with the oven off and PD
removed overnight
FS2*  Transport by cart over rough 1.81 0.469  0.0342 188 259 1.89
surfaces for 10 min with the
oven off and PD removed
overnight
FS3* Transport by cart over rough 1.68 0.469  0.0308 231 27.8 1.83
surfaces for 10 min with the
oven off and PD removed
overnight
FS4*  Minor shaking of stationary 2.43 0.447  0.0257 301 184 1.06
setup for 10 min with the
oven off and PD removed
overnight
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ID Description of Field AVG SD SE Data RSD RSE

Transport Simulation (ppbv) (ppbv) (ppbv)  Points (%) (%)

Minor shaking of stationary

FS5* setup for 10 min with the 2.13 0.429  0.0270 253 20.1  1.27
oven off and PD removed
overnight

FS6 Oven turned off overnight 2.04 0.417  0.0240 300 205  1.18
and Pd kept inside permeation
oven

FS7 Oven turned off and PD 1.73 0.467  0.0340 189 27.0 197
removed overnight

FS8 Oven turned off and PD 2.21 0.604  0.0454 177 273 205

removed overnight
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Figure 2-S8. An example of the suitability of nitrogen gas sampled by the NOx analyzer used for
background measurement and subsequent correction of observations.
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Figure 2-S9. Run FS4 of Table 2-S1 to demonstrate that measured signal from zero air (black
square) and HONO passing through the Na,CO3 annular denuder (red square) are identical and
therefore free of detectable NOx. These negative controls were combined to create a linearly
interpolated background correction over the course of experiments FS1-5 to quantify HONO.
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Figure 2-S10. Reproducibility in generating HONO using PD-6b and the same NaNO> coated
device. The red line represents the first trial of using PD-6b followed by a second trial (green) 15
days later. In the intervening time other experiments were performed which involved shutting
down and restarting the system with these components. The lag in the second trial results from
keeping the PD in the oven while shut down between experiments, resulting in additional HCI that
must be reacted in the calibration system before stability is reached. The NOy analyzer mad one-
minute measurements using a Kalman filter of 300 s.
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Figure 2-S11. Determining reproducibility in generating HONO (ppbv) against time (min) using
PD-1a with a used NaNO> PFA device.
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Figure 2-S12. Time series of measured HONO output (ppb) for three different temperatures using
HCI PD-6b.
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Figure 2-S13. Ion scan of the HONO calibration source output made with the I"-CIMS. Major
ions observed in addition to HONO include glycerol from the coating solution, and lactic acid
from skin contact with system components. Smaller quantities of formic and trifluoroacetic acids
from the plastics used in the instrument assembly were also observed.
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Appendix B:
Supporting information for Chapter Three: Design and validation of an automated

nitrous acid (HONO) platform for indoor measurements
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Figure 3-S1. Electronic diagram of the DAQ control box. The closed circles represent the junction
of the wiring. Throughout the wiring scheme, the orange lines represents the positive wiring (+) ,
yellow is negative wiring (-), and green is ground (GND). A cooling fan (5 V DC) was inserted to
provide temperature management of the electronics and it was powered by the 12 V DC
transformer. The 12 V DC transformer also supplies power to the solenoid valves by converting a
120 V AC power source to a 12 V DC output. The power switching board (green square; PS12DC,
LabJack, Lakewood, CO, U.S.A) was wired in parallel to distribute power to the solenoids and
remove the need for multiple solid-state relays. The power switching board was attached to the red
DAQ board (T7, LabJack, Lakewood, CO, U.S.A) through the DB15 connector (15 pin D-sub).
An analog output expansion module (LJTick-DAC, LabJack, Lakewood, CO, U.S.A) was
connected to the DAQ board to provide communication with the mass flow controllers (MFC).
The custom 15 V DC power source supplies power to two MFCs and is organized through a screw
terminal block for power distribution. The wiring of the MFC communication cables requires a 15
pin D-sub male and female assembly for connection of the cable to the case (DACA and DACM)
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and the connections are numbered and configured as: 1. No Connection (NC); 2. Flow out (0-5 V,
purple wire); 3-4. NC; 5. Ground (0 V, green wire); 6. Neutral (-15 V, yellow wire); 7. Live (+15
V, orange); 8. Flow rate set (0-5 V, blue wire); 9-10. NC; 11-12. Signal common (brown wire);
and 13-15. NC. The grey lines show the analog input and ground connections between the DAQ
board and the NOx analyzer to sync and log its measurements and datetime.

e 2

Figure S3-2. (a) Instrument setup in a chemistry laboratory with an outdoor port to measure the
outdoor fire plumes on July 20", 2021. (b) Closeup of the tN; sampling port connected to the
outdoor sampling assembly and manifold made of brass and stainless steel fittings. The outdoor
sampling assembly has a blower fan between the pipe and a white flexible exhaust line, pulling
the outdoor through the assembly. Excess outdoor air is removed through the white flexible
exhaust line into an HVAC vent in the lab. (¢) A map of Ontario showing the northern biomass
burning events in July 2021.
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Table 3-S1. Calculation of the time response of NO, NO, and HONO through the instrument at
630 ccm by double exponential fit.

Nr species 71 (min) T2 (min) D (%) Input mixing ratios (ppbv)
NO 1.10 1.07 46 17.88 = 0.81
NO: 0.19 1.54 39 17.60 = 1.05
HONO 0.99 1.00 44 20.23 + 1.06

NQ (ppbv)

25 —

20 —

I

3:40 PM 3:50 PM 4:00 PM 4:10 PM 4:20 PM
2/24/2021
Date & Time

Figure 3-S3. Inputting a known mixing ratio of NO through the Na>CO3 denuder (yellow shaded
regions) and observing a slope not significantly different from zero of -7.66 x 10>+ 7.52 x 107
ppbv, indicating no reaction loss of NO. A t-test was performed to confirm that mixing ratios of
NO were not statistically different from bypassing and entering the denuder with a p-value of 0.02.

25
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Figure 3-S4. Inputting a known mixing ratio of NO; through the NaxCO3 denuder (yellow shaded
regions) and observing a slope of -3.42 x 10+ 5.25 x 10~ ppbv. The averaged mixing ratios of
NO:> bypassing the denuder (16.97 + 1.06 ppbv) and entering the denuder (16.76 & 1.32 ppbv) had
a small significance difference between both routes likely due to small chemical loss to the coating
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and/or surface of the denuder. A t-test was performed to confirm a small significant difference
between the two routes with a p-value of 0.13.
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Figure 3-S5. Test measurements (1 min averages) inside a laboratory on the night of September
23-24, 2020 by the tN; instrument. The raw data from each channel of the NOx analyzer are
presented here to demonstrate the changes in signal, combined with the valve switching logs to
process the data into the various fractions of tNr. The valves were programmed to switch from
nominally open (NO, 0) to nominally closed (NC, 1) using the schedule assigned in our custom
LabView program. Each shaded bar represents when a valve is turned on (NC, 1). The orange bars
represent when Valve 1 is switched on (NC, 1) to allow the indoor sample to flow through the tN;
pathway and when it is not shaded, it is switched towards the NOy* pathway (NO, 1). Similarly,
the purple bars represent Valve 2 and Valve 3 are switched on (NC, 1) to allow the sample to enter
the denuders. When there are no purple bars, Valve 2 and Valve 3 are switched to NO, 0, in which
the sample is bypassing denuders. The colored lines represent the raw measurements of reactive
nitrogen detected by the NOx analyzer that has not been quantified, where the purple line is NOx*,
the red line NO2*, and the green line NO.
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APPENDIX C:

Supporting information for Chapter Four: Nitrous acid (HONO) surface reservoir
chemistry in a commercial kitchen during the KOCENA (Kitchen Organic Carbon,
Emissions, Nitrogen, and Aerosol) Campaign

2.6 m
1.0 m -

A

y 18.3m

<
<

63 m >

Figure 4-S1. Dimensions of the kitchen and the closed area (office with instruments and
preparation area) were not included in calculating the surface area because the doors were closed,
disconnecting them from the chemistry observed in the rest of the kitchen.

Table 4-S1. The removal rate of NO2* from the kitchen hood exhaust and room ventilation during
the day by exponential fit of all observed events. The time response (Tau) and standard deviation
(SD) of the exponential decay were used to determine the removal rate in s and h™!.

Date Time Tau (s) Tau SD (s) Rate (s) Rate (h!)
9/4/2021 9:30 279 20 3.59x 107 12.92
9/7/2021 14:30 777 45.5 1.29x 103 4.63
9/8/2021 6:30 148 17.5 6.77 x 1073 24.36
9/8/2021 9:15 79.0 5.71 1.27 x 102 45.56
9/9/2021 12:30 418 20 2.39x 1073 8.61
9/10/2021 7:40 136 18 7.34x 1073 26.42
9/10/2021 9:00 123 12.6 8.15x 1073 29.35
9/12/2021 9:30 171 10.2 5.84x 1073 21.02
9/12/2021 11:45 240 12.1 4.17x 1073 15.00
9/12/2021 13:35 53.6 3.48 1.90 x 102 68.45
9/12/2021 14:00 130 17.7 7.71 x 1073 27.77
9/12/2021 18:30 160 14.7 6.23x 1073 22.43
9/13/2021 8:15 389 44 2.57x 103 9.26
9/13/2021 7:30 77.6 10.8 1.29x 1072 46.40
9/13/2021 16:30 345 51.9 2.90x 103 10.43
9/14/2021 10:45 62.3 4.73 1.61x 1072 57.82
9/14/2021 12:00 73.0 991 1.37x 102 49.31
9/14/2021 15:50 39.7 6.8 2.52x 102 90.80
9/15/2021 10:45 313 22.6 3.19x 1073 11.49
9/15/2021 17:00 483 16.1 2.07x 1073 7.45
9/16/2021 7:10 163 54.9 6.12x 1073 22.05
9/16/2021 7:50 124 14.6 8.04x 107 28.93
9/16/2021 12:25 152 6.79 6.60 x 1073 23.74
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Figure 4-S2. Example of determining the exponential fit (black line) of measured NO» decay rate

in the kitchen during the day (purple line with dots) to calculate kremNo2. The exponential fit, f(t) =

Yo + Aexp (@) was only applied to periods when high levels of NO> were present (e.g. from
1

cooking or outdoor transportation of NO2 indoors) and decayed to stable or background levels.

The equation f{(t) is the indoor NO»> after time (t), y, represents the background levels of NO2 (ppb),

A is the initial peak in NO2 (ppb), and 7 is the response time of the decay.
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Figure 4-S3. Photon flux measurements of the kitchen (red line) and the HONO absorption cross
section (blue line) (Burkholder et al., 2020). The integrated light intensity was 3.2 W m™ and
ranged in the visible region of 435 — 700 nm.
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4.S4. R-script to finalize and process data from the tN; instrument.

# AUTHORS

SR R i
# Entire script is written by Melodie and Leigh 2021 from VDB Research Group
# R Script to process collected data from the tNr instrument to measure
nitrogenous species indoors

# 1. PROCESS
SR i
#PACKAGES

FHEH A A A R A A
library(xts)

library(zoo)

library(data.table)

library (lubridate)

library(tidyverse)

library ("padr™)

rm(list=1s(all=TRUE)) #clear all previous variables in environment

#VARIABLES

FHEH A A A R A A
# TD = tnr dataframe

# CL = combined list of removing 1 min data from beginning of each cycle and
averaged

# NL = no linear interpolation

# O = original measurements and datetimes

#PRELIM DATA
SR i
## Directory

FHE R A A R A A
#set directory to save your files

setwd("C:/Users/laome/OneDrive - York University/backup/research/HONO tNr/R/R
data files")

## Choose File

FHEH A A A R A A
infile<- file.choose() f#choose the file you want to analyze

tnrdata <- read.csv(infile, sep = "\t")

## Modify Dataset
FHH A A A
tnrdata <- tnrdata[ -c(5:6)] #removes columns of v4 and MFC2
tnrdata$date <- dmy hms(tnrdata$datetime)
colnames (tnrdata) <- c("datetime",

LAVSIL

2,

"3,

"NO",

"NO2",

"NOx",

"date")
tnrdata$vt <- rowSums (tnrdatal[?:4]) #add up valve total in new column
tnrdata <- tnrdata %$>%

mutate (tnr cycle = case when(
Vt == 0 ~ "tNr",
Vt == 2 ~ "NH3",
Vt == 1 ~ "HONO",
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Vt == 3 ~ "NOx"))
#add a cycle count up column.
#cycle defined as a measurement mode, i.e. NOx, HONO, tNr or NH3
tnrdata$vVt<- rowSums (tnrdatal[2:4])
foo<-rle(tnrdata$Vt) f#creates cycle based on total valve change
foo$values <- 1:length(foo$values)
tnrdata$cycle <- inverse.rle (foo)
ncyc = max(tnrdata$cycle)

TD <- subset (tnrdata, select = c(8,9,5,6,7,10,11))
TD <- data.table(TD)
### *Voltage drift correction
E 0 i
#calibration of NO, analyzer on 09-17-2021
#NOcorr = 1.0018[NO] - 0.8569
#NO2 corr = 1.0018[NO2] - 0.8459
#NOx corr = NOcorr + NO2corr
TD2 <- TD %>%
mutate (TD, NOcorr = (1.0018*TDSNO) - 0.8569) 2>%
mutate (TD, NO2corr = (1.0018*TD$NO2) - 0.8469)

TD2 <- mutate(TD2, NOxcorr = TD28NOcorr + TD2$NO2corr)

TD3 <- subset (TD2, select = c("date", "Vt", "NOcorr", "NO2corr", "NOxcorr'",
"tnr cycle", "cycle"))

#create new df of each cycle

for (i in unique (TD3$cycle)) {
nam <- paste("TD", i, sep = " ")
assign(nam, TD3[TD3$cycle == i, 1)}

# *CYCLE 1

SR i
#The length of cycle 1 is not divisible by 60, ruining the averaged start
time

#Remove the first rows by nth to make it divisible by 60

#Future steps = to make a loop to automatically remove or add in nth row as
NA by using a mod operator

TD 1 <- tail(TD 1, =5)

# CLEAN/AVG

FH A A A A
## Avg 1 min
ifgtddssasddssdsddsdssdadddddsdsttatadtddtdREAEEARAREEREEEREEEEEEEEEEEEEEEEE
list TD <- mget(ls(pattern = 'TD ')) +#makes a list of all df with cycles

#apply averaging of every 60 rows to list
AVG list <- map(list TD, ~ .x %>%
group by (date = cut(date, breaks = "60 sec")) %>
summarize (NO = mean (NOcorr),
NO2 = mean (NO2corr),
NOx = mean (NOxcorr),
vVt = mean (Vt),
cycle = mean(cycle)))
#NOTE: averaged times are different by seconds in cycle 1 to other cycles due
to uneven lengths, so we need to round the datetime

o
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## Remove Rows

S i i i i i
#Removes first row in this list because the response time of the NOx analyzer
is 1 min

AVG list2 <- lapply(AVG list, tail, -1)

## Combine Data

FHE A A R R R 4

CL <- bind rows (AVG 1list2, .id = "column label')
CL <- arrange (CL, cycle)

CLtot <- CL %>%

mutate (tnr cycle = case when(
Vt == 0 ~ "tNr",
Vt == 2 ~ "NH3",
Vt == 1 ~ "HONO",
Vt == 3 ~ "NOx"))

for (i in unique(CLtot$tnr cycle)) {
naml <- paste("CL", i, sep = " ")
assign(naml, CLtot[CLtot$tnr cycle == i, 1)}

# CALCULATIONS
SR R i
## Linear Interp
FHE S A A R A A
### HONO
SR i
CL_HONO[['date']] <- as.POSIXct(CL HONO[['date']ll],

format = "%Y-%m-%d $H:%M:%S")
#aggregate if the time series don't match up (seconds skipped,etc)
#datetime variable contains missing values, they are left in place in the df
with thicken
CL_HON02 <- thicken(CL_HONO, 'l min'")
CL_HONO2 <- CL HONO2[ -c(2)]

CL HONOZ2[['date min']] <- as.POSIXct(CL HONO2[['date min']],
format = "$Y-%m-%d S$H:%M:%3S")

LI _HONO <- CL HONO2 %>%
pad(group = 'tnr cycle', interval = 'min') %>% # Explicitly fill by 1 min
fill by value(0)

LI HONO 2 <- LI HONO

LI _HONO_2$NO <- na.approx (LI HONO$NO)
LI _HONO_2$NO2 <- na.approx (LI HONO$NO2)
LI _HONO_2$NOx <- na.approx (LI HONO$NOx)

### NOx
FHH A A
CL NOx[['date']l] <- as.POSIXct(CL NOx[['date'll]l,

format = "%Y-%m-%d $H:%M:%S")
CL NOx2 <- thicken(CL NOx, 'l min')
CL_NOx2 <- CL _NOx2[ -c(2)]
CL NOx2[['date min']] <- as.POSIXct(CL NOx2[['date min']],

format = "%Y-%m-%d $H:%M:%S")
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LI NOX <- CL NOx2 %>%
pad(group = 'tnr cycle', interval = 'min') %>% # Explicitly fill by 1 min
fill by value(0)

LT NOX 2 <- LI NOX

LI _NOX 28NO <- na.approx (LI NOX$NO)
LI _NOX 28NO2 <- na.approx (LI NOX$NO2)
LI NOX 28NOx <- na.approx (LI NOX$NOx)

##4# NH3
st et R R R R
CL_NH3[['date']] <- as.POSIXct(CL NH3[['date']l,

format = "$Y-%m-%d %H:3%M:%S")

CL NH3 2 <- thicken(CL_NH3, 'l min')
CL NH3 2 <- CL NH3 2[ -c(2)]

CL NH3 2[['date min']] <- as.POSIXct(CL NH3 2[['date min']],
format = "$Y-%m-%d SH:%M:%S")

LI NH3 <- CL NH3 2 %>%
pad(group = 'tnr cycle', interval = 'min') %>% # Explicitly fill by 1 min
fill by value(0)

LI NH3 2 <- LI NH3

LI _NH3 28NO <- na.approx (LI NH3$NO)
LI NH3 28NO2 <- na.approx (LI NH3$NO2)
LI NH3 28NOx <- na.approx (LI NH3$NOx)

### tNr
FHH A A A
CL_tNr[['date']] <- as.POSIXct(CL_tNr[['date']l,
format = "$Y-%m-%d SH:%M:%S")
CL tNr2 <- thicken(CL tNr, 'l min')
CL tNr2 <- CL tNr2[ -c(2)]
CL tNr2[['date min']] <- as.POSIXct(CL tNr2[['date min']],
format = "%Y-%m-%d $H:%M:%S")

LI _TNR <- CL_tNr2 $>%

pad(group = 'tnr cycle', interval = 'min') %>% # Explicitly fill by 1 min

fill by value(0)
LI TNR 2 <- LI _TNR
LI _TNR 28NO <- na.approx (LI TNR$NO)
LI TNR 28NO2 <- na.approx (LI TNR$NO2)
LI TNR 28NOx <- na.approx (LI TNR$NOx)
## No Interpolation
FHH A A A A
NL HONO <- merge (LI HONO, LI NOX, by = "date min", all = TRUE)
NL NH3 <- merge(LI TNR, LI NH3, by "date min", all TRUE)
NL Nr <- merge(NL HONO, NL NH3, by "date min", all TRUE)

#merge columns again for vt and cycles
NL Nr2 <- NI Nr

NL Nr2$vt = NL Nr2$vt.x.x

NL Nr2$vt['!is.na(NL Nr2$vt.y.x)]
NL Nr2$vt[!is.na(NL Nr2$vt.x.y)]
NL Nr2$vt[!is.na(NL Nr2$vt.y.y)]

NL Nr$vt.y.x[!is.na(NL Nr$vt.y.x)]
NL Nr$vt.x.y[!is.na(NL Nr$vt.x.y)]
NL Nr$vt.y.y[!'is.na(NL Nr$vt.y.y)]
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NL Nr2$cycle NL Nr2$cycle.x.x

NL Nr2$cycle[!is.na(NL Nr2$cycle.x.y)]
NL Nr$cycle.x.y['is.na(NL Nr$cycle.x.y)]
NL Nr2$cycle[!is.na(NL Nr2$cycle.y.x)]
NL Nr$cycle.y.x['is.na(NL Nr$cycle.y.x)]
NL Nr2$cycle[!is.na(NL Nr2$cycle.y.y)]
NL Nr$cycle.y.y['is.na(NL Nr$cycle.y.y)]

27:29

:29)1

NL Nr2 <- NL Nr2[ -c(2,6:9,13:16,20:23, 9
colnames (NL Nr2) <- c("date min",

"HONO.NO",

"HONO.NO2",

"HONO.NOx",

"NOx.NO",

"NOx.NO2",

"NOx.NOx",

"tnr.NO",

"tnr.NO2",

"tnr.NOx",

"nh3.NO",

"nh3.NO2",

"nh3.NOx",

"y,

'cycle')
#compile original data with accurate datetime averaged to 1 min
O_HONO <- merge (CL_HONO, CL NOx, by = "date", all TRUE)
O NH3 <- merge(CL tNr, CL NH3, by = "date", all TRUE)
O Nr <- merge (O HONO, O NH3, by = "date", all TRUE)

O Nr2 <- O Nr

O Nr2$vt O Nr2$vt.x.x

O Nr2$vt['is.na (O Nr2$vt.y.x)]
O Nr2$vt['is.na (O Nr2$vt.x.y)]
O Nr2$vt['is.na (O Nr2$vt.y.y)]

= O Nr$vt.y.x['is.na (0O Nr§vt.y.x)]
O Nr$vt.x.y[!'is.na(0O Nr$vt.x.y)]
= O Nr$vt.y.y['is.na (0O Nr$vt.y.y)]

O Nr2$cycle

O Nr2$cycle.x.x

O Nr2$cycle[!is.na (O Nr2$cycle.x.y)] = O Nr$cycle.x.y[!is.na (O Nr$cycle.x.y)]
O Nr2$cycle[!is.na (O Nr2$cycle.y.x)] = O Nr$cycle.y.x[!is.na (O Nr$cycle.y.x)]
O Nr2$cycle[!is.na (0O Nr2$cycle.y.y)] = O Nr$cycle.y.y[!'is.na (O _Nr$cycle.y.y)]

O Nr2 <- O Nr2[
colnames (O_Nr2)

-c(2,6:9,13:16 2

<- c("date min",
"HONO.NO",
"HONO.NO2",
"HONO.NOx",
"NOx .NO",
"NOx.NO2",
"NOx .NOx",
"tnr.NO",
"tnr.NO2",
"tnr.NOx",
"nh3.NO",
"nh3.NO2",
"nh3.NOx",
"vt",
'cycle')

] :2C

Ne

)]

160



## HONO-NO2

FHAEHF A A R R
#here we take the avg data and calc HONO and NH3 by differnce using the
nearest points

#1lst HONO calculation from NOx

#merge files based on base

F HONO <- merge (LI HONO 2, LI NOX 2, by = "date min", all = TRUE)
# .x columns are HONO pathway, .y columns are true NOx pathway

F _HONO$cycle = F_HONO$cycle.x
F HONOS$cycle[!is.na(F _HONO$cycle.y)] = F_HONO$cycle.y['is.na(F_HONO$cycle.y)]
F_HONO <- F_HONO[ -c(2,6,7,9,13,14)1]

#new df, subtract differences to form new column, HONO
G_HONO <- mutate (F_HONO, HONO = NO2.x-NO2.y)

hono <- subset (G _HONO, select = c("date min", "HONO" , "NOx.x", "NO2.x",
"cycle™))

nox <- subset (F_HONO, select = c("date min", "NOx.y", "NOZ.y", "NO.y'"))
colnames (hono) <- c("date min", "HONO", "NOx.star'", "NO2Z.star", "cycle'")
colnames (nox) <- c("date min", "NOx.true'", "NOZ.true", "NO")

tpl <- full join(nox, hono, by = "date min")

## tNr-NH3

S i i i i
F NH3 <- merge(LI_TNR 2, LI NH3 2, by = "date min", all = TRUE)

# .x columns are TNr pathway, .y columns are NH3 pathway

F NH3$cycle = F _NH3$cycle.x
F NH3$cycle['!is.na(F_NH3$cycle.y)] = F NH3$cycle.y[!is.na(F_NH3$cycle.y)]

F NH3 <- F_NH3[ -c(2,6,7,9,13,14)]
G_NH3 <- mutate(F _NH3, NH3 = NOx.x-NOx.y)

#NH3 calculated using NOx

nh3 <- subset (G NH3, select = c("date min", "NH3", "cycle"))
tnr <- subset(F NH3, select = c("date min", "NOx.x"))
colnames (tnr) <- c("date min", "tnr")

tp2 <- full join(tnr, nh3, by = "date min")

#recombine four datasets (NOx, HONO, tNr, NH3)

all <- full join(tpl, tp2, by = "date min")

all <- arrange(all, date min)

all$cycle = all$cycle.x

all$cycle['is.na(all$cycle.y)] = allScycle.y['is.na(all$cycle.y)]
all <= all[-c(&8,11)]

# NO2 as true NO2, NO2.star is NO2 + Nr...etc
all2 <- all %>%

group by (date = cut (date min, breaks = "5 min")) %>%
summarize (NOx.true = mean(NOx.true, na.rm = TRUE),
NOx.star = mean(NOx.star, na.rm = TRUE),
HONO = mean (HONO, na.rm = TRUE),
NO2.true = mean(NO2.true, na.rm = TRUE),
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NO2.star = mean(NO2.star, na.rm = TRUE),
NO = mean (NO, na.rm = TRUE),

NH3 mean (NH3, na.rm TRUE) ,

tnr mean (tnr, na.rm TRUE) )

# GRAPHS
FHEH A A A R R A A
summary (all)
all %>%
gather("key", "value", -date min) %>%
ggplot (aes (x = date min,
y = value,
color = key)) +
geom_point ()

all2 $>%
gather ("key", "value", -date) %$>%
ggplot (aes (x = date,
y = value,
color = key)) +
geom_point ()

# FINAL DATA

SR R i
#saves the final processed data csv file in your directory

#measured and interpolated data averaged to 1 min

outfile final=(paste(sub('.csv', ''",

infile)," Imin processed final data.csv",sep=""))

print (outfile final)

write.csv(all, outfile final, row.names=F)

#the measured and interpolated data is averaged to 5 min
outfile final2=(paste(sub('.csv', '',

infile)," 5min processed final data.csv",sep=""))

print (outfile final)

write.csv(all2, outfile final2, row.names=F)

#measured data with no interpolation, with rounded datetimes per min
outfile final3=(paste(sub('.csv', '',

infile)," Imin measurements no lin interp.csv",sep=""))

print (outfile final)

write.csv(NL Nr2, outfile final3, row.names=F)

#measured data with no interpolation, with the exact averaged datetime in 1
min

outfile finald4=(paste(sub('.csv', "',

infile)," Imin ORIGINAL datetime measurements.csv",sep=""))

print (outfile finald4)

write.csv (O Nr2, outfile final4, row.names=F)

Fohhd At At A A A A A A A A A A
# 2. COMBINE

FHHH A A S S
# BIND WEEKLY DF

st st E R
#KOCENA tNR processing

# aim bind all processed tNr files (ML script) to one file.
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# script in two halfs, 1 min and 5 min avg data

# Written by Leigh Crilley Dec 2021 and modified by Melodie Dec 2021
library(readr)

library(gridExtra)

library (ggpubr)

library (lmodel?2)

# SET DIRECTORY

FHE A A R R R R R 1 4
setwd("C:/Users/laome/OneDrive - York University/backup/research/HONO tNr/R/R
data files")

# 1 MIN BIND
S i
#first 1 min interpolated and measured data
data.path.lmin="C:/Users/laome/OneDrive - York
University/backup/research/HONO tNr/R/R data files/12-17-2021 processed 1lmin
and 5 min R tnr/1 min"

# load files into a list
filenames.lmin=list.files(path=data.path.lmin, pattern =
"Total*",full.names=TRUE)

d.lmin <- rbindlist(lapply(filenames.lmin, fread,
header=T,blank.lines.skip=TRUE) )

d.1lmin$date.m <- ymd hms(d.lmin$date min)

## Measured only 1 min data
SR i
data.path.lmin.m="C:/Users/laome/OneDrive - York
University/backup/research/HONO_ tNr/R/R data files/12-17-2021 processed 1lmin
and 5 min R tnr/1 min/measured 1 min"

## Combine All

FHE S A A R A A
filenames.lmin.m=list.files(path=data.path.lmin.m, pattern =
"Total*",full.names=TRUE)

d.lmin.m <- rbindlist(lapply(filenames.lmin.m, fread,
header=T,blank.lines.skip=TRUE))

d.lmin.m$date <- ymd hms(d.lmin.m$date min)
#select true NOx, NO2 star and tnr measurements

d.lmin.meas <- select(d.lmin.m, date, NOx.NO, NOx.NO2, NOx.NOx, HONO.NO2,
tnr.NOx, nh3.NOx, vt)

colnames (d.lmin.meas) <- c("date", "NO.true.meas'", "NO2.true.meas'",
"NOx.true.meas", "NO2.star.meas", "tnr.meas", "tnr.nh3.meas", "Vt")

#combine 1 min files
tpl <- cbind(d.lmin.meas, d.lmin)
all.lmin <- select(tpl, -c("cycle"))

## Time Plot Check
st st E R
all.lmin %>%

gather ("key", "value", -date) %$>%
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ggplot (aes (x = date,
y = value,
color = key)) +
geom_point ()

ggplot () +

geom point(data = all.lmin, aes(x=date, y=tnr, colour = group), colour =
"green")+

geom point(data = all.lmin, aes(x=date, y=tnr.meas, colour = group), colour
= "gold")+

geom point(data = all.lmin, aes(x=date, y=NH3, colour = group), colour =
"red")+

geom point(data = all.lmin, aes(x=date, y=tnr.nh3.meas, colour = group),
colour = "purple")+

theme (legend.position = "right")+

theme light ()
write.csv(all.lmin, "tNr processed week?2 11-17 Sept 1 min.csv", row.names =
F)
#5 MIN WEEKLY
SR i
#5 min data interpolated and measured data
#Note no measure only file for 5 min data
data.path.5min="C:/Users/laome/OneDrive - York
University/backup/research/HONO tNr/R/R data files/12-17-2021 processed lmin
and 5 min R tnr/5 min"

# FINAL CSV

FHH A A A
filenames.5min=1list.files (path=data.path.5min, pattern =
"Total*",full.names=TRUE)

d.5min <- rbindlist(lapply(filenames.5min, fread,
header=T,blank.lines.skip=TRUE))

d.5min$date <- ymd hms(d.5min$date)

d.5min $>%
gather ("key", "value", -date) %$>%
ggplot (aes (x = date,
y = value,
color = key)) +
geom_point ()

write.csv(d.5min, "tNr processed week3 11-17 Sept 5 min.csv", row.names = F)

FoAE A R
# 3. FLAGGING (Optional)

# Written by ML 01/10/2022

library(tidyverse)

library(readxl)

library(xts)

library(zoo)

library(data.table)

library (lubridate)

setwd("C:/Users/laome/OneDrive - York University/backup/research/HONO tNr/R/R
data files")

## Choose File

FHEH A A A R A
infile<- file.choose() f#choose the file you want to analyze

tnrdata <- read excel(infile, col types = c("date", "numeric")
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# Criteria
S i
# 1.NO2*/tNr measured data (vt = 0, Vt = 1)

# 2. flag interpolated data if NO2.star < NO2.true and remove

## Removing Negatives
FHEFHFF AR A
##4# HONO ###########HHHHHHHHHHHHH

flag hono <- subset(tnrdata, select = c(l:5, 8:14))
flag hono2 <- subset(tnrdata, select = c("date", "NOZ.true", "NOZ.star",
"HONO™) )
flag hono3 <- flag hono2 %>%
mutate (bad hono = case_ when (
NO2.true > NO2.star ~ "NO2.true greater than",
NO2.true < NO2.star ~ "NO2.true less than'))

badhono <- flag hono2 %>%
filter (NO2.true > NO2.star, na.rm = TRUE)
meas_only <- subset(flag hono, select = c(1:0))
honodatal0 <- merge(meas only, flag hono3, by = "date", all = T)

goodhono <- honodatalO %$>%

select (date, HONO, bad hono) %>%

filter(str detect(bad hono, 'NOZ.true less than') | HONO >= -1, na.rm =
TRUE)

colnames (goodhono) <- c("date", "noneg HONO", "HONO filteredconditions™)
honodata <- merge (honodataO, goodhono, by = "date", all = T)

# 3. compare consecutive measured NO2.true vs NO2.star to see if HONO agrees
meas no2 <- subset (honodata, select = c("date",

"NO.true.meas",

"NO2.true.meas",

"NO2.star.meas",

"NOx.true.meas",

"NO2.true",

"NO2.star",

"noneg HONO"))

vt <- subset (tnrdata, select = c("date", "Vt"))
meas <- merge(meas no2, vt, by = "date", all = T)

#NO2.true ####H###4 444 H4HH4 44 HHHHHHFHHHHHHHHAHHSHHHSHSHHSHHSHH
# %$increase = increase/original number * 100

NO2.true <- subset (meas, select = c("date", "NO2.true.meas'))
NO2.true <- drop na(NO2.true)

NO2.true <- NO2.true %>
mutate(Diff NO2.true

Il oe

(NO2.true.meas - lag(NO2.true.meas)))

NO2.true <- NO2.true %>%

mutate (pINC NO2.true (Diff NO2.true / lag(NO2.true.meas)*100))

#NO2.star #######H 444444444444 HHHFHHHHHHHHHHHSSHSSHSHHSHHHH
NO2.star <- subset (meas, select = c("date", "NO2.star.meas'))
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NO2.star <- drop_na(NO2.star)
NO2.star <- NO2.star %>%
mutate (Diff NO2.star =
NO2.star <- NO2.star %>%
mutate (pINC NO2.star =
all NO2 <- merge(NO2.true, NO2.star, all =

"noneg HONO"))

comp NO2 <- merge(all NO2, filtered data, group by = "date",

#flags if the perecent increase of NO2.star
comp_tot NO2 <- comp NO2 %>%
mutate (low_high NO2 = case when(

(NO2.star.meas - lag(NO2.star.meas)))
(Diff NO2.star / lag(NO2.star.meas)*100))

T)
filtered data <- subset(meas, select = c("date","NO2.true",

| NO2.true 1is

PINC NOZ2.true >= 50 ~ "NOZ.true inc. 503",
PINC NO2.star >= 50 ~ "NOZ.star inc. 503",
PINC NO2.true <= -50 ~ "NO2Z.true dec. 503",
PINC NO2.star <= -50 ~ "NOZ.star dec. 503" ))

##4# NH3 #####

flag nh3 <- subset(tnrdata, select = c("date",
"NO.true.meas",

"NOXx .
"tnr.
"tnr.
.true",
"NOXx .
"tnr'

"NOx

true.meas",
meas",
nh3.meas",

star",

v
4

HNHBH) )

flag nh3.2 <- subset(tnrdata, select = c("date",

"tnr.nh3.meas", "tnr", "NH3"))

meas_onlynh3 <- subset(flag nh3, select = c(1:4))

goodnh3 <- flag nh3.2 %>%
select (date, NH3) %$>%
filter(NH3 >= -1, na.rm = TRUE)

colnames (goodnh3) <- c("date'", "noneg NH3")

nh3data <- merge(flag nh3, goodnh3, by = "date", all =

meas nh3 <- merge(nh3data, vt, by = "date",

#tnr.meas #H#HHFHHFHHFHH A HASFFSFASHFSHFHHF AR A S A S A HHSHHSHH
tnr.meas <- subset(meas nh3, select = c("date",

tnr.meas <- drop na(tnr.meas)
tnr.meas <- tnr.meas %>%
mutate(Diff tnr.meas =
tnr.meas <- tnr.meas %>%
mutate (pINC tnr.meas =

#tnr.nh3.meas ######4#H4HHHHHHHFFHFHSHHEHHHHHSHHSHHSHSFHSFHSHHSHS
tnr.nh3.meas <- subset(meas nh3, select = c("date",

tnr.nh3.meas <- drop na(tnr.nh3.meas)
tnr.nh3.meas <- tnr.nh3.meas %>%

mutate(Diff tnr.nh3.meas = (tnr.nh3.meas - lag(tnr.nh3.meas)))

tnr.nh3.meas <- tnr.nh3.meas %>%

all = T)

(tnr.meas - lag(tnr.meas)))

(Diff tnr.meas / lag(tnr.meas)*100))

o\

"NOx.true.meas",

"tnr.meas"))

"NO2.star",

T)

"tnr.meas",

"tnr.nh3.meas"))

mutate (pINC_ tnr.nh3.meas = (Diff tnr.nh3.meas / lag(tnr.nh3.meas)*100))
all nh3 <- merge(tnr.meas, tnr.nh3.meas, all = T)
comp NH3 <- merge(all nh3, nh3data, group by = "date",
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#flags if the perecent increase of NO2.star | NO2.true is >= 100 %
comp tot NH3 <- comp NH3 %>%
mutate (low high NH3 = case when/(

PINC tnr.meas >= ~ "tnr.meas inc. 50%",

PINC tnr.nh3.meas >= ~ "tnr.nh3 inc. 50%",

PINC tnr.meas <= - ~ "tnr.meas dec. 50%",

PINC tnr.nh3.meas <= - ~ "tnr.nh3 dec. 50%" ))
comp all <- merge(comp tot NO2, comp_ tot NH3, group by = "date", all = T)
write.csv(comp_all, "tNr processed data flagged 1 min.csv", row.names = F)

Table 4-S2. Average daytime and nighttime HONO (ppbv) in the kitchen, SD is standard
deviation

Daytime HONO Daytime HONO Nighttime Nighttime
Dates (ppb) SD (ppb) HONO (ppb) HONO SD (ppb)
8/27/2021 4.33 1.06 3.51 1.06
8/28/2021 3.05 1.50 3.33 1.85
8/29/2021 3.12 4.13 244 1.94
8/30/2021 2.09 2.02 1.83 1.43
8/31/2021 1.38 3.05 243 1.75
9/1/2021 1.25 1.31 3.89 3.81
9/2/2021 3.35 3.09 0.84 1.36
9/3/2021 1.85 2.39 241 0.95
9/4/2021 1.74 1.87 1.88 1.72
9/5/2021 1.77 1.86 1.19 0.80
9/6/2021 242 3.46 0.96 0.94
9/7/2021 3.17 3.15 5.33 1.30
9/8/2021 3.18 1.62 2.19 0.94
9/9/2021 2.66 1.66 1.92 0.92
9/10/2021 2.16 1.36 2.16 0.85
9/11/2021 2.08 1.06 2.31 1.11
9/12/2021 2.20 1.75 1.69 0.82
9/13/2021 3.23 2.13 2.48 0.81
9/14/2021 2.47 1.51 2.17 0.87
9/15/2021 2.07 1.22 2.55 0.91
9/16/2021 2.41 1.71 2.15 0.96
9/17/2021 3.00 1.66 3.51 1.06
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