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Environmental significance

Commercial kitchen operations produce a diverse
range of gas-phase reactive nitrogen speciest

Leigh R. Crilley, © 1 Jenna C. Ditto, & §>° Melodie Lao,? Zilin Zhou, © €P°
Jonathan P. D. Abbatt, © ¢ Arthur W. H. Chan @ ¢ and Trevor C. VandenBoer ( *2

Gas-phase reactive nitrogen species (N,) are important drivers of indoor air quality. Cooking and cleaning
are significant direct sources indoors, whose emissions will vary depending on activity and materials
used. Commercial kitchens experience regular high volumes of both cooking and cleaning, making them
ideal study locations for exploring emission factors from these sources. Here, we present a total N, (tN,)
budget and contributions of key species NO, NO,, acidic N, (primarily HONO) and basic N, (primarily
NHz) using novel instrumentation in a commercial kitchen over a two-week period. In general, highest
tN, was observed in the morning and driven compositionally by NO, indicative of cooking events in the
kitchen. The observed HONO and basic N, levels were unexpectedly stable throughout the day, despite
the dynamic and high air change rate in the kitchen. After summing the measured NO,, HONO and
Nrpbase fractions, there was on average 5 ppbv of N, unaccounted for, expected to be dominated by
neutral N, species. Using co-located measurements from a proton transfer reaction mass spectrometer
(PTR-MS), we propose the identities for these major N, species from cooking and cleaning that
contributed to N, pase and the neutral fraction of tN,. When focused specifically on cooking events in the
kitchen, a vast array of N-containing species was observed by the PTR-MS. Reproducibly, oxygenated N-
containing class ions (Ci_1oH3-2401-4N;_3), consistent with the known formulae of amides, were
observed during meat cooking and may be good cooking tracers. During cleaning, an unexpectedly high
level of chloramines was observed, with monochloramine dominating the profile, as emitted directly
from HOCI based cleaners or through surface reactions with reduced-N species. For many species
within the tN, budget, including HONO, acetonitrile and basic N, species, we observed stable levels day
and night despite the high air change rate during the day (>27 h™%). The stable levels for these species
point to large surface reservoirs which act as a significant indoor source, that will be transported
outdoors with ventilation.

Cooking and cleaning are significant sources of reactive nitrogen species, which are key drivers of the multiphase chemical processes that can lead to poor

indoor air quality. Here we present measurements in a commercial kitchen of the total gaseous budget of nitrogenous molecules and demonstrate that
a chemically diverse array of nitrogenous species make up about 10% of the total budget. Both cooking and cleaning were found to emit these complex mixtures,
while surface reservoirs have a dominant role in controlling their levels. Our observations show that emissions from both sources may be driving complex
multiphase chemistry indoors that extends beyond the criterion pollutants and can impact urban air quality.

1. Introduction

“Department of Chemistry, York University, Canada. E-mail: tvandenb@yorku.ca
*Department of Chemical Engineering and Applied Chemistry, University of Toronto,
Canada

‘Department of Chemistry, University of Toronto, Canada
t Electronic ~ supplementary information (ESI) available. See DOIL
https://doi.org/10.1039/d4em00491d

1 Current address: Atmospheric Services, WSP Australia, Brisbane.

§ Current address: Department of Energy, Environmental, and Chemical
Engineering, Washington University in St. Louis.

9§ Current address: Exposure and Biomonitoring Division, Environmental Health
Science and Research Bureau, Health Canada.

This journal is © The Royal Society of Chemistry 2025

Indoor air pollutants are produced, removed, and transformed
by many indoor processes including direct emissions, indoor—-
outdoor air exchange, multiphase chemistry, and surface
deposition.' Reactive nitrogen (N;) species, defined here as all
N-containing compounds except N, and N,0,*> are important
drivers of indoor air quality due to their chemical activity. Key
N, species include nitrogen oxides (NO, = NO + NO,), nitrous
acid (HONO), and ammonia (NH3), which are all known to have
detrimental health effects and can be present indoors at levels
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which exceed outdoor levels by several orders of magnitude.* As
people spend up to 90% of their time indoors, encompassing
time at home and work, a better understanding of the sources
and processes driving poor indoor air quality across a diverse
range of environments is required.

Cooking and cleaning are known to be significant direct
sources of N, indoors, whose emissions vary depending on the
activity type and materials used. Cooking with gas appliances
can result in very high direct emissions of NO, and HONO
(mixing ratios up to 400 and 100 parts per billion (ppbv),
respectively).>® These sources are especially pertinent in homes
that have low ventilation rates or are without a range hood.
Under these non-ideal conditions, in a few minutes of use,
a natural gas stove can increase NO, levels to exceed the 1 h
Canadian maximum residential exposure limit (90 ppbv).°
Transportation of NO, indoors is also possible if outdoor levels
are high.

The dominant loss of NO, from indoor environments can
vary, depending on the rate of air exchange. When ventilation is
sufficiently high it dominates the removal of NO, by transport to
the outdoors. The next most important loss is reactive uptake of
NO, onto indoor surfaces through which HONO will readily
form. This HONO can then build up in areas with low levels of
indoor lighting (in terms of photon flux and/or energy) and away
from windows that generate sunlit areas.’*"> While the mech-
anism for surface uptake of NO, is debated under typical
atmospheric NO, regimes, the reported association between
NO, and HONO driven by surface chemistry is strong. The best-
described heterogeneous mechanism remains NO, hydrolysis,
which proceeds through the formation of an N,0, intermediate,
ultimately forming HONO and nitric acid (HNO;) (R1)."

surface

2NO, + H,0 22 HONO + HNO; (R1)

The last indoor sink for NO, is through reaction with ozone
(O3). Loss of NO, has recently been shown for O; in domestic
settings where experimental additions have been
performed,®™® and the reaction is capable of forming the
ambient nocturnal pollutants NO3, N,0O5, and CINO,_ This has
been observed without O; addition being required in an athletic
facility impacted by polluted outdoor air."” Outside of these
unique situations, it is not yet clear the extent to which this
chemical sink for NO, prevails indoors, particularly in domestic
settings where the O; mixing ratio is known to be low.

Through the loss of NO,, an abundance of HONO is
produced, with studies consistently reporting stable indoor
mixing ratios on the order of a few ppbv,**** when point
sources are not also present. This observation has been
explained through theoretical models that use a surface reser-
voir for HONO,* drawing off recent evidence for such
outdoors.*®" More recently, a study by Wang et al.>® performed
ventilation experiments that observed HONO levels rapidly
decreasing with increased ventilation (e.g. opening doors and
windows), followed by a return to the original levels when the
ventilation was decreased to the initial state. These observations
are consistent with reversible equilibrium partitioning of
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HONO from a surface reservoir into the overlying air (R2). In
this work by Wang and co-workers, surface nitrite (NO, ") was
also found to be present on the surfaces of deployed glass
plates, providing clear evidence from the surface to support this
proposed partitioning behaviour.

HONO(g) =S HONO(Surf) - H(aq)+ + NOz(aq)7 (RZ)

As aresult, the equilibrium of HONO from a sufficiently large
surface reservoir should always obtain steady state levels under
any ventilation regime until the reservoir is depleted. The
capacity of such reservoirs, which depends on the effective pH
of the surface environment (shown for bulk aqueous exchange
in (R2)), and the controls on their dynamics remain open
questions.” In addition to production from NO,, other indoor
sources of HONO are all thought to be direct emissions and
include gas stoves, cigarettes or smoking of other materials, and
candles."”* Laboratory experiments have suggested other
secondary HONO production routes, such as photo-enhanced
reduction of NO, on window films containing PAHs,* but
remain unconstrained for their importance across indoor
environments more generally from field observations. Indoor
losses of HONO include ventilation, photolysis (R3), and
deposition/uptake to surfaces (R2). In all cases, these losses are
of concern because of the potential release of the hydroxyl
radical (OH) from HONO photolysis, where OH could initiate
oxidation chemistry in the presence of organic molecules to
form secondary pollutants like O; and respirable fine airborne
particles (PM, 5) indoors and outdoors.****

2 <405 nm

HONO + i “**"NO + OH (R3)

In addition to combustion products, cooking of protein rich
food is an important source of N-containing gases and particles
indoors, thought to be primarily formed via the reaction of
amino acids and cooking o0ils.”**” The specific nitrogenous
species emitted will vary depending on the fuel, cooking oil,
food/ingredients, style (e.g., frying, grilling, baking, etc.),
temperature, and ventilation.”® As such, the literature reports
a diverse range of gas- and particle-phase nitrogenous species
emitted during cooking, and includes NH;,*® amides,*® pyrazine
and pyridine derivatives,
heterocyclic nitrogen species, and isocyanic acid (HNCO).*>**
Overall, cooking is a source of a diverse range of N, species,
where the concentrations of individual compounds are typically
low**** and with unknown exposure impact, with the exception
of small highly reduced or oxidised N; species (e.g. NH3, NO).

Cleaning is another primary source of N, indoors. Elevated
levels of chloramines (NH,Cl, NHCIl, and NCl;) have been
observed indoors after use of chlorinated products, such as
bleach-based cleaners that contain HOCL.'7***” The levels of
chloramines produced during cleaning can be high, with esti-
mated upper limits of 60, 0.5, and 6.8 ppbv for NH,Cl, NHCl,
and NCl;, respectively,* which is concerning due to their well-
established toxicity. Cleaning is also a source of reduced N,
species, particularly when using ammonium hydroxide-based

3¢ nitrophenol and nitrobenzenes,**

cleaning products. Ampollini et al.*® demonstrated that using

This journal is © The Royal Society of Chemistry 2025
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an ammonium hydroxide cleaner before vinegar (or dilute
acetic acid)-based solution resulted in very high NH; emissions
(>1 ppmv), likely due to acid-base neutralisation on the surface.
These studies highlight that surface reactions between cleaning
products and/or other sorbed compounds can lead to the
release of toxic compounds like NH; and chloramines. In
addition, other N, species such as amines or HNCO that are not
traditionally measured may be important chemical actors for
indoor transformations.*” Therefore, a budget of total reactive
nitrogen is important to ascertain the key species contributing
to this chemical pool of species indoors, but one has yet to be
established.

Regular high volumes of cooking and cleaning are typical in
commercial kitchens (e.g. restaurants, catering, etc.) and as
such are excellent study locations to characterize emissions
from these two sources and their interactions,*® as the rate of
these activities is much higher than in residences, which have
already been identified for potential impacts on urban air
quality.** Commercial kitchens are chemically complex spaces
influenced by high ventilation rates and are potentially signifi-
cant sources of indoor and outdoor air pollutants, and yet they
are understudied, especially in relation to N, species. In our
companion paper,* we explored the indoor exposure and
outdoor air transport of cooking and cleaning-derived particu-
late matter, as well as the unexpected presence of cleaning-
derived chlorinated reaction products. The current work pres-
ents a time-resolved total gas-phase reactive nitrogen (tN,)
budget in a commercial kitchen, along with contributions from
the key species NO,, HONO and basic N; (e.g. NH; and amines)
to determine the extent that the budget can be closed. Using
supporting measurements from a co-located Vocus proton
transfer reaction mass spectrometer (PTR-MS), we seek to
identify key N, species from cooking and cleaning that
contribute to the behaviour of the basic fraction of tN,, as well
as the contributors to tN, that have not been previously speci-
ated; we consider this as a ‘missing’ fraction in the collective
knowledge of the indoor chemistry community. Finally, the role
of surfaces as reservoirs that control N, species capable of par-
titioning, such as HONO, NH3, acetonitrile, triethylamine, and
monochloramine among many other organic nitrogen-bearing
species, will be examined in this space which has long oper-
ated as a commercial kitchen where very large surface reservoirs
have developed over time.

2. Method
2.1 KOCENA campaign

Full details of the Kitchen Organic Carbon, Emissions,
Nitrogen, and Aerosol (KOCENA) campaign will be presented in
an overview paper reporting a wider range of observations.
Briefly, this study was performed in a commercial kitchen on
a university campus in Toronto, Canada from Sept 1-17, 2021.
The space is located partially below ground, without any exterior
windows to allow sunlight to penetrate in to it. Instead, it is
constantly illuminated by light emitting diode fixtures (LEDS).
During this sampling period, the kitchen activities ramped up
from being closed during lockdown to preparing meals to

This journal is © The Royal Society of Chemistry 2025
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support on average 300 transactions per day by mid-September,
alongside catered orders which could span a few to tens of
meals. The kitchen consisted of a large commercial cooking
space (henceforth called “main kitchen”), where meals were
prepared from the raw ingredients, and a customer-facing food
sales area, where meals were ordered, heated, and served.
Operating hours were between 8:00-22:00 local time, during
which both cooking and cleaning occurred according to health
and safety guidelines. Cooking in the main kitchen typically
began around 8:00 and concluded around 17:00 between
Monday and Friday, while the customer-facing area operated
daily. The bulk of cleaning began around 17:00 and continued
until closing at 22:00, but was an ongoing periodic activity
throughout the day as required by health and safety guidelines.
Food sales in the customer-facing area also continued until
closing at 22:00. Cooking times for meals or dishes prepared, or
cleaning conducted, in the main kitchen were recorded daily by
kitchen staff.

2.2 Instrumentation

All instruments were housed in a climate-controlled room and
sampled from a common inlet that was located near the highest
density of cooking appliances in the main kitchen. The
common inlet was 1/4 inch O.D. (0.64 c¢m) perfluoroalkoxy
alkane (PFA) tubing that was 6.6 m long and had a combined
total flow of 2.1 litres per minute. The tip of the inlet was
positioned to sample from the main cooking area, which
included equipment such as ovens, gas stoves, and dishwashers
in close proximity — approximately one to three metres away. A
polytetrafluoroethylene (PTFE) filter was installed at the
entrance of the inlet to prevent intrusion of particles.

2.2.1 tNr instrument description. This instrument, its
calibration, and quality control checks have been described in
detail by Crilley et al.** Briefly, it measures the gas-phase tN,
budget and the fractional contribution of key compound
classes. The instrument has one sample inlet, which is then
directed into one of two pathways, for NO, or tN, measurement,
in a programmed sequential manner. The NO, pathway
measures NO, or acidic species within tN; (N; ,.iq) via selective
scrubbing with a sodium carbonate (Na,CO3) coated annular
denuder, which is introduced to the gas flow using an actuated
solenoid valve. The N; ,iq fraction is comprised almost entirely
of HONO, the dominant gas-phase N; ,.q indoors*' and we
therefore refer to this measured fraction as HONO henceforth.

For the tN, pathway, air is directed to a custom-built Pt
catalytic oven held at 800 °C to convert all N, species to NO, and
it is referred to as the tN, oven from here onward. Basic species
within the tN, pathway (e.g., NH; and amines) are similarly
determined by selective scrubbing of the sample gas flow with
a phosphorous acid (H3;PO;) coated annular denuder prior to
the sample flow entering the tN, oven, which will be referred to
collectively as Ny pase. In all cases, NO, is the measured analyte -
as the final combustion product(s) - determined using
a commercially available Mo-catalyst chemiluminescent analy-
ser (Serinus 40, American Ecotech LLC, Warren, RI, USA).
Automated flow control of the 3-way solenoid valves was
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achieved with a LabJack microcontroller and custom LabView
program. Calibration, QA/QC, and maintenance activities are
provided in Section S1.1 of the ESI.

2.2.2 Vocus proton transfer reaction-mass spectrometry. A
Vocus 2R proton transfer reaction time of flight mass spec-
trometer (Aerodyne Research Inc., henceforth referred to as
PTR-MS) was used to measure the chemical composition of
volatile organic compounds (VOCs) in the gas phase during
KOCENA. Full details can be found in Ditto et al.* Briefly, the
PTR-MS sampled from the common inlet. The PTR-MS inlet
flow rate was 110 standard cubic centimetres per minute (sccm)
throughout the campaign, and the water vapor reagent flow was
maintained at 20 sccm. The ion source was operated at 2.2 mbar
in the focusing ion molecule reactor, with a reactor temperature
of 100 °C, and a discharge voltage of 430 V. The reduced electric
field was estimated to be 130 Td. The mass resolution of the
instrument was ~9000 at m/z 200. Only chemicals that were
directly calibrated for were converted from ion signal to mixing
ratio. Species without a direct calibration are discussed in terms
of their ion signal here; we did not apply approaches to estimate
their sensitivity in a non-targeted manner due to uncertainty in
their chemical structure. Throughout this manuscript, we
describe observations of strong ion signals and attribute
possible compound identifications where possible. However, we
acknowledge that multiple chemical structures may contribute
to the signal at any particular m/z (i.e., isomers and fragments of
higher molecular weight species). Identifications are provided
as examples of contributing species. Details of inlet consider-
ations on transfer delay, calibrations, and data processing are
provided in Section S1.2 of the ESL.{

2.2.3 Other supporting measurements. Supporting instru-
ments included an American Ecotech chemiluminescent NO,
(Mo-catalyst, EC9841), and UV-absorption O; analyzers (Serinus
10), passive samplers for gas-phase NH; and amines. Two
measurements of CO, and air change rate (ACR) were made: one
in the kitchen and the other from the exhaust duct in
a mechanical room housing the dedicated exhaust system for
the commercial kitchen. Additional details are provided in
Section S1.3 of the ESL.}

2.3 Data analysis

All data analysis was performed in R (3.6.3) using R studio.
Diurnal trends were calculated using the openair package.*> As
the PTR-MS measured at higher time resolution compared to
the tN; instrument, when calculating diurnal averages, we only
included PTR-MS measurements if there was a corresponding
tN; measurement at 1 minute resolution to avoid biasing the
mean diurnal trends for comparison. Furthermore, there
needed to be at least 25% of tN, data coverage within any given
one-hour period for it to be included in the calculated mean
diurnal trends.

2.3.1 Kitchen air change rate calculation. The maximum
rotation rate of the exhaust fan of 1750 rpm is equivalent to 25
000 cubic feet per minute (CFM) of ventilation flow. The
geometric main kitchen volume was determined to be 617 m* by
measurement of the dimensions of the walls around the
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perimeter and throughout the room. These three values were
then used to calculate the kitchen air change rate (eqn (1); ACR,
h™.

RPM 25 000CFM 60 min
ACR (h) = >~
C ( ) 1750RPM % total room volume m3 % h
o
3531 ft}
1)

2.3.2 Estimating the production rate of HONO from NO,. A
simple box model was constructed to explore the role of HONO
surface reservoirs in the commercial kitchen, including the
heterogeneous uptake of NO, as a source, and photolysis and
ventilation as sinks.*** The model terms were constrained by
the relevant observations and used to infer surface fluxes.****¢
The details of each term in the model are provided in detail in
Section S1.4 of the ESI.

3. Results and discussion

3.1 Measured tN, budget in a commercial kitchen

The time series of the tN; and its components (NO,, HONO and
N base) shows episodic peaks throughout the campaign. In
general, spikes in tN, were observed in the morning and were
driven by NO and NO,, indicating likely cooking events with gas
appliances in the kitchen. The short duration of these peaks
results from the kitchen ventilation system rapidly removing
the emissions.*® Outside of these peaks, the measured tN; levels
were generally constant over time (Fig. 1). The mean diurnal
trends in tN, also indicate that levels peaked during the
morning (6-10 am) and were relatively stable outside of these
times (Fig. 2). Overall, the largest single contributor to the tN,
budget was NO, (Fig. 2C), followed by N; pase species, NO, then
HONO. While the instrument measures the acidic fraction of
indoor air (N; aciq), this is present dominantly as HONO since
prior reports on HNOj; in indoor air have found very low
levels.*:®

The average contributions of measured tN, fractions were
fairly consistent between day and night, in the absence of
cooking (10 pm to 6 am, Fig. 2B) and when cooking occurred (9
am to 8 pm; Fig. 2C). The clear exception was NO, which
accounted for a larger fraction of the tN, during the day (11%,
Fig. 2C), consistent with emissions from gas stove combustion
during cooking.>*®* The observed increase in NO around the
typical start of staff-logged cooking activities (6-7 am) was
driven in part by intrusion of polluted outdoor air during the
start-up period for the ventilation system (Fig. S21). The HONO
and N pase levels were unexpectedly stable throughout the day
(Fig. 2), despite the dynamic and high ACR in the kitchen. This
is not driven by inlet effects, as the inlet was shared by the PTR-
MS which observed rapid increases and decreases of many polar
and oxygenated species related to both cooking and cleaning,
and others that demonstrated similar stability.* These HONO
and N; p,se Observations point to a significant surface reservoir
that has rapid air-surface partitioning®® and we explore this in
more detail below (Sections 3.3.1 and 3.3.5). After summing the

This journal is © The Royal Society of Chemistry 2025
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09/09/2021 11/09/2021 13/09/2021 15/09/2021 17/09/2021

— N,
—NO

07/09/2021 09/09/2021 11/09/2021 13/09/2021 15/09/2021 17/09/2021

Fig.1 Time series of (top) the fractions of HONO (yellow) and tN, nase (green) and (bottom) measured mixing ratios of tNr (black), NO (blue), and
NO, (orange) at a 1 minute time resolution over the whole campaign. Large tick marks denote midnight of each observation day and small ticks

mark noon.

measured NO,, HONO and N, p,s fractions, there was on
average 5 ppbv of N, unaccounted for (Fig. 2). This missing
fraction of N, (grey shading in Fig. 2) is expected to be domi-
nated by neutral N, species based on the sampling strategy of
the instrument and is explored further via the PTR-MS data in
the sections that follow.

3.1.2 Contributions to the basic N, (N;pase) fraction.
Ammonia and amines are quantitively converted to NO, in the
tN; oven.”* They have been previously shown to be emitted
during cooking,* and therefore ammonia (NH;) is expected to
be the major component of the N, 5. fraction. Due to the more
limited nature of indoor amine measurements, we explore this
in more detail and refer to this fraction as Ny, pase from here on.
Co-located measurements of NH; by citric-acid coated passive
samplers typically agreed within uncertainty with the mean

N base levels during the same period (5.7 & 0.3 and 6.5 & 3.5
ppbv for passive sampler and tN, instrument, respectively*'),
consistent with the perspective that NH; comprised the
majority of the N pase. The dominance of NH; is perhaps not
surprising as there are many sources in a kitchen, such as
cooking of meats as well as cleaning solutions and their reac-
tion products on surfaces.” From Fig. 3, the N pas. level was
nearly constant at night (5.8 & 0.4 ppbv) and increased with the
start of cooking in the morning, consistent with a source(s)
related to kitchen activities that would include cooking and
cleaning and/or an increase in temperature driving an increase
in the extent of thermodynamic equilibrium partitioning from
the surfaces. Increases in temperature of 3 to 6 °C from
a consistent nighttime temperature of 26 °C were observed
throughout the campaign. The resulting stable N; p,se levels of

40 — w— N,

7 Neutral N,
= Nr,base 1 HONO

m NO, m NO
4.5%

30
——~
>
g 18.4%
£ % 21.9%
—
P
-

10

0

0 5 10 15 20 23.6%
Hour of day

Fig.2 (A) Mean cumulative diurnal trends of measured tN, and key species quantified by the tN, instrument over the whole campaign. Pie charts
present the average gaseous N, budget (B) when operations and occupancy ceased at night (10 pm to 6 am) and (C) during daytime occupancy

when cooking was active (9 am to 8 pm).
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Fig. 3 Mean diurnal trends of measured N, pase and N, neutral Measured by tN, instrument along with NH,Cl measured by the PTR-MS. The range
of PTR-MS sensitives provides an estimate of upper and lower limits for NH,Cl mixing ratios as outlined in Ditto et al.*°

6-8 ppbv (Fig. 3), despite the high ACR and this modest
temperature increase during the day, also points to a significant
surface reservoir for this fraction of the tN, budget and suggests
it is not particularly sensitive to temperature changes under
these conditions (see Section 3.3.5).

A vast number of N-containing ions was detected by PTR-MS
(see Section 3.2) but here we focus on the basic N, species class
of amines for which the PTR-MS was calibrated using standards
of known concentration, namely triethylamine (TEA) and
monochloramine (NH,Cl). Amides, while having known cook-
ing sources,”® are not expected to be captured by the H;PO;
denuder as they are typically very weak bases or even very weak
acids. As a strong base that is also volatile, TEA has previously
been found to be emitted during fish cooking,**** some
instances of which occurred during the measurement period for
this campaign. The ambient levels were below the co-deployed
passive sampler detection limits for TEA (LOD = 2.59 ppbv for
5 days of collection®?), while the PTR-MS detected it at levels
above its detection limits (on average 25 pptv), with a more
detailed discussion on these differences in Section S1.5.}

A major nitrogen-containing compound detected by PTR-MS
was monochloramine, NH,Cl, primarily observed in the after-
noon at ppbv levels and in the low pptv range outside of these
times (Fig. 3). In the companion paper to this work, cleaning
was demonstrated to be the likely source of NH,Cl at this time*°
consistent with previous reports.** Calibration of PTR-MS for
NH,CI has proven problematic'”***¢ and in the current work we
present sensitivities for NH,Cl using different approaches, as
outlined in Ditto et al.*’ Briefly, the sensitivity was determined
experimentally,® theoretically,” and also constrained to
measured N, v, levels, in order give a range of possible values
(Fig. 3). The three approaches agreed to within a factor of 2, thus
the true NH,Cl mixing ratio likely lies within this range.
However, this also suggests that NH,Cl would have accounted

1522 | Environ. Sci.. Processes Impacts, 2025, 27, 1517-1534

for a significant fraction of the N;pase (42-88%) during the
afternoon when levels peaked despite our knowledge that the
NH; levels agreed well through the independent verification by
passive samplers, but which do not provide time-resolved
insight.

Our calculation assumes that NH,Cl was quantitively con-
verted to NO, in the tN, oven and/or scrubbed with the H;PO;
denuder. These have not been experimentally determined to be
true due to the difficulty in generating stable gas-phase levels of
NH,CL*** This assumption may not be valid, at least for
complete (i.e. 100%) conversion or scrubbing of NH,Cl, as we
did not observe a notable increase in N, s during the after-
noon when NH,CI levels peaked for extended periods of time
(Fig. 3). While the estimated range of NH,Cl levels were
generally within the total amount of measured N pase (Fig. 3), it
seems unlikely that NH,CI would account for the vast majority
N base in the afternoon. For this to be true, the levels of other
N, base Species (e.g. NH;) would have had to correspondingly
decrease, which is unlikely as NH; is emitted during cleaning,*
and cooking was still occurring at this time. Fig. S31 demon-
strates that when there was a peak in NH,Cl (up to 80 ppbv,
9:25-9:45 pm), the measured tN,, and the N; heueral fraction in
particular (Fig. 2), did increase relative to previous or later
measurements when NH,Cl was notably lower. The magnitude
of the missing fraction in Ny peutrar (Fig. 3, black line) would
suggest that the tN; instrument is responding to NH,ClI because
it is passing through the H;PO; denuder either entirely or in
part. This is possible, as these molecules are less polarizable
and weaker bases than NH; Similarly, NH,Cl is less likely to
adsorb or ionize on surfaces conditioned with atmospheric
water vapour and be less subject to inlet effects compared to
NH;, which transfers readily from our instrument character-
ization.** The conversion efficiency of NH,ClI in the catalytic
oven should be substantial, based on the oven being
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characterized to do this to alkylamines, but whether the
conversion is quantitative is not currently known. Comparing
the magnitude of our estimated mixing ratios of NH,Cl to the
PTR-MS theoretical calibration factor, a lower limit, there is
good agreement (3-4 ppbv) and some consistent features in the
time trends. At the experimental calibration factor limit,
however, a substantial disagreement emerges (4-8 ppbv differ-
ence). The observed high levels of NH,Cl in this study were
a surprise and future work will seek to improve the tN; instru-
ment performance with respect to chloramines, as these are
increasingly being recognized as compounds of interest in both
indoor and outdoor environments.'”**3*¢>* These improvements
would likely be by increasing the combustion temperature to
825 °C or greater, in line with our related work on total chlorine
detection.>

3.1.3 Contribution of neutral species to the tN, budget. A
notable fraction of the commercial kitchen tN; budget was not
accounted for by NO,, HONO or N; p,s. during both in-use and
idle periods (ca. 16%, 5 ppbv; Fig. 2). The co-located PTR-MS
was calibrated for a number of N containing ions that would
not have been part of either the acidic or basic fractions of the
tN, and included C,H;N' (calibrated with acetonitrile),
C3;H,NO" (calibrated with propionamide), C,;Hs;N" (calibrated
with pyrrole), CsH;N" (calibrated with acrylonitrile).?® Acetoni-
trile has multiple indoor sources including cooking, combus-
tion, and tobacco smoke, where the latter is banned from public
indoor spaces in Canada.’****”*® Propionamide, pyrrole and
acrylonitrile are known to be emitted by cooking,**® and
pyrrole has been identified in a suite of volatile molecules
measured in coffee aroma.*® The quantities of these neutral N-
containing species were therefore included in our mass
balance to see the extent to which they close the tN; budget
(Fig. 4). Acetonitrile accounted for roughly a quarter of the
missing neutral fraction of tN,, with mean levels of 1.1 ppbv,

View Article Online

Environmental Science: Processes & Impacts

representing 4% of the overall mean tN,. This was followed by
propionamide (mean of 0.72 ppbv, 2.5% of the tN,). The other
two calibrated N-species, pyrrole and acrylonitrile combined for
<0.5% of mean tN,. The higher contributions from acetonitrile
likely reflect the intense cooking in this space,* with higher
levels observed here during the day when cooking was occurring
in the kitchen (Fig. S47). The observed levels of acetonitrile may
also reflect contributions from other sources, such as third
hand tobacco smoke or a surface reservoir and is explored in
more detail below (Section 3.3).

It is important to note that the levels reported in the previous
paragraph are mean diurnal levels over the whole campaign,
and the contributions from N-containing species during cook-
ing events may be higher,* which is explored in detail in the
next section. Overall, with the addition of these four neutral N-
containing species, roughly 3 ppbv of the tN; was still unac-
counted for by mass balance, with the variability in mean tN;
levels on the order of +4 ppbv. Therefore, much of the missing
fraction could reside within the tN, instrument uncertainty
(20%, (ref. 41)), yet 3 ppbv is also not a negligible amount. We
suggest that this points to contributions from other N-
containing species that were detected, but that the PTR-MS
was not directly calibrated for. One such species could be iso-
cyanic acid (HNCO), shown in recent work to be present in the
ppbv range after cooking and cleaning activities in a house.*

3.2 Cooking and cleaning as a source of multiple gas-phase
N-containing species

3.2.1 Observed cooking plumes in the kitchen. The tN,
instrument time resolution prevents it from detecting peaks
related to cooking emission that are rapidly ventilated, or at
a minimum, they were not captured fully. Cooking analyte
peaks, like NO measured by the second supporting analyzer,
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(A) Cumulative mean diurnal trends of quantified tN, and sub-species along with calibrated N-containing ions thought to arise from

neutral molecules detected by PTR-MS. Pie charts represent the average gaseous N, budget (B) at night when operations ceased (10 pm to 6 am),

and (C) during occupation for daytime cooking (9 am to 8 pm).
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were observed to typically last for a shorter time than our 20
minute duty cycle. In this section, we focus on the PTR-MS
dataset to explore cooking emissions of N-containing ions,
and therefore are excluding NO,, HONO and NH; emissions. In
this section, an adapted plume analysis was used to explore the
chemical composition of cooking related emissions, outlined in
detail previously.*® Briefly, a cooking plume/event was identified
when at least three of the five selected cooking tracers increased
simultaneously above background levels: acrolein, methanol,
sum of BTEX (benzene, toluene, ethylbenzene and xylenes),
CO,, and/or NO. This approach quantified cooking emissions
above the observed backgrounds and gives insight to the
complexity of emissions resulting from the high levels of
activity/cooking in the kitchen. The full approach is discussed
in detail in Ditto et al.*

3.2.2 Nitrogen containing ion classes observed during
cooking. The relative contributions of each class of nitrogen-
containing compounds varied across different events. During
the chemically identified cooking events, the main class of
nitrogen-containing ions detected across all the events was C,_
10H3-23N13 (31%, Fig. 5). Apart from this, there appeared to be
two broad groups, where some events were dominated by C;_
sH, 10No-1Cl;_, ions, while others were characterized by higher
levels of C,_10H3-53N;_3 and/or Cy_1,H; 2,0,_4N;_3 ions. From
Fig. 5, events that were characterized by higher levels of C,_
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10H3-23N;_3 and/or C;_1,H3 »,0,4N;_; class ions were generally
observed during the typical cooking periods for the main
kitchen (8 am to 3 pm), as might be expected. The largest class
of N-containing ions was amines or other reduced nitrogen
species (C,-10H3-23N;-3) and all the cooking events identified in
Fig. 5 had notable contributions from ions in this class. Overall,
35% of detected ions with an assigned molecular formula were
N-containing (108 out of 308 in total) with the rest containing
other combinations of carbon, hydrogen, and oxygen atoms,
with smaller contributions from sulfur, chlorine, and silicon.
Many of the major ions in the C,_1oH3 »3N;_3 and C;_1,H3z 5,04
4N;_3 classes are likely unsaturated or cyclic compounds. For
reduced nitrogen species, some of the top ions detected
included the calibrated neutral N, species identified earlier;
acetonitrile, pyrrole and acrylonitrile (C,H;NH", C;H;NH" and
C3;H;NH', respectively), which have known cooking sources®
and combustion sources®* and are unsaturated compounds. We
note that the ion signals shown in Fig. 5 are influenced by their
ionization efficiency by proton transfer, but we show them here
to highlight the diversity of species observed and their overall
trends during cooking events.

The time series of these ions revealed episodic peaks and
higher levels during the morning to early afternoon (Fig. S4 and
S51), consistent with a period of expected cooking-related
emissions in the kitchen and outdoor surveys conducted on
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Fig. 5 (A) Nitrogen containing ion signal fractionation for each of 68 distinct cooking events throughout the sampling campaign. (B) Nitrogen

specific and associated heteroatom signal groupings. We note that the data shown in (B) is the same as the data shown in (A), but further broken
down by the number of N and O atoms to describe the formulas in additional detail. A description of the cooking events is available in Ditto et al.*°
The pie charts illustrate the average ion class distribution across all events. In panel B, i and z subscripts are used to reflect the number of N atoms
being >1 and the number of O atoms being >3, respectively. For comparison with the tN, data, we also included the daytime pie chart from Fig. 2C
here, to illustrate the further chemical speciation of neutral N, segment that we explored here with the PTR-MS during cooking events.
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commercial kitchen plumes.*® Other uncalibrated amine ions
consistently detected at high levels with similar temporal and
diurnal trends were possible cyclic amines CsH;NH' (suggested
to be pyridine, Fig. S61) and CeHgN,H" (suggested to be alkyl-
pyrazine, Fig. S71). Pyridine is known to be emitted during meat
roasting,*® while alkylpyrazine has been associated with the
aroma of foods, including coffee®* and baked potato.®® The
observations of these ions combined with the observed
temporal patterns, points to a cooking-related source for
CsHsNH' and CgHgN,H'. Cooking was not the only likely source
of ions in the C,_;oH;_,3N;_; class, with the ion C;HoNH" having
very similar diurnal trends to NH,CIH" (Fig. S81) which points
to cleaning as another source of this nitrogenous ion (Section
3.2.4).

3.2.3 Meat cooking as a source of nitrogen containing ions.
Closer inspection revealed that events dominated by C;_1,H;_
24014N; 3 ions (e.g. events 26, 34, 45, 51 and 66) occurred
generally during times when meat dishes were logged as being
cooked in the main kitchen. Cooking event 66, which had the
highest contribution from oxygenated N-containing ions,
occurred when tagine, butter chicken and lentil dishes were
logged. This event was dominated by the C4HgN,O;H" ion,
which could be attributed to the amino acid asparagine, which
is enriched in meat and legumes, and therefore these may have
been the source. A possible fragment of asparagine, with ion
formula C,;H;NO,H" (i.e., asparagine after the loss of water and
ammonia) was also observed with lower signal; this ion was
observed prominently in laboratory experiments where pure
asparagine was heated in cooking oil and volatile products were
measured with this same PTR-MS.?® In laboratory experiments,
signal was dominated by this fragment and asparagine itself
volatilized very little, whereas in these field measurements,
C4HgN,O;H" (possibly asparagine) has significantly greater
signal than its fragment. It is unclear whether this fragment was
formed due to thermal decomposition of the asparagine
precursor,® the PTR-MS ionization region, or a combination of
both. However, the increased prevalence of the parent ion in
field measurements could suggest cooking conditions that
allowed for its volatilization more readily without in-field frag-
mentation, such as reduced cooking temperatures relative to
lab experiments.

These dishes were also cooked at other times (e.g. events 27,
32 and 58 for butter chicken, tagine and lentils, respectively)
and while these events also had high contributions from C;_
12H3 2401 4N;_; ions and specifically C;HgN,O;H" (Fig. 5A), the
levels were not as high and may be because of the location of
preparation or the procedure used (e.g. extent of covering,
duration, maximum temperature, etc.). Other cooking related
ions were observed in the C;_;Hs_,,N;_3S; ions class, which only
accounted for a small fraction (1%, Fig. 5) of nitrogen con-
taining ions detected across all the events. The major ion in this
class was possibly a thiozoline (CsHgN,OSH"), previously asso-
ciated with meat aromas® and could originate from a cooking-
related source.

As cooking is demonstrated here to be a likely major source
of the C,_,0H3_53N;_3 and C;_1,H3_,4,0,_4N;_; classes of ions, we
compared the ions detected during selected cooking events with

This journal is © The Royal Society of Chemistry 2025
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those emitted during a controlled laboratory study that simu-
lated cooking processes by heating amino acids with triglycer-
ides (cooking oil).?® During this work, Ditto et al.*® observed that
the reactions between thermal degradation products of triglyc-
erides and amino acids (forming NH; upon heating) resulted in
the emissions of numerous amides. Fig. S101 demonstrates that
there was 15% overlap with ions from simulated cooking
emissions and a preparation of chicken, salmon, and vegetable
in the kitchen cooking logs. A similar comparison showed this
overlap rose to 30% for a pork and vegetable cooking event
(Fig. S9f). Some of the major N-containing ions that were
observed to overlap were C,H;NH" (acetonitrile) and C4H,N;H"
as well as oxygenated N-containing ions such as CH;NOH',
suggesting that meat cooking is a source of molecules that are
precursors to these ions. The oxygenated N-containing ions
observed in both studies, such as CH;NOH' were probably
amides, which are known to be toxic.”® We cannot definitively
assign these ions to amides from these field measurements, as
structures cannot be unambiguously ascertained by PTR-MS.
Interestingly, many N-containing ions in this class designa-
tion (85 and 70%, by ion intensity; Fig. S9 and S101) were not
observed to overlap with the simulated meat cooking emissions
study,”® suggesting that cooking related sources of this
compound class are highly variable under realistic conditions
where many protein sources and combinations of oils may be
used simultaneously, similar to the observations reported by
Coggon et al. in Las Vegas.®® This highlights the complexity of N,
species emitted by cooking, as the vast majority were not
emitted during the controlled lab experiments of meat cooking
in heated oil, which could be one major cooking source of
amides.*®”®

The complexity of cooking emissions in the kitchen, due to
the mixture of two different cooking areas, combinations of
different ingredients, overlapping preparations, and potentially
different procedures and appliances being used on any given
day, makes it challenging to isolate useful tracer ions for
a particular dish or even a single form of food. In general,
oxygenated N-containing class ions (Cy_15,H3z 2401 4N; 3),
consistent with the known formulae of amides or combinations
of reduced nitrogen groups (e.g., amines) with oxygenated
groups, appear to be good tracers for meat cooking although
identifying all tracer ions was not possible and could be the
focus of future targeted research under controlled lab
conditions.

3.2.4 Cleaning as source of chloramines. Many of the top
N-containing ions measured by the PTR-MS were chlorinated
(Fig. 5B), accounting for around 35% of all nitrogen-containing
ions during the selected distinct events (Fig. 5A). Closer
inspection revealed that events with high proportions of C;_sH,_
10No_1Cly_, ions (e.g. events 11, 12, 19, 24, 29, 63, 67 and 68)
typically occurred in the afternoon (after 4 pm) when both
cleaning and, to a lesser extent cooking, were occurring in the
kitchen. In this ion class, NH,CIH" had the highest signal
intensity and was attributed to monochloramine.

The levels of NH,CIH' maximized in the afternoon (Fig. 3)
and in our companion paper,*® where cleaning emissions were
determined to be the dominant source of this species.
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Specifically, the use of cleaning products containing sodium
hypochlorite in the kitchen were likely primary drivers, either
through direct emissions®” or via surface reactions with N-
containing compounds such as amines (e.g. ammonium salts,
long chain alkyl amines, monoethanolamine) that were also
present on surfaces or in other cleaning solutions. In contrast to
previous reports of bleach cleaning in a residential house,***”
we did not observe elevated ion counts that could be assigned to
NHCIL,H" or NCI;H" by PTR-MS during cleaning activities in the
kitchen.*® This was likely due to the inability of this PTR to
detect these compounds with more chlorine atoms.** Regard-
less, our observed NH,CIH' during cleaning is similar to
a recent report from indoor sports centres®*® and may reflect the
prevalence of substantial cleaning emissions of this molecule
from large-scale/commercial environments compared to
domestic settings. Other prominent chlorinated N-bearing ions
with greater hydrocarbon character were readily observed and
included CsH,,CINH", C;HcCINH", C,H,CINH" and CH,CINH",
which are thought to originate from unique parent compounds
(i.e. not as a result of fragmentation in the PTR-MS*’). The C;_
sH, 1oCINH" ion series were likely N-chloraldimines, which are
formed from the reaction of HOCI and amino acids on
surfaces.®® Since amino acids are expected to be ubiquitous on
kitchen work surfaces from food material transfer as a source,
the observed ions for these reaction products would be ever-
present due to the stringent cleaning procedures to maintain
health and safety in a commercial kitchen work environment.

3.3 Surfaces are significant reservoirs of N, in the kitchen

3.3.1 Reservoirs and partitioning fluxes of nitrous acid
(HONO). Throughout the measurement period, mixing ratios of
HONO had stable background levels with an average of 2.4 + 2.0
(10) ppbv, (Fig. S117) in the absence of direct emissions from
cooking (Fig. 1, Section 3.2.1). Average daytime and nighttime
levels of HONO were similar at 2.5 £+ 2.1 and 2.4 £+ 1.3 ppby,
which was surprising since ACR was measured to be 27.2
changes per hour, on average, when the kitchen was in use, and
was likely between 1.0 to 0.1 h™"' from natural air infiltration
processes when operations were ceased and all active building
ventilation was off, respectively. These values span a typical
range reported for residences and we assume the same applies
to most modern building envelopes.” We were unable to find
reports of infiltration rates for commercial spaces with inactive
ventilation. Given that the space had been unused for over
a year prior to our measurements, we expected these pollutant
levels to be at a minimum at the start of the campaign,
increasing as the activities in the kitchen ramped up in duration
and intensity over the observation period, similar to HONO
accumulation following a Thanksgiving dinner prepared during
the HOMEChem campaign.*® Since this was not the case, the
similarity between daytime and nighttime averages therefore
points to gas-phase HONO being in equilibrium with a very
large reservoir present on the surfaces in the kitchen and
throughout any hidden spaces (e.g. above drop ceilings, in
porous materials, air supply ducts, etc.®!).
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A well-recognized precursor to HONO in any environment is
NO,, so the interplay of these two species was explored first.
Heterogeneous surface uptake is expected to be an important
loss process of indoor NO, as these environments have high
surface area to volume ratios (S/V), with a lower limit value of 3.2
m~ " calculated for this commercial kitchen, ignoring the
surfaces provided by appliances, shelving and materials
thereon, as well as their porosity.”»”>7* Outdoors, the conver-
sion of NO, to HONO on surfaces has been implied through the
ratio of HONO/NO, relative to NO, emitted directly from vehicle
combustion (HONO/NO, = 0.5-2%).”>7® Indoors, in the absence
of a direct HONO source, it can be used similarly to infer the
potential for this heterogeneous NO, chemistry as a source of
HONO.” Here, the background HONO/NO, ratio in the absence
of direct sources of either molecule in the kitchen was on
average 0.19 £ 0.03, with little diurnal variation observed,
despite the difference in ACR during operating hours and at
night. The consistently high HONO/NO, therefore points to
heterogeneous reactions on surfaces acting as an source of gas
phase and reservoir HONO.* This ratio is also lower than that
reported for direct HONO emissions from gas stoves, which
have found ranges of HONO/NO, spanning 0.5 to 1.0 depending
on the duration of gas stove operation, with 1.0 being the most
commonly observed.** Therefore, if cooking emissions were not
rapidly ventilated, it might be reasonable to expect that HONO
was deposited to surfaces in addition to the heterogeneous
reaction of NO,, prior to the upgraded HVAC being installed in
this space a few years prior to this study.

3.3.2 Surface reservoir for NO,. Like HONO, the NO, mix-
ing ratios were unexpectedly constant and elevated in the
kitchen throughout the campaign (13 + 2.3 ppbv, 10), as
measured by both NO, analyzers. These were in contrast to the
lower mixing ratios with typical diurnal traffic patterns in NO,
observed outdoors (1-34 ppbv; 6.3 £ 4.7 ppbv, 10; Fig. S271) from
a local air quality monitoring station. Outdoor mixing ratios
were similar to those indoors on mornings when local highway
and direct emissions were present but typically lower by several
ppbv compared to the indoor amounts (Fig. S21). When outdoor
pollution was brought indoors, the mixing ratio of NO,
increased on top of the stable background of 13 ppbv (Fig. S21).
The standalone NO, analyzer also did not observe NO, persist-
ing in the kitchen from point sources such as the gas stoves, as
spikes during known cooking times were rapidly ventilated (<7
minutes; Fig. 1 and S1}). In the case of directly emitted NO
being transformed, there was insufficient time for substantial
NO, formation from reaction with O; due to this same rapid
ventilation during in-use periods of the kitchen. Therefore, this
suggests that the kitchen surfaces also act as a reservoir for NO,,
consistent with recent reports from a test house' and an in-use
residence® demonstrating similar findings. In this commercial
kitchen, the space experienced lower rates of ventilation in the
past so the reservoir may have accumulated substantially in
prior years leading to the higher levels observed here compared
to the two home studies. With the more recent installation of
the current ventilation system, there may be a slow reversal of
this process for both HONO and NO, but such a trend did not
present itself during this 3 week observation period.
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3.3.3 Chemical box model of known HONO sources and
sinks. To obtain a better understanding of the relative role of
surface exchange of HONO, a simple chemical model was con-
structed with the known processes that influence the temporal
behaviour of HONO in the kitchen (eqn (6); Section S1.4). From
measured plumes of NO, during cooking, alongside the
measured ACR values, an upper limit of the reactive uptake
coefficient (yno,; eqn (2)) was constrained for the dispropor-
tionation reaction that generates HONO. A yyo, of 3.8 &+ 2.4 x
107" was calculated from the observed Kyem no, Of 26 + 16 h™*
calculated from the six events where NO, decay was faster than
the measured ACR (Fig. S1t). In former indoor work that con-
strained surface uptake values using NO, decay rates, the full
range of potential loss rates was easier to determine because
ACR was much lower at 0.5 + 0.1 h™",*3%° which is a typical rate
for homes,” and similar to the assumed rate in this commercial
kitchen at night when the forced air ventilation was off and
operations ceased. Given the highly ventilated conditions
during working hours, yxo, less than 1.4 x 10~° would not be
possible to observe and would represent the upper limit for the
remaining 17 observed NO, plumes during cooking. It is
therefore instructive to compare this same chemistry against
values reported for a range of other surfaces to establish likely
boundaries and a best estimate to represent this chemistry in
a model framework (Section S2; Table S21). These include
a residential kitchen where yno, was 1-2.3 x 107°, or from lab
studies on a wide range of environmentally-relevant substrates
where yno, ranges from 1 x 107 ° to 1 x 10~ > 275808

Competing with the heterogeneous surface source of HONO
(Fig. 6, top) are losses by air exchange and photolysis (Fig. 6,
middle). The measured spectral irradiance in this space, despite
lighting being on 24 hours per day, 7 days per week, was
generated from LEDs overhead in place of traditional fluores-
cent tubes,* where the new lighting (2 > 405 nm) did not
provide photons with high enough energy to facilitate mean-
ingful photolytic loss of HONO. As a result, the majority of
HONO loss within the kitchen was driven by ventilation to the
outdoor environment, which was then rapidly replaced from the
surface reservoir on the timescale of our observations (~1-5
min). From this simple box model, the predicted HONO was
found to be substantially lower than the measured HONO and
generally followed the same trends, but inverted in sign, due to
the strong impact of the ventilation on the fate of molecules in
this space (Fig. 6, bottom). Additional sources of HONO are
required to reconcile the difference between the model and
observations and was true for both boundary condition
scenarios for this model (Table S2+).

Comparing the measurements to the production of HONO
from NO, in the model, outdoor to indoor transport could
partially reconcile the observations (Section S2.1}), but the
discrepancy persists throughout the day regardless of whether
the ventilation is active (Fig. 6). As a result, we conclude that
outdoor HONO transported indoors was unlikely to have played
a substantial part in the overall temporal dynamics or magni-
tude of HONO in this space, but it may contribute in the
morning when the probability was highest. Similarly, due to the
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low energy LED lighting and absence of windows, we are able to
rule out photochemical contributions. Overall, comparing the
predicted production rate of HONO and the measured values
confirms that, throughout all hours, HONO in the commercial
kitchen is overwhelmingly produced by release from a surface
reservoir, followed by heterogeneous uptake of NO, (Fig. 6).
Even when the ACR is high, the indoor HONO concentration
remains constant despite being removed in abundance
(Fig. S12-514), such that the high rate of transfer is most likely
explained by sustained surface emissions. With all seven days
showing the same trends in Fig. 6, it is not surprising to find
a dynamic situation from the measured to predicted ratio for
HONO chemistry in this space. This is because the cooking
activities and ACR were similarly dynamic. The overall diurnal
campaign averages provide broader insight into the general
drivers of HONO chemistry in this busy indoor space (Fig. 7).
From this, we consider the relative roles of NO, and surfaces in
the two disparate daytime and nighttime ACR regimes in more
detail to investigate their dynamics.

3.3.4 Boundary cases for surface chemistry for HONO and
NO,. At night when the HVAC system is off and the kitchen is
considered unventilated, the situation is simple, as the pre-
dicted HONO from the measured NO, uptake was insufficient to
explain the observed levels (Fig. 7). This strongly suggests
surface emissions dominate HONO production. The predicted
HONO levels are never higher in the model compared to the
observations, for any scenario (Table S2}), so there are no times
when the surface reservoir is being recharged by deposition
(Fig. 7). The production of HONO from NO, was, on average, 5%
of that calculated from surface fluxes to maintain HONO in our
best estimate model, and 53% when using the highest conver-
sion rate for NO, and lowest ACRjgn¢ values. During the day, the
predicted HONO values become strongly negative, as the ACR
losses are capable of completely ventilating the volume of the
kitchen more than ten times in a given hour. The difference
between predicted and measured HONO concentrations at
these times ranges from about 6 x 10" to 1 x 10"" molecules
cm? (Fig. 7 and S$12-S141) which is equivalent to mixing ratios
of 2.5 to 4 ppbv of HONO present in the room air. Therefore,
this corresponds to the entirety of the observed mean HONO
levels which implies that the surface source is always the most
important HONO production mechanism, exceeding NO,
hydrolysis by a factor of 50 or more during the operating hours
of this commercial kitchen (Fig. 7). Recall that we also observed
the impact of direct cooking emissions to be short-lived under
the modern HVAC operations in this space (see above).

A mean surface emission flux of 7.4 x 10° molecules cm™
s ' exists during the high ACR operating hours (8 am to 10 pm).
In comparison both Wang et al.** and Collins et al.* observed
fluxes in the range of 2.2 to 2.9 x 10” molecules cm > s~ for
ACRs from 0.0 to 1.0 h™" during rapid ventilation experiments,
where time constants to recover from the perturbation were
used to determine HONO fluxes. Our fluxes, to maintain similar
indoor HONO mixing ratios, are 20 times larger or more,
consistent with the potentially higher surface loadings, S/V and/
or porosity of the kitchen materials in which a reservoir has
been built up historically with low ventilation, and/or the
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Fig. 6 Mean diurnal predicted HONO levels calculated from production by NO, uptake on surfaces (top) and loss by photolysis and ventilation
(middle) compared to measured HONO by day of week (bottom), using a yno, of 2 x 10~®and a nighttime ACR of 0.5 h™%. The shaded areas
represent the 95% confidence interval of the mean. Ventilation dominates the fate of HONO leading to predicted concentrations lower than

measured, implicating the presence of additional sources.

observed higher NO, reactivity. Overall, residential and
commercial kitchen space controls over HONO mixing ratios
are similar in mechanism but occurring at a larger magnitude
in this commercial space with a potential legacy of less well-
ventilated operation conditions to facilitate large persistent
pollutant reservoirs. The limited information on air infiltration

1528 | Environ. Sci.. Processes Impacts, 2025, 27, 1517-1534

rates in commercial buildings, as well as the uncertainty in the
conversion of NO, on the heavily impacted kitchen surfaces,
can lead to outcomes that are somewhat different from those
depicted from our best estimates discussed here (Table S27).
Given the strong departure from prior reports in our observed
NO, loss rates, the NO,-dominant scenario is an upper limit
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Fig. 7 (Left) Mean diurnal trends of HONO levels originating from surface emissions (HONOg,,, fux) using E7, and (Right) the calculated fluxes
required to maintain these levels from surface emissions (HONOg,_fiux) and NO, uptake (Psur_niux). The shaded areas represent the 95% confi-

dence interval of the mean. Note the different y-axis scales and units.

without precedent and should be treated as such in terms of its
explanatory power. This is the only model scenario where the
nighttime HONO levels can be reasonably captured by NO,
heterogeneous reactions. Regardless, our more modest model
runs and this upper limit all agree on the presence of
a substantial and sustained HONO surface source to reconcile
the observations when this kitchen space is actively ventilated.

3.3.5 Surface reservoirs of other N, species. In addition to
HONO, the tN, measurements indicate that neutral and basic N,
species also had stable background levels, when direct emis-
sions were absent (Fig. 2). The average daytime and night-time
levels of the neutral fraction were 2.9 &+ 1.4 and 3.0 £ 0.22 ppbv,
while they were 7.4 + 0.7 and 5.8 + 0.4 ppbv for the basic N,
fraction. Similarly, when comparing PTR-MS ion signals pre-
and post-ventilation start-up (i.e., 3-4 am vs. 6-7 am), we
observed 90% of ions with signal differences that were statis-
tically insignificant.*® Specifically, notable ions that exhibit
these trends include acetonitrile, triethylamine, monochlor-
amine and most other N-containing species (Fig. S157).

The similar levels between day and night for the majority of
N; ions, despite the difference in ACR, also point to a very fast
and strong source to compete with the very high ACR in the
kitchen. Otherwise, signal increases would have been observed
overnight, when there were no cooking emissions present, and
these would have dropped dramatically upon ventilation power
up in the morning. Taken together, these observations suggest
a significant surface reservoir for these species also with rapid
equilibrium control on indoor air composition. These obser-
vations also appear to reflect the decades-long legacy of surface
contamination built up in the ventilation system and kitchen,
such as from use of cooking oils.** Similar findings have been
reported for the persistence of SVOCs in the indoor air of an
office,* and the accumulation of gases like HONO in a test
house.* Surface fluxes for a subset of VOCs measured by the
PTR-MS are shown in Table S3.1 Fluxes were estimated by
focusing on measured air concentrations from 6-7 am, while
ventilation in the kitchen was powered on but no other sources
except surfaces existed in the kitchen and no changes to VOC
signals were observed. This calculation assumes constant VOC
surface flux rate throughout the ventilated period in the kitchen
(6 am to 10 pm) and represents the net effect of surface emis-
sions and deposition.

This journal is © The Royal Society of Chemistry 2025

Compared to past floor area specific VOC emission factors
from a newly constructed residential test facility with low VOC-
emitting materials, and comparisons to other occupied or
unoccupied homes therein,*® surface fluxes from this
commercial kitchen generally fell within similar orders of
magnitude but are compound-dependent. For example, ethanol
fluxes were about 6 times higher in the kitchen than in Pop-
pendieck et al.,*® which is consistent with cooking activity in the
kitchen being a major source. Acetone, acetic acid, toluene, and
terpene fluxes were similar in the commercial kitchen and
residential environments. Hexanal fluxes in the kitchen were
about 1 order of magnitude lower than the homes, while D5-
siloxane fluxes were 2 orders of magnitude greater in the
kitchen which is consistent with its high occupancy with
sometimes more than ten staff, relative to when unoccupied.

Surface fluxes of nitrogen containing species have been
observed indoors in other work, albeit they seldom have
a decades-long legacy of intense use for 10 hours per day.*” For
example, Wang et al.** studied indoor surfaces as dynamic
temporary reservoirs for volatile species at the HOMEChem test
house and observed that ammonia participated in rapid gas—
surface exchange, with a response time to return to steady state
mixing ratios after enhanced ventilation periods ranging from
500-2500 s. This response time was longer than that for many of
the other VOCs studied, suggesting that NH; could perhaps be
more strongly sorbed to surfaces. Similar observations were also
made by Wang et al.** for isocyanic acid (HNCO) during the
same field campaign, with mixing ratios increasing as a func-
tion of temperature, with increased evaporation from surfaces
occurring at higher air and surface temperatures. Surface
reservoirs of acetonitrile indoors were observed by Arata et al.®®
who reported stable levels of <1 ppb yet calculated a net loss of
0.09 mg h™" indoors during the HOMEChem campaign based
on the indoor to outdoor ratio decreasing over the day. In
contrast, the majority of the other VOCs reported by Arata et al.®®
exhibited a net gain indoors.

3.3.6 Implications of significant surface reservoirs. The
results from the current work point to indoor surfaces acting as
significant reservoirs and therefore sources for a range of acidic,
neutral and basic N, species. As demonstrated for HONO, the
magnitude of this source can be as significant as other primary
sources (e.g. combustion) and therefore warrants further work
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to better understand the role surfaces play in controlling indoor
levels of such gases.*” This is especially pressing for indoor
areas with large emission sources (e.g. kitchens) that operate
intensively and could do so for decades without substantial
changes in operation conditions, that may lead to extremely
deep reservoirs of such species such that they come to dominate
over other primary sources when changes to address direct
emissions are implemented. Indoor pollutants can also be
ventilated outdoors, and as such, the chemical and physical
properties governing the fluxes from surfaces indoors may not
only just affect the indoor air, but outdoor air quality and
warrants further study. As many of these reported findings were
unexpected, it remains unclear how prevalent such indoor
reservoirs as the one studied here are and if it would be possible
to deplete them without complete removal of the materials
comprising the kitchen surfaces and HVAC ducting.

4. Conclusions

High time resolution measurements of the first gas phase tN;
budget in a commercial kitchen identified the contributions of
a variety of key N, species and determined the extent that this
budget can be closed with modern high time resolution
analytical instrumentation. The mean diurnal tN, budget was
not closed using the measured levels of NO, NO,, HONO and
basic N; (e.g. NH; and amines); a substantial missing fraction
(ca. 5 ppbv) was found. Using supporting PTR-MS measure-
ments of calibrated N-containing species, the missing fraction
of N, was found to be partially closed by the neutral organic
species acetonitrile, propionamide, pyrrole and acrylonitrile,
but with roughly 3 ppbv of the missing fraction remaining
unaccounted for and composed of a wide variety of chemical
structures that were not calibrated on the PTR-MS. That these
neutral species could not fully account for the observed missing
fraction may point to there being notable contributions from
unheralded N-containing species indoors.

Cooking events in the kitchen produced a diverse and
numerous array of N-containing species detected by the PTR-
MS. This variety was due to the complexity of cooking occur-
ring in the kitchen with different cooking areas, combinations
of different ingredients and appliances, as well as overlapping
meal preparations and techniques. This made identifying
specific tracers for cooking a particular dish or single form of
food challenging. When grouped by their broad molecular
formulae, oxygenated N-containing class ions (C;_15Hz 5,01-
4N_3), consistent with the known formulae of amides or other
combinations of reduced nitrogen groups with oxygenated
groups, appear to be good tracers for meat cooking. This could
be the focus of future targeted research under controlled lab
conditions and from surveys of urban air impacted by cooking
to explore if specific amides could be used as such tracers.

Many of the highest abundance N-containing ions measured
by the PTR-MS were chlorinated, with monochloramine the
dominant ion in this class. The observed elevated levels of mon-
ochloramine were surprising and found to be emitted from use of
HOCI based cleaners in the kitchen via direct emissions® or
surface reactions with reduced N-containing compounds. This is
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concerning due to the established toxicity of NH,Cl, and therefore
emphasizes an emerging need to understand worker exposure
levels with more accurate measurements in the future. Unfortu-
nately, quantification of NH,Cl with PTR-MS remains challenging
and will need improvement to obtain quantification via both the
PTR-MS and tN; instruments, as such chlorinated anthropogenic
compounds are being recognized to have increasing importance
for both indoor and outdoor atmospheric chemistry.>*** As this
particular PTR-MS is not sensitive to higher order chloramines,
differences in cleaning practises in a commercial kitchen
compared to domestic settings (e.g. cleaners employed or limiting
reagents with respect to surface composition) and changes in the
relative emissions of these molecules remains an open line of
inquiry. The discrepancy between these observations and those
made prior is also related to differences in the sensitivity and
selectivity of different atmospheric chemical ionisation mass
spectrometers to these compounds, based on the reagent ion, and
warrants further investigation and optimization.

Throughout the measurement period, levels of HONO were
relatively stable day and night, despite the very large changes in
ACR, pointing to gas-phase HONO being in equilibrium with
a large reservoir present on the surfaces in the kitchen. We used
a simple chemical model constructed with production and loss
processes bounded by our observations or those from others. It
was found that the predicted HONO was always lower than the
measured HONO under the best estimates for NO, heteroge-
neous uptake. Overall, HONO in the commercial kitchen was
found to be mostly produced from surfaces fluxes, while NO,
reaction played a minor supporting role in controlling HONO,
where only the most extreme NO, reactivity conditions put the
two processes on parity during the day or dominated explana-
tory power under low ventilation conditions. A similar lack of
diurnal patterns as seen for HONO were observed for the
neutral and basic N, species acetonitrile and triethylamine, as
well as many other N-containing species. Thus, the stable levels
despite high ACR points to large reservoirs of N, present on the
surfaces in this commercial kitchen and was a surprising
finding in this study. The magnitude of the reservoir in the
indoor space, by mass, and how one might conduct its
amelioration warrants further research.
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