
Environmental
Science
Processes & Impacts

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ez
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

3.
03

.2
6 

23
:2

9:
58

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Modelling indoo
aDepartment of Environment and Geograph

nicola.carslaw@york.ac.uk
bDepartment of Chemistry, University of Tor
cDepartment of Chemistry, Colorado State U
dDepartment of Chemistry, University of Cal
eDepartment of Environmental Science, P

California Berkeley, Berkeley, CA, USA
fDepartment of Chemistry, Indiana Universi
gMcKetta Department of Chemical Engineerin

TX, USA
hDepartment of Environmental Health and

Baltimore, MD, USA
iDepartment of Civil and Environmental

Berkeley, Berkeley, CA, USA

Cite this: Environ. Sci.: Processes
Impacts, 2025, 27, 188

Received 18th October 2024
Accepted 9th December 2024

DOI: 10.1039/d4em00628c

rsc.li/espi

188 | Environ. Sci.: Processes Impact
r radical chemistry during the
HOMEChem campaign†

Freja F. Østerstrøm, ‡§a Toby J. Carter, §a David R. Shaw, a

Jonathan P. D. Abbatt, b Andrew Abeleira,c Caleb Arata,de

Brandon P. Bottorff, f Felipe J. Cardoso-Saldaña, g Peter F. DeCarlo, h

Delphine K. Farmer, c Allen H. Goldstein, ei Lea Hildebrandt Ruiz, g

Tara F. Kahan, jk James M. Mattila, c Atila Novoselac,l Philip S. Stevens, fm

Emily Reidy,f Colleen Marciel F. Rosales, m Chen Wang, b Shan Zhoujn

and Nicola Carslaw *a

In the indoor environment, occupants are exposed to air pollutants originating from continuous

indoor sources and exchange with the outdoor air, with the highest concentration episodes

dominated by activities performed indoors such as cooking and cleaning. Here we use the INdoor

CHEMical model in Python (INCHEM-Py) constrained by measurements from the House Observations

of Microbial and Environmental Chemistry (HOMEChem) campaign, to investigate the impact of

a bleach cleaning event and cooking on indoor air chemistry. Measurements of the concentrations of

longer-lived organic and inorganic compounds, as well as measured photolysis rates, have been used

as input for the model, and the modelled hydroxyl (OH) radicals, hydroperoxyl ðHO*
2Þ radicals, and

nitrous acid (HONO) concentrations compared to the measured values. The peak modelled OH, HO*
2,

and HONO concentrations during cooking and cleaning activities are about 30%, 10%, and 30% higher

than the observations, respectively, within experimental uncertainties. We have determined rates for

the rapid loss of HONO formed through cooking activities onto a wet surface during the cleaning

events and also for the subsequent slow release of HONO from the cleaned surface back into the

gas-phase. Using INCHEM-Py we have also predicted peak concentrations of chlorine (Cl) atoms,

(0.75–2.3) × 105 atom per cm3 at the time of cleaning. Model predictions of the Cl atom and OH

radical reactivities were also explored, showing high Cl atom reactivity throughout the day, peaking

around 5000–9000 s−1. The OH reactivity was found to increase from a background value close to

urban outdoor levels of 20–40 s−1, to levels exceeding observations in outdoor polluted areas

following cooking and cleaning activities (up to 160 s−1). This underlines the high oxidation capacity of

the indoor atmospheric environment through determining the abundance of volatile organic

compounds.
y, University of York, York, UK. E-mail:

onto, Toronto, Canada

niversity, Fort Collins, CO, USA

ifornia Berkeley, Berkeley, CA, USA

olicy and Management, University of

ty Bloomington, Bloomington, IN, USA

g, University of Texas at Austin, Austin,

Engineering, Johns Hopkins University,

Engineering, University of California

jDepartment of Chemistry, Syracuse University, Syracuse, NY, USA
kDepartment of Chemistry, University of Saskatchewan, Saskatoon, Canada
lDepartment of Civil, Architectural, and Environmental Engineering, University of

Texas at Austin, Austin, TX, USA
mO'Neill School of Public and Environmental Affairs, Indiana University

Bloomington, Bloomington, IN, USA
nDepartment of Civil and Environmental Engineering, Rice University, Houston, TX,

USA

† Electronic supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d4em00628c

‡ Now at: Department of Environmental Science, Aarhus University, Roskilde,
Denmark.

§ These authors contributed equally to this work.

s, 2025, 27, 188–201 This journal is © The Royal Society of Chemistry 2025

http://crossmark.crossref.org/dialog/?doi=10.1039/d4em00628c&domain=pdf&date_stamp=2025-01-18
http://orcid.org/0000-0003-4125-3365
http://orcid.org/0000-0001-5477-0615
http://orcid.org/0000-0001-5542-0334
http://orcid.org/0000-0002-3372-334X
http://orcid.org/0000-0002-5145-0031
http://orcid.org/0000-0002-6359-8076
http://orcid.org/0000-0001-6385-7149
http://orcid.org/0000-0002-6470-9970
http://orcid.org/0000-0003-4014-4896
http://orcid.org/0000-0001-8378-1882
http://orcid.org/0000-0001-5074-1155
http://orcid.org/0000-0003-3152-5144
http://orcid.org/0000-0001-9899-4215
http://orcid.org/0000-0002-8925-8352
http://orcid.org/0000-0001-9565-8777
http://orcid.org/0000-0002-5290-4779
https://doi.org/10.1039/d4em00628c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00628c
https://pubs.rsc.org/en/journals/journal/EM
https://pubs.rsc.org/en/journals/journal/EM?issueid=EM027001


Thi

Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ez
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

3.
03

.2
6 

23
:2

9:
58

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Environmental signicance

Cooking and cleaning are sources of radical species, which can react to form potentially harmful secondary pollutants indoors. This paper aims to investigate
indoor air chemistry following cooking and cleaning. Air pollutant measurements during the HOMEChem campaign have been used to constrain an explicitly
detailed indoor air chemistry model, INCHEM-Py. We show that indoor radical concentrations following cleaning can be 15–20 times higher than those typically
observed outdoors, enhancing oxidation of volatile organic compounds. We also show that nitrous acid formed through cooking, behaves differently on wet and
dry surfaces, being held on wet surfaces before slowly off-gassing as the oor dries. In short, cooking and cleaning can have a major impact on reactivity in
a typical residential environment.
1 Introduction

Air pollution has become one of the biggest challenges in the
21st century, with exposure to air pollutants considered to be
one of the greatest risks to global human health.1 According to
the World Health Organisation (WHO), 6.7 million premature
deaths per year were attributed to exposure to air pollutants in
2020, with 3.2 million deaths arising from exposure to house-
hold air pollution caused by solid fuel burning in less developed
countries.2 In fact, the WHO recently stated that improving air
quality would reduce the global incidence and impact of
numerous diseases, such as lung cancer, stroke and asthma.1

Indoor air quality became even more important with the recent
COVID-19 pandemic and highlighted the possibility of viral
transmissions indoors. Such issues have led to calls for indoor
air to be regulated, at least in public places.3,4

In developed countries, 90% of our time is spent indoors,
with roughly two thirds of our time in our homes.5 Conse-
quently, most of our exposure to air pollutants happens
indoors, even if these pollutants were generated outdoors
originally. Outdoor air pollutants are able to enter buildings
through windows, doors, and cracks in the building envelope,
as well as via mechanical ventilation. Once indoors, they
combine with indoor emissions to form a complex chemical
mixture, about which relatively little is known. However, there is
evidence that some of the reaction products of this chemical
mixture are harmful to health.6

There are numerous air pollutants indoors from a range of
sources. For instance, a comprehensive review of the literature
identied nearly 900 unique chemical species that had been
measured in indoor air.7 Understanding which of these pollut-
ants is most important in terms of health effects and then
linking them to their dominant sources, is crucial to advance
the science and mitigate accordingly, but remains a challenge.
There are numerous sources of air pollutants in typical homes,
including building materials (e.g., plasterboard, timber),
furnishing and decorative materials (e.g., ooring materials,
paints), occupant activities (e.g., cooking and cleaning), as well
as from outdoors.8 Emissions of air pollutants from buildings,
furnishing and decorative materials tend to be highest from
new materials and dominated by volatile organic compounds
(VOCs).9–12

Occupant emissions can be further divided into (a) passive,
from skin and breath emissions, including squalene, fatty
acids, carbon dioxide, acetone, nitric oxide, ammonia and
isoprene13,14 and (b) active, from activities such as cooking,
cleaning, air freshener use, and including VOCs, nitrous acid,
nitrogen oxides, ammonia, chlorinated compounds and
s journal is © The Royal Society of Chemistry 2025
particulate matter.6,15,16 Pollutants that are derived from
outdoors depend on the building location and typically
comprise of ozone, VOCs, nitrogen oxides and particulate
matter, the latter two particularly near to transport emissions.
These sources will vary in strength, over time, with ventilation,
and by building. Furthermore, the sources will also interact
with each other.

Indoor air quality science has advanced signicantly in
recent years, largely through adapting outdoor air pollutant
instrumentation for use indoors, and undertaking advanced
laboratory, chamber, test-house and modelling studies.17–20

These studies have demonstrated the chemical diversity of the
indoor environment, particularly during typical activities such
as cooking21–32 or cleaning.23,24,31–35 The importance of surfaces
indoors has also been highlighted. Surface area to volume ratios
(A/V) are much higher indoors (3 m−1) than outdoors (10−3 to
10−2 m−1),36 and surfaces can act as both sinks and sources of
indoor air pollutants.37–39

One of the most detailed indoor air chemistry studies to
date, was the House Observations of Microbial and Environ-
mental Chemistry (HOMEChem) campaign. HOMEChem was
carried out in June 2018 at the University of Texas at Austin's
test house (the UTest House) in Austin, Texas, USA, and
involved 13 universities.17 Typical indoor activities were simu-
lated during the course of the campaign, including cooking and
cleaning events, as well as simulating a mixture of cooking and
cleaning. A huge suite of measurements were made during
these activities. These included the physical parameters of the
house, such as temperature and pressure, as well as a compre-
hensive chemical characterisation, including VOCs, chlor-
oorganic compounds, particles, nitrogen oxide species (NOx;
nitric oxide (NO) + nitrogen dioxide (NO2)), ozone (O3),
photolysis rates, hydroxyl (OH) and hydroperoxyl (HO2) radicals,
and nitrous acid (HONO).17

From the experimental activities performed during HOME-
Chem, Reidy et al. (2023),40 found that OH was a chemical
signature of cooking. The study found that OH increased from
z1 × 106 molecule per cm3 to z6 × 106 molecule per cm3 over
the course of 3 hours during a Thanksgiving-type cooking
period (performed on June 27), whilst four people were present.
Following the cooking, the occupancy of the room increased to
13 people, and the OH concentration decreased to z1.5 × 106

molecule per cm3.40 According to Zannoni et al. (2022),41 when
concentrations of ozone are low indoors, radical sinks can arise
in the form of people, clothing and skin surfaces. For instance,
once everybody had vacated the room following the Thanks-
giving dinner, the OH concentration returned to z6 × 106

molecule per cm3, as the radical sinks were removed.40 A goal of
Environ. Sci.: Processes Impacts, 2025, 27, 188–201 | 189
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this paper is build upon the Reidy et al. (2023) study40 by
modelling indoor radical chemistry not only from cooking but
also from cleaning. OH and Cl reactivities can also be modelled
to provide an insight into indoor oxidation capacities during
and aer occupational activity.

Further research from HOMEChem included a study by
Wang et al. (2022)32 who found that bleach cleaning (chlorine-
based cleaning) and cooking were key sources of indoor iso-
cyanic acid (HNCO), which is known to cause a multitude of
health effects.42 This was the rst study to have categorised
a link from indoor, occupancy-led activities to HNCO. It was
found that HNCO mixing ratios were regulated by surface–air
interactions and partitioning. Wang et al. (2022)32 found
average HNCO mixing ratios of 0.14 ppb indoors, compared to
an average of 0.026 ppb outdoors, indicating an occupancy-led
formation of these nitrogen-containing gases.

HONO is also an important component in indoor air as it is
a precursor to OH radicals and has direct health impacts.43–45

However, predicting indoor (and outdoor) concentrations of
HONO have been challenging.43,46,47 Collins et al. (2018)48 found
evidence of a gas-surface equilibrium mechanism for HONO,
enhancing the previously understood surface reaction of NO2.
HONO concentrations were found to be strongly controlled by
this gas-surface equilibriummechanism. Surface reservoirs and
multi-phase mechanisms have been found to dominate many
gas-surface processes of indoor air constituents, inuencing
concentrations of HONO among other species following
different indoor activities.33,49

Whilst an increasing number of indoor air measurements
have been performed in recent years, the complexity of indoor
environments makes them a challenging system to describe.
Indoor air chemistry models are good tools to understand the
chemistry in the absence of observational data or to provide
further insight when used alongside measurements. The
INdoor CHEMical model in Python (INCHEM-Py) has been
optimised for increasing our understanding of chemical pro-
cessing in indoor environments.50,51 The model has been used
to investigate indoor air quality following cooking,25

cleaning,34,52–59 surface emissions,38,39,60–62 skin and breath
emissions from occupants,13 effects on outdoor air from indoor
emissions,63 indoor photolysis reactions64,65 and particle
formation through chemistry.66–68 In this study, we have used
INCHEM-Py to probe radical chemistry during the HOMEChem
campaign.

We have selected four so-called layered days for study, June
8, 19, 21, and 25, during which several different types of
cleaning and cooking events were performed. The layered days
during the campaign aimed to simulate a combination of
activities that would be carried out in a typical house over the
course of a day. Each day is comprised of three cooking events
(breakfast, lunch, and dinner), followed by different types of
cleaning events (clorox wipes, pine sol cleaning, and bleach
cleaning). It should be noted that a gas stove is used for the
cooking activities, NOx conditions would therefore be much
different if the cooking were done on an electric range. The
focus of this study is on the bleach cleaning (Cl-cleaning) event
that takes place around 17:35 local time and lasts 10 minutes on
190 | Environ. Sci.: Processes Impacts, 2025, 27, 188–201
each of the layered days. Using the measured VOCs, chlorine-
containing compounds, NOx, O3, H2O, photolysis rates, and
physical parameters as model inputs, we compare measured
and modelled OH and peroxy radicals, as well as HONO
concentrations. The model is also used to predict chlorine (Cl)
atom concentrations and to calculate OH and Cl reactivity (none
of which were measured) following bleach cleaning. June 25 is
used as a detailed case study day, but we also use an idealised
averaged day based on input data from all four days.

2 Methods
2.1 The INdoor CHEMical model in Python (INCHEM-Py)

The INdoor CHEMical model in Python (INCHEM-Py)50,51

describes indoor atmospheric chemistry using the Master
Chemical Mechanism v. 3.3.1 (MCM),69,70 and several additional
reaction schemes specically designed for indoor processes.
The MCM is a near-explicit mechanism that considers the
degradation of ∼140 VOCS in the atmosphere. Depending on
their structure, the VOCs can initially react with ozone, OH, the
nitrate radical, or undergo photolysis. These preliminary steps
produce a range of radical species, which can, in theory,
undergo further oxidation steps until the nal products of water
and carbon dioxide are formed. We have also included a chlo-
rine chemistry scheme, based on Xue et al. (2015),71 which
includes VOC reactions with Cl atoms, meaning INCHEM-Py
can track and predict the concentrations of HOCl and Cl2
among other key indoor chlorine-containing species. Photolysis
rate coefficients of Cl2, ClNO2, ClONO2, HOCl, OClO, ClO and
ClO2Cl are also included in the model.65 A new HONO gas-
surface chemical scheme based on Collins et al. (2018)48 has
also been used in this study. The total mechanism consists of
over ∼17 000 reactions and over ∼6000 species.69,70,72–75 As well
as gas-phase chemistry, the model also considers the formation
of secondary organic aerosols (SOA) for limonene, alpha- and
beta-pinene;66,68 surface deposition and subsequent product
emission for ozone and hydrogen peroxide;38 indoor–outdoor
exchange of all gas and particle species; and wavelength
dependent photolysis from both attenuated outdoor and indoor
light sources.65 The sensitivity of model outputs to the input
parameters as well as the 95% condence bounds for our pre-
dicted concentrations was provided by Kruza et al. (2021),61

using an earlier version of the model.
Two major modications to the model are employed for this

work: (1) constraining long-lived species concentrations, phys-
ical parameters (temperature and relative humidity) and
selected photolysis rates to measured values. The constrained
parameters are listed in Table S1 in the ESI.† Breath emissions
were also added according to the number of occupants as
described in Kruza and Carslaw (2019).13 All remaining species
and photolysis rates are calculated as described in Wang et al.
(2022)65 and Shaw et al. (2023).51 (2) Addition of a HONO surface
chemistry scheme, specically for treating the impact of the wet
bleach-covered surface and subsequent degassing on HONO
concentrations, during and aer the bleach cleaning events.
The HONO surface chemistry reactions described by Collins
et al. (2018)48 formed the basis of this scheme, with additional
This journal is © The Royal Society of Chemistry 2025
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surface reactions added to better capture the cleaning episode
(see Section 2.5).
2.2 Preprocessing of HOMEChem data for model input

The measured concentrations of 45 indoor VOCs, 6 indoor
inorganic chlorine and chloroorganic compounds (Cl-
compounds), indoor and outdoor O3 and NOx concentrations,
as well as 11 measured indoor photolysis rates, temperature,
indoor water concentrations and air change rates, were used to
initialise the model,76 as shown in Table 1, which shows that
these measurements were made by multiple instruments. Data
from the four layered days of the campaign were used, namely
June 8, 19, 21, and 25, 2018. The events on these days consisted
of cooking and cleaning, simulating everyday activities in
a house. The focus of this study is on the Cl-cleaning events
taking place on each of the four days around 17:35–17:45 local
time. For each of these events, 120 mL of bleach was mixed in
3.8 L of tap water, although the mass of bleach solution used on
each of these days varied (196, 455, 1522 and 1476 g on June 8,
19, 21, and 25 respectively). Two sets of model runs were per-
formed: (1) using the input data for June 25 and (2) using an
average input of all four days.

The raw measured data from each instrument was provided
at varying intervals, from per second to per minute, and started
at different time points. For each layered day, all null values and
values logged as lower than the detection limit of the specic
instrument were rst removed. To ll in data gaps, a linear
interpolation was used, with data points at either 1 second or 1
Table 1 Instruments used during HOMEChem to measure the differen
model output

Species Instrument Ins

HONO Acetate CIMS Uni

OH, HO2, HO*
2, HONO LIF-FAGE Ind

Blo
Isoprene, benzene, toluene,
Methyl Vinyl Ketone (MVK)

PTR-TOF-MS Uni
Ber

VOCs GC Col

Cl-compounds Iodide CIMS Col
O3, O3,out Ambient ozone monitor Col
NO, NOout, NO2,out Model 42i-D nitrogen oxide NOx

analyzer
Col

NO2 CAPS Uni
CO, CH4 Picarro CRDS Joh
Photolysis rates Ocean optics spectrometer Uni

T, H2O, air change Varying sensors in house Uni

Occupancy, lights on/off Activity log Col

This journal is © The Royal Society of Chemistry 2025
minute frequency depending on the frequency of the original
data. An exponential moving average at the required interval (5-
or 15 minutes) was then calculated at each time point. This
process allowed us to use longer time intervals for most of the
day, with 5 minutes intervals focused around the cleaning event
in the evening, when concentrations tended to change more
rapidly. Two datasets were then produced, one for June 25, and
one that averaged the four layered days (June 8, 19, 21, and 25,
2018). Additional indoor and outdoor species that are not input
into the model are initiated based on previous indoor/outdoor
observations and assumptions as described in Carslaw et al.
(2007),84 Shaw et al. (2021),50 and Shaw et al. (2023).51 The
outdoor concentration of HONO was initialised at 0.65 ppb.85

Although outdoor HONO was measured during the campaign,
measurements are sporadic and not always available for the
days we focussed on. The literature value agrees well with
outdoor HONO concentrations measured on other days during
HOMEChem.24 There were no measurement data available for
molecular chlorine (Cl2), hypochlorous acid (HOCl), chlor-
oformic acid (ClCO2H), chlorine nitrite (ClNO2) or the photol-
ysis rates of JClOOCl (J77) and JOClO (J75) for June 21, so the
average day constitutes average values for June 8, 19 and 25 for
these inputs.
2.3 Physical parameters and occupancy

INCHEM-Py simulated a single well-mixed environment repre-
senting the UTest House with an A/V ratio of 1.78 m−1. Using
surface data from previous studies, individual surface area-to-
t species and rates inputted in the model, or used for comparison to

titution and references Notes

versity of Toronto24,49,77 Compared to model output and
Indiana University Bloomington
measurements of HONO

iana University
omington40,78

Not inputted, but used for
comparison to model output

versity of California
keley23,79

All four compounds: used the
average values for entire campaign
in the model initialisation

orado State University80 MVK is not input, trichloromethane
and tetrachloroethane was
measured with this instrument

orado State University81

orado State University17

orado State University17

versity of Texas at Austin17,82

ns Hopkins University83

versity of Saskatchewan76 Living room measurements used as
they were adjacent to LIF-FAGE
instrument

versity of Texas at Austin17 H2O calculated from relative
humidity measurement. Air change
is kept constant in the model

orado State University17 Recorded by HOMEChem
participants

Environ. Sci.: Processes Impacts, 2025, 27, 188–201 | 191
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Fig. 1 Selected average photolysis rate coefficients (J) from
measurements located both in the kitchen and living room, repre-
senting the outdoor attenuated light experienced inside the house:
JNO3/NO (black line), JNO3/NO2

(blue line), JNO2
× 50 (green line),

JHONO × 50 (yellow line), and JCl2 × 50 (red line).
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volume ratios for a range of different indoor surface materials
were simulated.38,63,86 This enables ozone and hydrogen
peroxide deposition to occur, followed by the subsequent
emission of secondary pollutants following surface trans-
formations.38 The simulated kitchen was assumed to be
comprised of; so furnishings (0.05 m−1), painted surfaces
(0.66 m−1), wood (0.44 m−1), metal (0.21 m−1), concrete (0.03
m−1), paper (0.01 m−1), plastic (0.19 m−1), glass (0.04 m−1) and
the skin surface of three adults (0.16 m−1 when occupied). The
total volume of the house (V) is 250 m3 and the oor area (the
area that was cleaned during the Cl-cleaning events) is 40 m2

(Aclean). On June 25, three adults were in the room from 08:25 to
17:55 resulting in breath emission rates as described in Kruza
et al. (2019).13 The same occupancy patterns and cleaning times
were used for both the case study and the average day simula-
tions. The air change rate was 0.59 h−1 for June 25 and 0.5 h−1

for the averaged day.

2.4 Photolysis rates

There was one spectrophotometer deployed during the
HOMEChem campaign, so photolysis rates were only measured
in one room at a time. The instrument was therefore moved
occasionally between the eastward facing kitchen and the
westward facing living room. Consequently, the average diurnal
prole adopted a bimodal shape as light entered the house from
either the living room or kitchen window.76 These spectral
measurements were taken close to the windows, both at the east
and the west of the house, indicating that measured photolysis
rates will be lower throughout most of the house. It is worth
noting that the LIF instrument was located closed to the west
window. Eleven photolysis rate coefficients were measured
during the campaign76 as detailed in Table S1.† Eastward facing
photolysis rates were highest before 15:14, aer which westward
facing rates began to dominate.76 Photolysis rates from June 5–
9, 11–16, and 18–27, were averaged to 5- or 15 minutes intervals
as described in Section 2.2, and incorporated into the model for
both June 25 and the averaged layered day scenarios. We used
campaign averaged photolysis rates due to a lack of data from
individual days, and variation in weather patterns (e.g., cloud
cover). Fig. 1 shows ve representative photolysis rate coeffi-
cients used as inputs in the model: JNO3/NO, JNO3/NO2

, JNO2
,

JHONO, and JCl2. The remaining outdoor photolysis rates, atten-
uated through the windows, and the contribution from articial
lighting indoors were calculated as described by Wang et al.
(2022).65 These were based on assuming low emissivity glass and
incandescent indoor lighting. The lights of the building were on
when occupants were present, however, attenuated outdoor
photolysis is expected to drive indoor photochemistry on this
photochemically active day.

2.5 HONO surface chemistry

The chemical scheme from Collins et al. (2018)48 describing
a surface reaction of NO2 to produce gas-phase HONO,
combined with the subsequent gas-surface HONO equilibrium
is summarised in reactions ((1)–(3)). Reactions (2) and (3) were
the main drivers of the indoor steady state HONO
192 | Environ. Sci.: Processes Impacts, 2025, 27, 188–201
concentration, where the surface acts as a reservoir of nitrite
and HONO that is in equilibrium with the gas-phase through
the two reactions. When accounting for the A/V ratio of the
indoor environment in their study, the reactions and their rate
coefficients (k) can be generalised to depend on the A/V ratio in
any environment thus:

NO2ðgÞ/HONOðgÞ
k1 ¼ 7:00� 10�3 cm s�1 � A=V

(1)

HONOðgÞ/surface

k2 ¼ 5:67� 10�2 cm s�1 � A=V
(2)

surface/HONOðgÞ
k3 ¼ 1:33� 1010 molecule cm�2 s�1 � A=V

(3)

The Collins et al. (2018)48 mechanism (reaction (1)–(3)) was
added into the INCHEM-Py model throughout the simulations,
utilising the A/V of the UTest House (1.78 m−1). The mechanism
applies to the dry surfaces of the house, and was represented
using reactions (1)–(3) in the chemical mechanism in the
model. However, the HONO equilibrium with the surfaces
changes drastically when the oor is wet during cleaning, as
well as the following period when the oor was drying. The
surface chemistry in INCHEM-Py was modied to account for
this change, using the measurements from June 25. We
assumed there were two processes: (1) HONO uptake onto wet
surfaces and (2) HONO slowly degassing from the cleaned
surface/reaching steady state concentration in the air aer the
cleaning event.

HONO (g) / HONO (wet surface) (4)
This journal is © The Royal Society of Chemistry 2025
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HONO (wet surface) / HONO (g) (5)

Reactions (4) and (5) are only activated in the model at the
time of cleaning and until HONO reaches a steady state between
gas and surfaces aerwards. We assumed the oor was wet
(fully and partially) between 17:35–18:25, activating reaction (4).
The drying and degassing process of reaction (5) was activated
in the model between 17:50–22:00. The tted rates for these
reactions are included in the Results and discussion (Section 3).
2.6 HO*
2

The laser-induced uorescence technique uorescence assay by
gas expansion (LIF-FAGE) measurement technique was used to
measure OH and HO2 radicals. However, the technique can
suffer from known interference from reactions of OH with
alkenes within the instrument, which produce organic peroxy
radicals (RO2), which subsequently react with NO to form HO2

radicals. Subsequently, the LIF-FAGE HO2 measurements
actually represent HO2 plus some of the RO2 present in the
sampled air.40,87 Due to this interference, a new parameter was
created in the model called HO*

2, which is a summation of HO2

and a selection of RO2 species derived from OH-oxidation. The
OH derived oxidative species included in the HO*

2 summation
are HO2 radicals, seven isoprene-derived RO2 radicals, nine
monoterpene-derived RO2 radicals, the methylperoxy radical
(CH3O2), the acetylperoxy radical (CH3CO3), one ethene-derived
RO2 radical and two propane-derived RO2 radicals. These
particular species are included in the HO*

2 summation, because
the VOCs which derived these RO2 species had high concen-
trations during the cooking and cleaning events, therefore are
key to the overall sum of RO2 species. It was not necessary to
include every single RO2 species because most had negligible
concentrations.
Fig. 2 Modelled (grey line) versus measured (red circles) concentra-
tions of OH radicals (panel a, molecule per cm3), HO*

2 radicals (panel b,
ppt), and HONO (panel c, ppb) on June 25. Error bars represent the
experimental uncertainties. The shaded areas indicate the timing of the
activities carried out during the day: cooking (grey), Cl-cleaning (dark
blue), and other cleaning (light blue) activities.
3 Results and discussion
3.1 Model versus measured comparisons

Fig. 2 shows a comparison of modelled versus measured
concentrations of OH radicals (panel a), HO*

2 radicals (panel b),
and HONO (panel c) on June 25, 2018. Cooking and cleaning
activities are indicated by the shaded areas and experimental
uncertainties are also shown. The main peaks in OH (panel a)
and HO*

2 (panel b) radicals are observed at the time of Cl-
cleaning (17:35–17:45). The measured OH radicals are inu-
enced early in the day by an overnight ozone experiment carried
out in the house. Modelled HO*

2 shows excellent agreement with
the measured HO*

2 for the entire day. The three major peaks in
bothmeasured andmodelled HONO (panel c) correspond to the
cooking events (with a gas stove). The sudden decrease in
HONO observed at the time of Cl-cleaning is followed by a slow
recovery. All three species show excellent agreement between
the modelled and measured values within the experimental
uncertainties.

Fig. 3 shows model output for the averaged day input (black
line) for OH radicals (panel a) and HONO (panel b) versus the
available measurements for each species for the four layered
This journal is © The Royal Society of Chemistry 2025
days (coloured symbols). The agreement between modelled and
measured OH radicals for the averaged day is within the
experimental uncertainties at the time of the Cl-cleaning event.
The cleaning peak is captured in the model, with the back-
ground OH radical concentration being lower in the model
compared to the measurements. For HONO concentrations, the
best agreement is with the June 8 and 25 data. The background
HONO for June 19 and 21 are higher than for the other two days,
particularly during the cooking events. This is because these
events occurred soon aer the Thanksgiving events took place
Environ. Sci.: Processes Impacts, 2025, 27, 188–201 | 193
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Fig. 3 Modelled averaged-day scenario concentrations (black line) of
OH radicals (panel a, molecule per cm3) and HONO (panel b, ppb)
versus measurement concentrations (coloured symbols) of OH radi-
cals and HONO from June 8 (purple triangles), June 19 (green
squares), June 21 (yellow diamonds), and June 25 (red circles).
Experimental error bars are included for the OH radical data, however
they are omitted in panel b for clarity. Shaded areas indicate the timing
of the indoor activities carried out: cooking (grey), Cl-cleaning (dark
blue) and other cleaning (light blue) activities.

Fig. 4 The relative proportions of different HO2 and RO2 radicals as a co
Species concentrations have been averaged between 17:30 and 19:30.
names.69,88 Structural formulae and other properties of the species can b
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which further fuelled the importance of surface reservoirs (see
Fig. 4 in Wang et al. (2020)24). The Cl-cleaning events are
captured in both model scenarios.

The modelled peak values of OH on June 25 are approxi-
mately 1.5× 107 molecule per cm3 as seen in Fig. 2a, about 30%
higher than the observations. The modelled background OH
concentration is between (0.4–1.8) × 106 molecule per cm3, and
is lower than the measured values ((1.7–5.3) × 106 molecule per
cm3), but within their uncertainty bounds. However, for the
average day (Fig. 3a) the model underestimates the background
OH radical concentrations. The observed background OH
radical concentrations on the four layered days are between (2–
4)× 106 molecule per cm3, whereas the modelled background is
around (0.4–1.7) × 106 molecule per cm3 (Fig. 2a and 3a). The
use of an average of the measured photolysis rates in both
model simulations (June 25 and the average day) is likely the
main cause of underestimating the background concentration
of OH radicals compared to the measurements. Furthermore,
on the morning of June 25, an experiment was carried out
including the addition of signicant quantities of ozone, which
may have further contributed to the underestimation of OH
radical background concentrations on this day. The model to
measurement agreement improves at the time of the Cl-
cleaning event, with the model peak values exceeding those
from the observations on the four layered days at 1.5 × 107 or
2.0 × 107 molecule per cm3 for the June 25 and averaged-day
scenario, respectively, corresponding to 1–3 times the
observed OH radical concentrations; the observed peak OH
radical concentrations range between (0.8–1.7) × 107 molecule
per cm3 at the time of the Cl-cleaning event. About an hour aer
the Cl-cleaning event, the OH radical concentrations are back to
background levels. Outdoor globally averaged concentrations of
OH radicals are 1.1 × 106 molecule per cm3.90 The observed and
modelled OH radical concentrations indoors during these
events in the HOMEChem campaign are 15–20 times larger
than the outdoor values, enhancing the oxidative capability of
the indoor air for about an hour following the Cl-cleaning event.

The observed and modelled peak value of the HO*
2 radical

summations on June 25 is approximately 127 ppt at 18:15
ntribution to the overall HO*
2 summation during the Cl-cleaning event.

The skeletal structures of species are also provided along with MCM
e found on the MCM webpage.89

This journal is © The Royal Society of Chemistry 2025
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(Fig. 2b), owing to the Cl-cleaning event. There was a negligible
change in the HO*

2 concentration during the earlier cooking
events. HO*

2 concentrations remained elevated (above the
baseline of 0.7 ppt) from the Cl-cleaning began, until 19:30
where it returned to a normal level. At the peak of the HO*

2

concentration the model simulation gives about 10% higher
values than the observations, well within experimental uncer-
tainty. As described in Section 2.6, instrument interference
causes some VOC-derived RO2 radicals to be included in the
HO2 summation. INCHEM-Py enables the contribution to HO*

2

from each RO2 derivative to be examined in detail. Fig. 4 shows
the relative distribution of HO*

2 contributing species during and
a short time aer the cleaning period (17:30–19:30).

HO2 represented more than half (26.5 ppt) of the total HO*
2

(49.2 ppt), comprising 54%. The two propane-derived RO2

radicals (i-C3H7O2 and n-C3H7O2), comprised 19.3 ppt of the
total and probably derived from a pilot light fault (Fig. 4), which
also caused high indoor propane concentrations.17 RO2 radicals
from oxidation of isoprene (0.4 ppt), a-pinene (0.2 ppt), b-
pinene (0.5 ppt), limonene (0.7 ppt), ethene (0.4 ppt), the
methylperoxy radical (1.0 ppt), and the acetylperoxy radical (0.3
ppt) made more minor contributions to the HO*

2 total (49.2 ppt)
(Fig. 4).

For HONO (Fig. 2c and 3b) there is agreement between
model (June 25 and average day) and measurements on June 8
and 25. The measurements on June 19 and 21 show trends
similar to the other days, but on a higher background level of
HONO equilibrium. The model outputs are compared to the
CIMSmeasurements, which were collocated with the VOC, NOx,
and O3 instrumentation in the kitchen. Fig. 3b shows varying
background concentrations of HONO on the four days as well as
differences in scatter/variation of the measurements: the CIMS
instrument had lower sensitivity between June 6–17, hence the
higher scatter in the data shown for June 8. However, the
increases in HONO concentrations observed during cooking
events (∼5–6 ppb for the three main cooking events), and the
sharp decrease in HONO (∼5–10 ppb) during Cl-cleaning are
similar on each day (Fig. 3b). The HONO decrease aer the Cl-
cleaning event produces similar modelled concentrations to
those measured (within experimental uncertainties) for all four
days (0.6–1.3 ppb) despite varying HONO concentrations before
the Cl-cleaning event. Of the other types of cleaning events, only
the morning cleaning event using pine sol affects the HONO
concentration, with a small increase (∼2 ppb) in HONO aer
the cleaning event.

The modelled HONO concentrations were optimised using
rate coefficients for reactions (4) and (5) of k4 = 0.95 cm s−1 ×

Aclean/V and k5 = 6.9 × 10−4 s−1, respectively, obtained by tting
the model to the HONO observations from June 25, and acti-
vated in the model around the time of cleaning (see Section 2).
Here Aclean/V = 0.16 m−1, using the area of the oor that was
cleaned: Aclean = 40 m2 and the entire UTest House volume,
corresponding to k4 = 1.5 × 10−3 s−1. These rates have been
applied in the model simulation using both the June 25 input
matching the observations within the experimental uncertainty
(Fig. 2c), and the average day input showing reasonable agree-
ment (Fig. 3b). This level of agreement suggests that the
This journal is © The Royal Society of Chemistry 2025
reaction rate coefficients reported here can be generally applied
to other Cl-cleaning events and that the HONO equilibrium
between the gas-phase and cleaned surface is reasonably
accounted for by reactions (4) and (5). As the Cl-cleaning impact
on HONO is signicantly different to the other cleaning events,
we suggest that the drivers behind reactions (4) and (5) are due
to the bleach solution itself and not only from the presence of
a wet surface. Mattila et al. (2020)33 found that aqueous uptake
of HONO into a bleach-covered surface produced ClNO2 could
at least partly explain the gas-phase observations of both of
these species. Reactions (4) and (5) described here can be used
to describe the resulting impact of the heterogeneous and
aqueous processes on gas-phase HONO.

The averaged day model simulated HONO is in closer
agreement with the measurements on June 8 and 25 than
compared to the observations on June 19 and 21. June 19 and
June 21 have a higher background HONO concentration of ∼12
pbb and ∼8 ppb respectively compared to ∼4–5 pbb for June 8
and June 25, possibly due to HONO production or off-gassing
from surface lms deposited during the Thanksgiving event
on June 18, altering the gas-phase background steady state
concentration of HONO described by the equilibrium reactions
(2) and (3). Interestingly, at the time of the Cl-cleaning event all
four days have HONO minimum concentration at ∼1 ppb,
suggesting that the cleaning event drives HONO almost to
depletion in the gas-phase through reaction (4). Immediate
HONO production aer the Cl-cleaning suggests an additional
HONO source on these days. The decrease in HONO concen-
tration and the following rate of increase aer the Cl-cleaning
event, is faster for June 21 than June 8 and 25. June 19 has
a gap in the data at this time, but appears to follow a similar
trend to June 21 where data are available. It is not clear what is
responsible for the differing behaviour on the different days,
but our hypothesis is varying surface deposit composition.
However, the HONO observations between the four days are all
in agreement within the experimental uncertainties (Fig. 2c)
and the importance of surface reservoirs for HONO (and other
indoor species) is highlighted by the varying background on the
different days. This is an area that warrants further study.
3.2 Predicted Cl concentrations, Cl reactivity and OH
reactivity

INCHEM-Py has also been used to simulate the Cl atom
concentrations, which are unable to be determined experi-
mentally at this time. Fig. 5 shows modelled Cl atom concen-
tration (panel a), Cl atom reactivity (panel b) and OH radical
reactivity (panel c) for June 25 (grey) and the averaged day
(black). The reactivity of Cl/OH is dened as the sum of the
concentrations of Cl/OH reactants multiplied by the rate coef-
cients for that reaction. The Cl concentration is negligible
before the Cl-cleaning event, peaking at 0.75 × 105 and 2.3 ×

105 atom per cm3, for the June 25 and averaged-day scenario
respectively during cleaning. About an hour aer the cleaning
event, the Cl atoms have all been removed. The Cl atom
concentration is insensitive to other activities in the house. The
peak concentrations following cleaning are 1–3 orders of
Environ. Sci.: Processes Impacts, 2025, 27, 188–201 | 195
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Fig. 5 Modelled Cl atom concentration (panel a, atom per cm3), Cl
atom reactivity (panel b, s−1), and OH radical reactivity (panel c, s−1) for
the June 25 scenario (grey) and the averaged-day scenario (black). The
shaded areas on each panel indicate the timing of the indoor activities
carried out during the day: cooking (grey), Cl-cleaning (dark blue), and
other cleaning (light blue) activities.
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magnitude higher than those outdoors.91,92 Comparing the
indoor OH radical and Cl atom concentrations during and up to
an hour aer the Cl-cleaning event, OH radicals are about 2
orders of magnitude higher, however, Cl atoms are generally
more reactive.93,94 The combination of high Cl and OH
concentrations means that the oxidative capability of the indoor
air is magnied signicantly.

The Cl reactivity is high, reecting the high reactivity and
generally fast oxidation reactions undertaken by Cl atoms.
196 | Environ. Sci.: Processes Impacts, 2025, 27, 188–201
Fig. 5b shows the Cl reactivity increasing from a background
level of about 160 and 2200 s−1 to a peak of around 8500 and
4800 s−1 for June 25 and the averaged day, respectively. The
June 25 reactivity peak is maintained until the Cl-cleaning
event, where it decreases slightly to about 7500 s−1. On the
averaged day, Cl reactivity only increases until the rst cleaning
event, with a second increase during the evening cooking event,
eventually leveling off at about 2100 s−1. The Cl reactivity
proles highlight that reactions of VOCs with Cl atoms are
occurring from the time of the rst cooking event, even though
Cl concentrations stay low. The high reactivity of Cl atoms
means that they are rapidly removed by reactions (such as with
VOCs), until a signicant emissions of precursor compounds
(cleaning products) elevates their concentrations. This high Cl
reactivity also means that chlorinated compounds (e.g. chlori-
nated organics) are likely to be formed in signicant
concentrations.

The OH radical reactivity presented in Fig. 5c shows
increases following each of the cooking events as well as at the
time of Cl-cleaning in the late aernoon. The initial background
OH reactivity is between 20–40 s−1, which is very similar to
ambient urban observations in both London (15–27 s−1)95 and
Beijing (22–89 s−1).96 Following the emissions of VOCs indoors
during the cooking and cleaning events, the OH reactivity
increases to peaks of around 140 and 160 s−1 on the averaged-
day and June 25 simulations, respectively. The highest peak for
both model scenarios occurs aer the second cooking event,
higher than peak values observed during rush hour in London
of 116 s−1.95 The increases following the cooking events are: 35
and 40 s−1 for the rst event, 45 and 40 s−1 for the second event,
and 60 and 65 s−1 for the third event for June 25 and the average
day, respectively. Aer the Cl-cleaning event, an increase in OH
reactivity of 10 s−1 is observed for both model scenarios. The
similarity between these increases in reactivity, suggests that
the amounts of VOCs emitted from cooking events and
compounds emitted from the Cl-cleaning event are very similar
for the June 25 scenario compared to the averaged day scenario.
Therefore, the averaged day scenario provides a good estimate
of the changes in OH reactivity from the individual activities of
cooking and cleaning, even in a generalised scenario. OH
reactivity can be dissected further by analysing the rates of loss
of OH throughout June 25. The highest loss rate of OH was
caused by the reaction with propane (27.3 ppt s−1) at 17:57,
which contributed approximately 76% towards the total OH loss
rate and the subsequent OH reactivity. Other key loss rates for
OH during Cl-cleaning include the reactions with NO and NO2

forming HONO and HNO3 respectively. These reactions repre-
sent approximately 3 and 12% contributions to OH reactivity
during the Cl-cleaning event.

4 Conclusions

In conclusion, the observed changes in OH and HO*
2 radicals

and HONO during the Cl-cleaning events of four layered days
during the HOMEChem campaign in June 2018 are described
well by the INCHEM-Py model. At the time of the Cl-cleaning
event, OH and HO*

2 radical concentrations increased to peak
This journal is © The Royal Society of Chemistry 2025
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aer the event and returned to background levels just over an
hour later. This return to background concentrations was
driven by chemical reactions, not ventilation. For instance,
removal of OH by reaction with propane was 270 000 faster than
removal by ventilation. HONO concentrations increase aer
each cooking event, and decrease at the time of Cl-cleaning.
HONO slowly recovers to background concentrations several
hours aer the cleaning event owing to what we assume is
degassing from the oor surface. Modelled Cl concentrations
show a peak during and aer the Cl-cleaning event, simulta-
neously with those in the OH and HO*

2 radical concentrations.
The modelled proles for the averaged-day and for June 25 are
in general agreement, although the averaged-day simulation
has higher OH and Cl concentrations during and aer the Cl-
cleaning event. As a comparison to the Reidy et al. (2023)
study,40 our data agrees well. Following cooking, the concen-
tration of HONO increases in both studies, and OH and HO*

2

follow similar activity proles. As an expansion to the Reidy
et al. (2023) study,40 we have found that the increase in OH
reactivity following cooking outweighs the increase following
Cl-cleaning (despite the higher OH concentration following the
cleaning event).

Cl atom reactivity increases at the beginning of the day, when
VOCs are being emitted through the different activities in the
house and then levels out, or decreases slowly for the rest of the
day. OH radical reactivity shows increases following both
cooking and Cl-cleaning events, with peak levels exceeding
those observed in outdoor urban environments. The increases
in both Cl and OH reactivity show the impact of the oxidative
capability of the indoor atmospheric environment and its
dependence on the indoor activities carried out.

The addition of the HONO surface chemistry from Collins
et al. (2018)48 with the additional wet surface HONO chemistry
described in this study, fully captures the changes in gas phase
HONO during Cl-cleaning. We have described HONO wet
surface chemistry by determining specic rates for the different
processes following the Cl-cleaning event, providing a mecha-
nism to be tested experimentally. The fast rate of HONO loss to
a wet surface, followed by the slower degassing of HONO back to
the gas phase, can be included and tested in the description of
cleaning events in other indoor environments and/or other
model simulations.
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