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The impact of surfaces on indoor air chemistry
following cooking and cleaning†

Ellen Harding-Smith, ‡ab Helen L. Davies, ‡a Catherine O'Leary, b

Ruth Winkless,b Marvin Shaw,bc Terry Dillon,b Benjamin Jonesd

and Nicola Carslaw *a

Cooking and cleaning are common sources of indoor air pollutants, including volatile organic compounds

(VOCs). The chemical fate of VOCs indoors is determined by both gas-phase and multi-phase chemistry,

and can result in the formation of potentially hazardous secondary pollutants. Chemical interactions at

the gas-surface boundary play an important role in indoor environments due to the characteristically

high surface area to volume ratios (SAVs). This study first characterises the VOC emissions from a typical

cooking and cleaning activity in a semi-realistic domestic kitchen, using real-time measurements. While

cooking emitted a larger amount of VOCs overall, both cooking and cleaning were sources of

chemically reactive monoterpenes (peak mixing ratios 7 ppb and 2 ppb, respectively). Chemical

processing of the VOC emissions from sequential cooking and cleaning activities was then simulated in

a kitchen using a detailed chemical model. Results showed that ozone (O3) deposition was most

effective onto plastic and soft furnishings, while wooden surfaces were the most effective at producing

formaldehyde following multi-phase chemistry. Subsequent modelling of cooking and cleaning

emissions using a range of measured kitchen SAVs revealed that indoor oxidant levels and the

subsequent chemistry, are strongly influenced by the total and material-specific SAV of the room. O3

mixing ratios ranged from 1.3–7.8 ppb across 9 simulated kitchens, with higher concentrations of

secondary pollutants observed at higher O3 concentration. Increased room volume, decreased total SAV,

decreased SAVs of plastic and soft furnishings, and increased wood SAV contributed to elevated

formaldehyde and total peroxyacetyl nitrates (PANs) mixing ratios, of up to 1548 ppt and 643 ppt,

respectively, following cooking and cleaning. Therefore, the size and material composition of indoor

environments has the potential to impact the chemical processing of VOC emissions from common

occupant activities.

Environmental signicance

Domestic cooking and cleaning result in emissions of a large number of volatile organic compounds, which, through gas-phase chemistry and surface inter-

actions, can form a wide range of potentially harmful secondary products. This study uses experimental cooking and cleaning emission data to simulate the

impact of building design and surface materials on the secondary chemistry following these activities. It is shown that the concentrations of oxidants and

secondary products are strongly inuenced by the total surface area to volume ratio of a room and the specic surface material composition. Data from this

study provides indications of how building design and surface materials could be altered in order to reduce the effects of indoor air pollution resulting from

domestic activities.

1 Introduction

Many emission sources contribute to indoor air pollution,

including building materials and furnishings, combustion

sources such as stoves, candles and log burners, and occupant

activities such as cooking and cleaning.1–5 The numerous and

highly variable indoor emission sources oen result in pollu-

tion levels greater indoors compared to outdoors.6 Together

with the considerable proportion of time spent in built envi-

ronments, indoor air quality is a signicant factor in deter-

mining human exposure to air pollutants.7
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A growing number of studies have emerged, aiming to

characterise the impacts of occupant activities on indoor air

pollution.8,9 Cooking and cleaning are frequent occupant

activities which serve as potentially large, intermittent sources

of indoor air pollution in domestic and commercial environ-

ments.1,10 Cooking emits a diverse range of indoor air pollut-

ants, including VOCs, particulate matter (PM), and inorganic

gases such as oxides of carbon and nitrogen.11 The composition

and quantity of emissions is highly dependent on ingredients,

type of oil used, cooking method (e.g. boiling, frying, etc.), and

temperature.12 For example, Klein et al. identied that vegeta-

bles were a dominant source of alcohol and sulphur-containing

VOCs, oils emitted predominantly aldehyde species, and herbs

and pepper emitted large quantities of terpenes and

terpenoids.13,14

Cleaning activities similarly result in large emissions of

VOCs and PM indoors. The composition and quantity of emis-

sions from cleaning is highly dependent on a range of factors,

including the chemical composition of the product formula-

tion, and the application mode (spraying, diluting, wiping,

mopping etc.).15 Fragranced household cleaners have been

identied as a signicant source of terpene species indoors,

while chlorine-based bleach products emit hazardous chlori-

nated VOCs.16

Many VOCs emitted from cooking and cleaning activities

readily react with oxidants present indoors (O3, OH, NO3) to

generate secondary pollutants, some of which are more

hazardous than the parent compound.17 In particular, mono-

terpenes, which are emitted both from cooking and cleaning

activities, are susceptible to rapid ozonolysis due to the pres-

ence of unsaturated C]C bonds in their chemical structure.

Some products of this chemistry, for example formaldehyde,

organic nitrates, and peroxyacetyl nitrate-type species (PANs),

are known or suspected to have adverse health effects.18–22

Therefore, it is important to characterise the fate of VOC

emissions from occupant activities to determine the potential

implications on occupant health.

The chemical fate of VOCs indoors differs from outdoors.

The surface area to volume ratio (SAV) is notably greater within

buildings compared to outdoor spaces.23 Consequently, the

relative importance of surface emissions, multi-phase reac-

tions, and surface deposition for determining the composition

and concentrations of gas-phase species is greater for indoor

environments compared to outdoors.24Deposition of VOCs onto

indoor surfaces may have a signicant inuence on the peak

concentration and temporal proles of pollutants during tran-

sient emission events. Indeed, Singer et al. demonstrated for

a range of compounds that surface deposition may compete

with, or exceed, ventilation as the most important removal

process following an emission event, depending on the intrinsic

vapour pressure of the depositing compound.25

Indoor surfaces inuence the concentration of potentially

hazardous secondary pollutants indoors (e.g. formaldehyde and

longer chain aldehydes26) by facilitating VOC oxidation chem-

istry. Sorption of VOCs and oxidants onto indoor surfaces

removes the constraint of ventilation on residence time, thus

increasing the potential for chemical transformations to occur

via gas-phase surface interactions.24 Interactions of O3 with

surface-sorbed VOCs result in the production of oxidised

products, which are oen volatile enough to be emitted from

indoor surfaces, thus affecting indoor air quality.27,28

In realistic indoor settings, the ongoing deposition of VOCs

onto indoor surfaces results in the creation of organic lms.

These lms serve as a reservoir for reactive contaminants,

which further inuence indoor air quality via the emission of

secondary pollutants.29 In kitchen environments, where VOCs

such as cooking oils and terpenes from cleaning deposit on

indoor surfaces, surfaces are likely to have high lm coverage.

Deming et al. reported surface lms containing up to 65%

alkenes from painted walls and glass windows following cook-

ing, cleaning, and occupancy experiments.30 In a study of four

homes, Wang et al. showed that kitchen countertops exhibited

consistently high secondary emission rates following exposure

to O3 between new and old homes.31 In contrast to carpets,

which age over time, the reactive surface lms on kitchen

countertops are continually replenished by occupant activities,

thus suggesting that kitchen surfaces may be a dominant source

of secondary pollutants.31

The deposition and subsequent multi-phase chemistry that

occurs on indoor surfaces is dependent on the surface material.

For instance, Won et al. demonstrated through a series of

chamber experiments that carpet was the most signicant sink

for non-polar VOCs, while gypsum board was a signicant sink

for highly polar VOCs.32 There are an increasing number of

studies which investigate the uptake of pollutants onto indoor

surfaces and the products of multi-phase surface interactions.

Of particular interest is O3, on account of its ubiquitous pres-

ence indoors via inltration from outdoors, and its importance

in the oxidative processing of surface lm constituents.24,33 The

literature on O3-surface interactions was reviewed and sum-

marised by Carter et al., in addition to that of a less-studied

oxidant, hydrogen peroxide (H2O2).
28 The reported deposition

velocities and secondary pollutant production yields were used

to represent oxidant deposition and heterogeneous chemistry

in a detailed chemical model, INCHEM-Py, which will be used

in this work.34

Domestic kitchens vary widely in their designs, with conse-

quent impacts on surface-mediated indoor air chemistry. The

physical characteristics of the room, including the total SAV and

surface materials, impact the processing of VOCs which are

emitted from activities frequently carried out in kitchens, i.e.

cooking and cleaning. The room volume determines the dilu-

tion of pollutants emitted into the room, while the surface area

and surface materials control the extent of surface deposition

and heterogeneous chemistry. Weschler et al. highlighted the

evolving changes in indoor surfaces over time, for example the

replacement of natural products with synthetic products for

building materials and furnishings.35 This shi in the compo-

sition and complexity of indoor surfaces is likely to impact

indoor air quality as a result of differing emissions, deposition,

and multi-phase chemistry.

To our knowledge, the impacts of variations in realistic

kitchen SAVs and surface materials on the resulting chemical

fate of VOC emissions from typical occupant activities such as
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cooking and cleaning have not been evaluated in detail. This

study rst characterises the VOC emissions from typical cook-

ing and cleaning activities in a semi-realistic domestic kitchen,

using real-time mass spectrometry for time-resolved measure-

ments. We then use a detailed chemical model to simulate the

measured VOC emissions, and investigate the impacts of

varying kitchen designs with respect to material-specic surface

areas and total SAV, on the resulting indoor air chemistry. This

study aims to identify building design factors relating to the SAV

and material composition of indoor surfaces, which impact the

indoor air quality and chemistry following high emission

events.

2 Methods
2.1 The test pod facility and diagnostic equipment

A 4 week experimental campaign was conducted during

February/March 2022 at the Department of Architecture & Built

Environment, University of Nottingham, UK. The purpose of

this campaign was to investigate the impacts of cooking and

cleaning on indoor air chemistry under semi-realistic condi-

tions. The experiments were performed at the Test Pod facility,

which is comprised of two buildings: one meeting current UK

Building Regulations Part L,36 and the other meeting the Pas-

sivhaus Standard.37 All experiments were performed in the

Part L (test) pod to ensure that the building ventilation was

representative of typical houses in the UK. The test pod had

a volume of 22.2 m3 (3.53 m × 2.62 m × 2.40 m), with a single

external door and a north-east facing window which was

partially covered with an MDF board (Fig. S1†). The room con-

sisted of linoleum tile ooring, painted plasterboard walls and

ceiling, and minimal furnishings (total surface area 53.6 m2).

A Voice200 ultra selected-ion ow-tube mass spectrometer

(SIFT-MS, Sy Technologies, Christchurch, New Zealand) was

used to quantify air concentrations of targeted VOCs in the

experimental container, and outside, throughout the campaign.

The SIFT-MS principles of operation are described else-

where,38,39 and the instrument was operated using the same

conditions as described by Davies et al.4 Indoor air was sampled

from the centre of the room at 2 m above the oor (blue circle,

Fig. S1†). Outdoor air was sampled from directly outside the

facility at a similar height. The sample lines were connected to

the SIFT-MS housed in the Wolfson Atmospheric Chemistry

Laboratory (WACL) Air Sampling Platform (WASP),40 which was

positioned adjacent to the test pod.

The specic ions measured by SIFT-MS during the cooking

and cleaning experiments are shown in Table S1,† along with

the species molecular weights, product ions, rate coefficients

and branching ratios. Overall, 40 and 18 VOCs were measured

by the SIFT-MS during cooking and cleaning experiments,

respectively, with a time resolution of less than 10 seconds. The

SIFT-MS was externally calibrated six times during the experi-

mental campaign. The calibration factors applied to the data

are summarised in Table S3.†

The instrument background was assessed by sampling zero

air from an in-house heated palladium alumina-based zero air

generator. Background VOC mixing ratios, dened as the 3

minutes average of the zero air measurements, were subtracted

from the data where available. The limits of detection were

calculated as 3.2 times the standard deviation of the zero air

measurements, as shown in Table S2.†

2.2 Experimental design

The experimental campaign involved three, day-long experi-

ment types (background, cooking, cleaning). The purpose of the

background days was to characterise the unoccupied test pod,

including background gas and particle concentrations relating

to the building and furnishing materials, stationary furnish-

ings, and indoor/outdoor exchange. Background days involved

minimal perturbation to the room, with experimentalists only

briey present periodically to take passive air samples and

perform air change rate (ACR) assessments. Background days

were assigned to one day before and aer the cooking/cleaning

experiments to assess the impact of recent occupant activities

on background room emissions.

Each experiment was conducted on a separate day to mini-

mise complexity and to allow determination of the indoor air

pollution over approximately 20 hours following individual

occupant activities. Prior to each experiment, the test pod was

well ventilated for 1 hour by opening the external door. The

room was le unperturbed for a minimum of 2 hours following

the high ventilation period to allow indoor conditions to

equilibrate before a scripted cooking or cleaning activity was

performed at approximately 13:00 UTC. Each experiment was

repeated several times throughout the campaign to assess

reproducibility.

The scripted cooking activity involved the preparation of

a chicken stir-fry, based on a published recipe.4 The scripted

cleaning activity involved the use of a UKmarket-leading lemon-

scented surface spray cleaner (‘SR1’ from Harding-Smith

et al.41). The cleaner was applied to a tabletop (2 m2) and

wiped using a damp cloth aer 1 minute. Aer each activity, all

cooking/cleaning apparatus were removed from the room to

ensure that all measured perturbations in indoor air quality

derived only from the activity. The tabletop was rinsed with

water between experiments to remove product residue and

minimise carryover between experiments.

Throughout the campaign, the indoor temperature was

manually controlled at (17 ± 1) °C using a plug-in oil heater in

the centre of the room. The measured relative humidity was (47

± 4)%. Natural ventilation only was used throughout all

experiments to emulate the ventilation of a typical UK dwelling.

The ACR of the test pod was measured using methane tracer

releases on 6 days. The methane concentration decay was

monitored by UGGA, and log-linear regression analysis of the

background-subtracted data over two hours following the

release resulted in an average ACR of (0.33± 0.06) h−1 (Fig. S2†).

2.3 Experimental reproducibility

Cooking and cleaning experiments were conducted in triplicate

over three consecutive days to assess reproducibility and

improve reliability in results. This was made possible because

each activity was scripted, meaning that the timings of

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts
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emissions remained consistent between repeats. In general, the

timings of VOC emission peaks measured by SIFT-MS were

reproducible between replicate experiments. Whilst the relative

change in VOC concentration during the emission periods were

similar between repeat experiments, there was variation in the

absolute concentrations of some VOCs measured during back-

ground and emission periods. The mixing ratios of total

monoterpenes measured during each repeat of the cooking and

cleaning experiments is shown in Fig. 1a and b, respectively. For

each measured VOC, the data from the three repeats were

averaged to determine species concentration from average

cooking and cleaning activities, shown as the black lines in

Fig. 1. The average cooking and cleaning data were used for all

further analyses.

2.4 Modelling

2.4.1 INCHEM-Py: general description. The Indoor

CHEMical model in Python (INCHEM-Py) is an open source,

indoor air chemistry zero-dimensional box model which creates

and solves a series of ordinary differential equations (ODEs) to

calculate indoor species concentrations over time, assuming

a well-mixed environment.34,42 The model utilises the near-

explicit Master Chemical Mechanism (MCM), which describes

the gas-phase chemical degradation of 142 non-methane VOCs

to H2O and CO2 end-products.43,44 Additional reaction mecha-

nisms for species relevant to the indoor environment have been

developed and included in the model, totalling over 20 000

different reactions and over 6000 species.42,45–48 INCHEM-Py also

includes terms for indoor photolysis,49 indoor/outdoor

exchange, and particle formation for three terpene species.45,50

The general equation for the ODEs created and solved by

INCHEM-Py to calculate the concentration C of species i

through time is as follows:

dCi

dt
¼

X

Rij þ ðlrCi;out � lrCiÞ � ndi

�

A

V

�

Ci � kt (1)

where Rij is the summation of rates of reactions involving

species i, which may be positive or negative, with j representing

other species involved. lr is the air change rate (ACR, h
−1), Ci(out)

is the indoor (outdoor) concentration of species i (molecule

cm−3), ndi is the deposition velocity of species i (cm s−1), A/V is

the surface area to volume ratio (SAV, cm−1), and kt is the

emission rate (molecule cm−3 s−1) of species i. The rst term in

the equation includes all MCM and additional chemical reac-

tion mechanisms, including photolysis reactions. Photolysis

rate coefficients are calculated through the summation of

contributions from attenuated outdoor light (dependent on

latitude of simulation location and emissivity of glass windows)

and articial indoor light (dependent on lighting type). The

second term in the equation represents the exchange of

pollutants between indoors and outdoors (dependent on

outdoor species concentrations and ACR). The third term

represents irreversible surface deposition at a rate which is

species-specic and dependent on the SAV of the room. Finally,

the fourth term accounts for user-dened emissions of specic

species at a given rate and for a given time period.

The rate of irreversible deposition of species onto indoor

surfaces is dened in INCHEM-Py for 3371 species as the

product of species deposition velocities (cm s−1) and the total

SAV (cm−1). Specic deposition velocities are provided for 22

species, however all other species which are assumed to deposit

onto indoor surfaces in the model have deposition velocities

which are estimated based on their chemical functionality.34

The deposition of these species to indoor surfaces is indepen-

dent of the surface material and does not consider subsequent

emission of secondary pollutants from surface chemistry.

However, for O3 and H2O2, surface-specic deposition mecha-

nisms have been developed which consider the rates of depo-

sition and secondary pollutant emissions from multiple indoor

surface materials.28 Loss rates of O3 and H2O2 to indoor surfaces

and subsequent emission of aldehydes is calculated from the

specic deposition velocities and SAVs of the following mate-

rials: metal, glass, wood, plastic, linoleum, paint, paper,

concrete, so furnishings, and skin.
Fig. 1 Total monoterpene mixing ratio measured by SIFT-MS during

three repeat (a) cooking and (b) cleaning experiments. The average of

the three repeats is shown as the black line.
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INCHEM-Py v1.2 was used for this study. Further details of

this version of the model, including all of the assumptions, are

available from ref. 34.

2.4.2 Simulating cooking and cleaning experiments. To

investigate the chemical processing of VOC emissions from

cooking and cleaning activities, the average emissions were

simulated in an average kitchen setting. A kitchen of volume 25

m3 and total surface area 63.27 m2 was assumed, based on data

reported by Manuja et al.51 The SAVs of each material consid-

ered in the model were as follows: so furnishings= 0.081 m−1;

paint = 0.992 m−1; wood = 0.665 m−1; metal = 0.311 m−1;

concrete = 0.048 m−1; paper = 0.008 m−1; plastic = 0.220 m−1;

linoleum = 0.070 m−1; glass = 0.058 m−1; and skin = 0.080

m−1. It was assumed that one person was present in the room

(with a skin surface area of 2 m2), and that the average SAV of

plastic reported by Manuja et al.51 (0.290 m−1) included 0.070

m−1 of linoleum.52

The outdoor concentrations of 110 VOCs were dened as

static concentrations using representative data sourced from

published literature and measurement databases, while trace

gases (O3, NO, and NO2) were dened using diurnally varying

concentrations based on measurements taken in a suburban

London location.34 The indoor background VOC concentrations

were determined by the ingress and egress of species, which was

controlled by an ACR typical of residential dwellings (0.5 h−1).53

Background emissions of acetone, ethanol, methanol, iso-

propanol, and isoprene were also present at emission rates

corresponding to the breath emissions of one adult.54,55

The indoor light levels in the average kitchen were deter-

mined based on an assumed latitude of 51.45 °N, date 20/06/

2020, and low emissivity glass glazed windows (transmission

330–800 nm (ref. 56)). It was also assumed that articial

incandescent lighting was on between 07:00 and 19:00,

although having these lights on makes negligible difference to

the results.

The VOC emissions from average cooking and cleaning

activities were simulated at 12:00 and 13:00 hours, respectively.

Emission rates (molecule cm−3 s−1) were calculated from the

averaged SIFT-MS data of the three repeats for each cooking and

cleaning experiment by calculating the rate of increase in

species concentrations during the cooking/cleaning activity.

These emission rates were then applied to the model as timed

emissions, with a correction factor to account for differences in

room volume between the test pod and simulated kitchen.

Emissions from the cleaning experiment included acetalde-

hyde, methanol, ethanol, monoterpenes (limonene, carene,

camphene, terpinolene, a-phellandrene, a-terpinene, a-

pinene), butyl pyruvate, and dihydromyrcenol. Emissions from

the cooking experiment included acetaldehyde, methanol,

ethanol, acrolein, monoterpenes (limonene, a-pinene,

camphene), hexanal, heptanal, octanal, nonanal, n-octane, n-

nonane, 1,2,4-trimethyl benzene and dimethyl sulphide. The

total monoterpene emissions from the cleaning experiment

were speciated using data from Harding-Smith et al.41 for

cleaner ‘SR1’, while those from the cooking experiment were

speciated using data from Davies et al.4 Model emissions of

butyl pyruvate were used as a proxy for measured emissions of 2-

tert-butylcyclohexyl acetate, with mass correction. Overall, the

VOC emissions from the cooking activity lasted 23 minutes

(including 10 minutes of ingredient preparation and 13

minutes of cooking), while those from the cleaning activity

lasted 5 minutes. Full details of the VOC emission rates input to

the model are shown in Tables S4 and S5.†

2.4.3 Investigating the effects of kitchen design factors.

Two modelling studies were performed to investigate the

impact of variations in domestic kitchen SAVs and material-

specic surface areas on the indoor air chemistry following

cooking and cleaning activities. The rst study was performed

in a simulated kitchen, in which the materials of different

components of the kitchen were randomly varied, while the

second study used material-specic surface area measurements

made in 9 real-life domestic kitchens to initialise the model.51

In each study, the average cooking and cleaning activities were

simulated at 12:00 h and 13:00 h, respectively. All model

Table 1 Components of the basic kitchen scenario, their corresponding surface areas (m2), and the assumed materials of each component

Component Surface area (m2) So fabric Paint Wood Metal Concrete Linoleum Plastic Glass Human

Walls 15.74 3

External door 1.51 3 3 3

Internal door 1.51 3

Window 0.76 3

Floor 8.32 3 3 3 3

Ceiling 12.10 3

Cupboards and kickboards 11.68 3 3 3

Backsplash 3.21 3 3

Worktop 2.62 3 3 3

Sink 0.59 3 3

Tap 0.12 3

Oven 1.82 3

Oven doors 0.52 3

Extractor fan 1.62 3

Refrigerator 7.27 3

Bin 0.68 3

Occupant 2.00 3

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts
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parameters remained constant with the exception of the

material-specic SAVs, which were varied to emulate different

kitchen designs.

For the rst study, simulations were performed using

a ‘basic kitchen’ scenario. The nominal volume (height ×

length × width) of the basic kitchen was 29 m3, based on the

average nominal volume reported by Manuja et al.51 The room

volume minus contents was 23.84 m3 and the total surface area

was 72.06 m2, resulting in a total SAV of 3.02 m−1. The basic

kitchen consisted of an L-shaped layout, with lower and upper

kitchen cabinets spanning two of the walls. There was an

internal and external door, one window, and basic kitchen

amenities (sink, tap, refrigerator, oven, extractor fan, bin). The

individual components of the basic kitchen, their respective

surface areas, and the surface materials considered for each

component are shown in Table 1. For the purpose of this study,

tile and stonematerials were classied as concrete in themodel.

Based on the likely surface materials of each component

dened in Table 1, 20 permutations of the basic kitchen were

dened by randomly selecting the material of each component

using the Python random.choice() method. The sum of each

material SAV used to initialise the model for the 20 basic

kitchen simulations is shown in Fig. 2a. In all simulations the

SAV of human skin remained constant, corresponding to the

presence of one occupant. All other SAVs varied depending on

the dened material of specic kitchen components, resulting

in 20 unique combinations of material-specic SAVs.

The secondmodelling study involved simulating the cooking

and cleaning activities using SAVs based on the 1 cm resolution

measurements of kitchens in nine residences in Blacksburg,

Virginia, that were built between 1941 and 2003.51 The purpose

of this study was to initialise the model using room volumes,

surface areas, and surface materials which represented real

domestic kitchens. The individual kitchen volumes ranged

from 6 to 46 m3 and the total surface areas ranged from 38 to 96

m2, resulting in total SAVs ranging from 1.61 to 7.14 m−1. For

the purposes of these simulations, kitchens 1–9 were dened

based on descending order of the ratio of surface area to volume

including contents (S*/V*, as dened in Manuja et al.51).

Generally, kitchens with a larger room volume resulted in

a smaller SAV, however, SAV was also inuenced by the contents

in the room. The surface area of materials categorised by

Manuja et al.51 as ‘other’ were not accounted for in our simu-

lations, and the total surface area of 5 kitchens was therefore

underestimated by 0.6–32%. Materials categorised as cardboard

and paper by Manuja et al.51 were summed and classied as

‘paper’ in our simulations. The surface area of plastic reported

by Manuja et al.51 in each kitchen was assumed to be 75%

plastic and 25% linoleum. A summary of the material-specic

SAVs considered in the model for each of the nine kitchens is

shown in Fig. 2b.

2.4.4 Coefficient of variation. To compare variation in

concentrations of various species across the 20 different kitchen

permutations, coefficients of variation (CV) were calculated. For

each kitchen, background (BG) and activity (Act) simulations

were carried out, andmean concentrations for each species, i, in

each kitchen (kn, where n is the kitchen number 1–20) were

obtained across the period of 11:45 (t0 – 15 min) to 17:30

(mi,BG,kn/mi,Act,kn). For background coefficients of variation

(CVi,BG), the overall mean (Mi,BG) and standard deviation (si,BG)

of mi,BG,k1–20 were obtained, and CV calculated as follows:

CVi;BG ¼
si;BG

�

�Mi;BG

�

�

(2)

To compare the change in concentrations of species i as

a result of activities across different kitchens, the average change

in concentration for each species in each kitchen (mi,DCi,kn
) were

calculated as mi,Act,kn − mi,BG,kn. The coefficient of variation for

activity-induced concentration change (CVi,DCi
) was then calcu-

lated by obtaining the overall mean (Mi,DCi
) and standard devia-

tion (si,DCi
) of mi,DCi,k1–20 and using the following equation:

CVi;DCi
¼

si;DCi
�

�Mi;DCi

�

�

(3)

Fig. 2 The material-specific SAVs (cm−1) used to initialise the model

for the (a) basic kitchen scenario, and (b) real-life kitchen modelling

studies.
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3 Results and discussion
3.1 Typical measured cooking and cleaning VOC emissions

The average VOC emissions measured during the experimental

cooking and cleaning activities are shown in Fig. 3. As the focus

of this study is on gas-phase pollutants, particulate matter

emissions were not considered at this time. The cooking activity

emitted a larger concentration of VOCs compared to the

cleaning activity, with a total maximum increase in emitted

VOCs of 434 ppb, compared to the 15 ppb increase observed

from the cleaning emissions. For both activities, the largest

VOC emission was of methanol, which constituted 69% and

53% of the total VOC emissions for cooking and cleaning,

respectively. Other VOC emissions measured from both activi-

ties included ethanol, acetaldehyde and monoterpenes. In all

cases, cooking was a larger source of these VOCs compared to

cleaning. The maximum concentration of monoterpenes during

the cooking activity amounted to 7 ppb (1.6% of total maximum

VOC), whereas cleaning emitted 2 ppb monoterpenes (13% of

total maximum VOC). Monoterpenes are potentially important

for indoor air chemistry because they are chemically reactive

towards oxidants present indoors, thus have the potential to

generate harmful secondary pollutants. These results indicate

that while cleaning is a smaller source of VOC emissions

compared to cooking, a larger proportion of the emitted species

are chemically reactive species, which contribute to secondary

pollutant formation.

Cooking emitted a range of species not observed from

cleaning, including acrolein, trimethylbenzene, dimethyl

sulphide, and a range of long chain aldehydes and alkanes.

Different species peaked at different times during the activity,

corresponding to the different stages in the cooking progress.

For example, an increase in monoterpenes of 4 ppb was

observed several minutes prior to the start of the cooking

period, corresponding with the preparation of spices in the

room, followed by a second increase to a total of 7 ppb resulting

from adding the spices to the pan at 360 s. These results clearly

indicate that one or more of the spices (garlic, ginger, chilli)

were a source of monoterpene emissions, which is in agreement

with previous studies.14 A similar pattern was observed for

eucalyptol and dimethyl disulde to a lesser extent, the latter of

which is a constituent of garlic.57

Other notable emissions were observed during the oil heat-

ing stages (0 s, 300 s) and the addition of chicken, vegetables,

and sauce to the pan (60 s, 380 s, and 660 s, respectively). The

heating of oil resulted in emissions of a range of alkane and

aldehyde species, the most notable being acetaldehyde (+18

ppb), nonane (+31 ppb), and propanal (+16 ppb). Alkane and

aldehyde emissions from cooking oils have been well charac-

terised in previous studies, highlighting the potential health

risks of these emissions.58 Alcohol emissions, particularly

methanol and ethanol, were attributed to the addition of

various cooking ingredients to the pan. These emissions formed

the largest contribution to the total VOC emissions during the

cooking process, with an increase of approximately 300 ppb of

methanol observed following the addition of vegetables, and an

increase of approximately 7 ppb and 43 ppb of ethanol observed

following the addition of chicken and sauce, respectively.

Fig. 3 Mixing ratios of VOCsmeasured by SIFT-MS during the average (a) cooking, (b) cooking, focusing on species with lower mixing ratios, and

(c) cleaning experiment. The vertical dashed lines signify the start and end of the cooking/cleaning activity, with 0 s (t0) being the time point when

the activity commenced. Only the total mixing ratios of VOCs for which an emission peak was observed are shown, with the different colours

indicating the contribution from each individual species. Background concentrations (average between t0-840 and t0-750 s) have been sub-

tracted for clarity.
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These observations are largely consistent with a previous

study reported by Davies et al.,4 which is based on the same

scripted cooking experiment. The magnitude of emissions

observed in this study were less than those reported by Davies

et al.,4 particularly for methanol, which reached a maximum

mixing ratio of approximately 5 times less. However, it was

concluded that there were large background emissions of

methanol in the experimental facility used by Davies et al.,4

likely from the relatively new building materials. This high-

lights the potentially large impact of various experimental

factors, which could contribute to the differences observed

between experimental studies. Other factors which are likely to

have impacted the results include variations in ingredient

sourcing and freshness, differences in cooking temperatures,

and human variability in the cooking process. However, the

timings of VOC emissions observed during the cooking activity

showed good agreement with those reported by Davies et al.,4

illustrating repeatability in the types of VOCs emitted during

various aspects of the cooking processes.

In addition to alcohols, acetaldehyde, monoterpenes, and

eucalyptol, VOC emissions unique to the cleaning activity

included dihydromyrcenol and 2-tert-butylcyclohexyl acetate. In

contrast to the cooking activity, the cleaning protocol was not

a multi-step process, thus all VOC emissions were observed

simultaneously. Overall, the emitted VOC species measured

from the cleaning activity were consistent with the VOC

composition of the same cleaning product (SR1) reported by

Harding-Smith et al.,41 evidencing the relationship between

cleaning product formulation composition and the observed

VOC emissions resulting from product use. The relative

contribution of alcohols and acetaldehyde to the maximum

total VOC mixing ratio observed in this study were consistent

with the relative mass concentrations reported by Harding-

Smith et al.41 However, we observed a larger relative emission

of monoterpenes and lower relative emissions of dihy-

dromyrcenol and 2-tert-butylcyclohexyl acetate in this study

compared to that reported by Harding-Smith et al.41 Further-

more, citral was reported to constitute 4.2% of the product

formulation by mass, however emissions of this species were

not observed in the current study.

These differences in the relative proportions of VOC

measured from headspace analysis of the cleaning product and

from a realistic usage scenario may indicate that cleaning

product components demonstrate complex emission dynamics,

resulting in a non-linear relationship between the cleaning

product chemical composition and the emissions resulting

from use. Indeed, Angulo Milhem et al.59 reported that the

liquid-to-gas transfer of terpenes from essential oil-based

cleaners is driven by molecular properties such as volatility

and interactions with the bulk solution, and the liquid content

of individual terpenes.

3.2 Modelling typical cooking and cleaning events

Using the experimental data, emission rates for each of the

VOCs emitted during the average cooking and cleaning activity

were calculated. These emission rates were applied to the

INCHEM-Py model to simulate the emission events and inves-

tigate the secondary chemical processing of VOC emissions

further. For the purposes of this study, it was assumed that the

cooking activity occurred at midday and the cleaning activity

commenced one hour later, representing a real-life scenario, in

which cooking is followed by cleaning. Background model runs

(which did not include activity-induced emissions) and activity

model runs (which did include emissions) were performed to

show the effects of activities.

The activity-induced change in species concentrations were

determined by subtracting the background simulation (no

timed emissions) from the activity simulation (including timed

emissions). The activity-induced change in emitted VOC mixing

ratio is shown in Fig. 4a. The y-axis is magnied in Fig. 4b,

focussing on VOCs emitted at lower concentrations. The

maximum simulated increase in total emitted VOC concentra-

tions was approximately 300 ppb, with methanol and ethanol

emissions from the cooking event at 12 h contributing the most

to the overall increase relative to the baseline simulation.

Elevated VOC concentrations persisted for several hours

following the cooking and cleaning activities. The straight-

chain alkanes, nonane and octane, persisted for over 5 hours

following cooking, whereas alcohol species quickly decayed in

concentration following the emission event due to differences

in species loss pathways.

The simulated activity-induced change in concentration of

three key classes of secondary pollutant are also shown in

Fig. 4c–e. Formaldehyde, organic nitrates and PAN species are

products of VOC oxidation chemistry, and are known or sus-

pected to have adverse health effects.18–22,60 Fig. 4 shows that the

concentrations of these secondary pollutants increase relative

to the baseline simulation by 18 to 50 ppt, orders of magnitude

smaller than the increase in primary VOC concentrations.

Secondary PM can also form following cooking and clean-

ing,12,45 however, this study focused on gas-phase secondaries so

PM is not considered here.

Both modelled emission events contributed to the formation

of secondary pollutants, thus consecutive activities had

a compound effect on the total species concentrations. The

increase in total organic nitrates compared to the baseline

simulation persisted for longer compared to the other

secondary products, resulting in the cleaning event elevating

the maximum concentration above that achieved following

cooking. Formaldehyde and PAN species were both shorter

lived, hence the consecutive emission events prolonged the

elevated concentrations of these species, but the cleaning event

did not elevate the maximum concentration above that which

was achieved from prior cooking. The dashed lines illustrate

that the total PANs concentration dropped by about 6 ppt a few

hours following cooking. However, the additional VOC emis-

sions from cleaning resulted in an increase in total PANs, thus

reducing the overall decline in PAN species concentrations

observed. Surface deposition dominates the loss processes for

organic nitrates, PANs and formaldehyde. However, the surface

deposition rates for organic nitrates are lower than for PANs or

formaldehyde, meaning organic nitrates have a longer lifetime

compared to the other species.
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These simulation results illustrate that the occurrence of

several occupant activities in sequence, as would be expected in

a realistic scenario, can result in prolonged and exacerbated

secondary pollutant concentrations resulting from the chemical

processing of VOC emissions from these activities. While the

concentrations observed here are below what would be expected

to cause adverse health effects in occupants, it highlights the

importance of considering the potential concentrations of

secondary pollutants which could be achieved in occupational

settings, where high emission occupant activities such as

cooking and cleaning occur regularly throughout the day.

3.3 Impact of kitchen designs on indoor air chemistry

3.3.1 The basic kitchen scenario. In order to investigate the

impact of variations in indoor surface materials on the indoor

air chemistry, the average cooking and cleaning emissions were

simulated in 20 permutations of the basic kitchen setting, as

dened in the Methods section.

For each kitchen, a background (excluding cooking and

cleaning emissions) and activity (including cooking and clean-

ing emissions) simulation were performed. The resulting

concentrations of key oxidants, radical species, and secondary

pollutants in the background (dashed lines) and activity (solid

lines) simulations are shown in Fig. 5. Concentrations are

shown for oxidants (O3, OH), intermediate species (formed from

initial VOC oxidation pathways; peroxy radicals (RO2), NO, HO2,

NO2) and secondary species, formed as a result of downstream

gas-phase secondary chemistry (formaldehyde, total PANs, and

total organic nitrates). In addition, products formed following

O3 and H2O2 deposition to different surface materials are also

shown as a summed “total surface emitted species”. This

summation comprises acetaldehyde, propanal, butanal, penta-

nal, hexanal, heptanal, octanal, nonanal, decanal, 2-nonenal,

acrolein, methacrolein, crotonaldehyde, benzaldehyde, m-tol-

ualdehyde, 4-oxopentanal, acetone, formic acid, acetic acid,

isopentanal and 2,5-dimethylbenzaldehyde, as given in Carter

et al.28 Formaldehyde is also emitted from surfaces, but is

shown separately for clarity. Several of these species were also

measured as primary emissions from the cooking and cleaning

activities. Therefore, background concentrations only are

shown to highlight the effects of indoor surface materials on

their concentrations. The background concentrations of most

species change over the time period shown, despite there being

Fig. 4 Simulated activity-induced change in concentration of (a) emitted VOCs, (b) emitted VOCs, focussing on lower mixing ratios, and

secondary pollutants (c) total organic nitrates, (d) total PANs, and (e) formaldehyde, when cooking and cleaning are simulated in a typical kitchen

setting at 12 h and 13 h, respectively. The activity-induced change in secondary pollutant concentrations when just cooking (at 12 h) and just

cleaning (at 13 h) occurs is indicated by dotted lines in (c)–(e).

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts
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no activities taking place. This is because INCHEM-Py models

a diurnal variation in outdoor O3, NO and NO2 concentrations,

meaning that different concentrations of these species are

entering the simulated room over the simulated time course,

and thus, affecting the background concentrations and

chemistry.

Fig. 5 shows that there are two processes affecting species

concentrations: (i) the kitchen surface material composition,

Fig. 5 Concentrations of oxidant, intermediate and secondary species in background (dashed lines) and activity (solid lines) simulations, in each

of the 20 basic kitchen permutations. Vertical dashed lines indicate the start of the cooking and cleaning activity at 12 and 13 h, respectively. Only

background concentrations of the total surface emitted species are shown for clarity.
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which impacts the background concentrations even in the

absence of occupant activities, and (ii) the VOC emissions from

cooking and cleaning, which may or may not also be inuenced

by the surface material composition. These processes will be

explored further in the following sections.

3.3.1.1 Material-dependent background concentration varia-

tion. To compare the inuence of indoor surface material

composition on the background concentration of oxidants,

intermediates, and secondary pollutants of interest, the varia-

tion in concentrations was compared for each species across the

20 basic kitchen permutations by calculating the coefficient of

variation (CVi,BG, see methods section for details). The CVi,BG

values are presented in Table 2 for a range of oxidants, inter-

mediate species, and secondary pollutants from gas-phase and

multi-phase chemistry. O3, formaldehyde, and a number of

surface-emitted secondary aldehydes showed CV > 0.2 (i.e.

standard deviation more than 20% of mean), indicating

a considerable degree of variability. Therefore, the dependen-

cies of these species on indoor surface materials were investi-

gated further. Of particular interest are O3 and formaldehyde, as

they are both contaminants of concern that should be priori-

tised for removal in homes,61 and O3 is also fundamental in

initiating VOC oxidation and subsequent formation of

secondary products.

The inuence of indoor surfaces on gas-phase pollutant

concentrations is two-fold. Firstly, species may deposit onto

indoor surfaces, thus removing them from the system. In

INCHEM-Py, surface-specic deposition velocities of O3 and

H2O2 only are considered, while the deposition of other species

is represented by constant deposition velocities, independent of

surface material.28,34 Secondly, the emission of pollutants from

indoor surfaces resulting fromO3 and H2O2 surface interactions

contributes to the gas-phase concentrations of secondary

pollutants such as formaldehyde and larger straight-chain

aldehydes.28 Therefore, gas-phase concentrations may be

affected by the removal of key oxidants, thus limiting gas-phase

oxidation chemistry, or by the production of secondary pollut-

ants from multi-phase chemical transformations. As shown in

Fig. 5, the concentrations of various oxidants, radical interme-

diates, and secondary pollutants were affected by variations in

surface materials between permutations. Therefore, indoor

surfaces inuence all stages of indoor air chemistry.

In the background simulations, (78 ± 3)% of O3 was

deposited onto indoor surfaces. This result is comparable to

previous studies, which observed 85% deposited in a simulated

apartment with an ACR of 0.76 h−1, and 91% in a simulated

kitchen with an ACR of 0.5 h−1.28,52 The dependence of O3

concentration on indoor surface materials (CVz 0.21) resulted

from variations in O3 deposition rates and O3 formation from

the chemical processing of surface-emitted secondary alde-

hydes. O3 is a major determinant of indoor air chemistry due to

its ubiquitous presence indoors at chemically relevant concen-

trations and its reactivity towards unsaturated VOCs. Therefore,

the variation in O3 observed between simulations had conse-

quent effects on the concentrations of intermediate and

secondary products, such as formaldehyde.

To investigate the surface-dependence of O3 and formalde-

hyde, their average background concentrations in each kitchen

were plotted against the SAV of each material in the kitchen

scenario. Then, linear regression was used to determine the

degree of correlation between the species and material SAV.

A strong negative correlation was observed between the

background concentration of O3 and plastic SAV. For example,

the lowest O3 concentrations were observed from kitchens 5, 6,

and 14, which had the highest proportion of plastic surfaces.

This suggests that plastic surfaces are a major determinant of

indoor O3 concentration, as evidenced by the high O3 deposi-

tion velocity onto plastic compared to other surface materials

(0.12 cm s−1). So furnishings were present in some of the basic

kitchen permutations due to the inclusion of carpeted ooring.

So furnishings were also efficient at removing O3 from the

system, with a deposition velocity of 0.15 cm s−1. The observed

correlation between background O3 and the sum of plastic and

so furnishings SAVs showed a strong negative correlation (R =

−0.95), illustrating the inuence of these surface materials on

O3 deposition (Fig. 6a). Kitchen 10 had the highest combined

proportion of plastic surfaces and so furnishings, resulting in

the lowest observed background O3 concentration of approxi-

mately 2.8 ppb.

The observed variation in background O3 concentration was

expected to affect the concentration of key secondary pollutants

from gas-phase VOC oxidation chemistry. Fig. 6b and c show the

correlation of background O3 with total PANs and organic

Table 2 Coefficients of variation for background concentrations of

a number of species, across the 20 different kitchen permutations

Species CVi,BG

Butanal 0.749
Acrolein 0.710

Benzaldehyde 0.689

Crotonaldehyde 0.677
m-Tolualdehyde 0.619

Pentanal 0.514

Hexanal 0.456

Propanal 0.387
Heptanal 0.264

Acetaldehyde 0.220

4-Oxopentanal 0.211

Formaldehyde 0.210
O3 0.210

Methacrolein 0.177

2-Nonenal 0.170
H2O2 0.141

NO 0.138

Nonanal 0.111

Decanal 0.090
OH 0.087

Total organic nitrates 0.082

RO2 0.071

Octanal 0.058
HO2 0.055

Acetone 0.016

Total PANs 0.015

2,5-Dimethylbenzaldehyde 0.007
Isopentanal 0.003

Formic acid 0.002

Acetic acid 0.001
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nitrates, respectively. A strong positive correlation was observed

between O3 and total PANs background concentrations (R =

0.933), while a negative correlation was observed between O3

and total organic nitrates (R = −0.895). The reason for the

differing correlations between O3 and PANs, and O3 and organic

nitrates is due to the differences in their formation pathways,

and the relationship between O3, NO and NO2. At greater O3

concentrations, VOC oxidation to generate RO2 and RCO3

(peroxyacetyl radical, the precursor to PANs formation) is more

efficient. These radicals subsequently react with NO (forming

organic nitrates, RNO3) and NO2 (forming PANs), respectively.

Meanwhile, O3, NO and NO2 are linked via reaction (4), as

follows:

O3 + NO / NO2 + O2. (4)

This reaction means that as O3 increases, NO is consumed

while NO2 is produced. Therefore, increasing O3 differentially

affects the formation of PANs and organic nitrates, as sum-

marised below:

RO2 + NO / RNO3, Yrate with [[O3] (5)

RCO3 + NO2 / PANs, [rate with [[O3] (6)

Formaldehyde is also a secondary pollutant of concern due

to its irritant and carcinogenic properties.18 Formaldehyde is an

important product of both gas-phase and multi-phase chem-

istry. This species showed a strong correlation with wood SAV (R

= 0.983, Fig. 6d). The average background concentration of

formaldehyde varied from 444 to 865 ppt, with the highest

concentration observed from kitchen 9 which had the highest

proportion of wood surfaces. Wood has an O3 deposition

velocity of approximately 10 times lower than so furnishings,

however, the formaldehyde production yield from wood is the

highest of all surface materials (over 21 times greater than so

furnishings). Therefore, wood surfaces may have a strong

inuence on formaldehyde concentrations. These results indi-

cate that keeping the total SAV of a room consistent, but

changing the surface material composition can strongly impact

the background formaldehyde concentration.

Fig. 6 Relationship between background concentrations of (a) O3 and soft furnishings + plastic SAV, (b) total PANs and O3, (c) total organic

nitrates and O3, (d) formaldehyde and wood SAV. Linear regression analysis was performed to estimate the linear relationship between variables,

with the lines of best fit represented by dashed lines. The Pearson correlation coefficient (R) for each plot is displayed in the legend. All the

correlations presented are statistically significant (p < 0.05).
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Similarly to formaldehyde, of the surface-emitted secondary

carbonyls with CV > 0.2, all species except for heptanal were

strongly positively correlated with wood surfaces due to the high

production yields of these species from wood compared to all

other surface materials.26,28 So furnishings also showed

a positive correlation with the concentration of hexanal. The

production yield of hexanal from so furnishings is approxi-

mately 0.2 times that of wood, however, due to the high O3

deposition velocity of so furnishings compared to wood, the

resulting impact of these surface materials on the emission of

secondary hexanal was of a similar magnitude. Moderate

correlations of heptanal with so furnishings and plastic

surfaces were observed, as these were the only surface materials

which emitted heptanal as a product of multi-phase chemistry.

An inverse correlation was observed between the concentrations

of surface-emitted secondary products and the SAV of materials

which did not emit them due to the substitution of emitting

surfaces with non-emitting surfaces in the permutations.

Painted surfaces generally showed a negative correlation with

most surface-emitted secondary carbonyls as this material only

emitted C8–C10 straight chain aldehydes, and at low yields

compared to other materials. Fig. S3 and S4† show the corre-

lations between material surface areas and background

concentrations of surface-emitted species.

In contrast to the other surface-emitted secondary products, 4-

oxopentanal was only emitted from skin, which remained at

a constant SAV between the different kitchens, corresponding to

a single occupant. Therefore, the observed variation in this

species concentration was due to changes in gas-phase oxidant

concentration and/or changes in the rate of production from gas-

phase chemistry induced by the variation in surface material

SAVs. A perfect correlationwas observed between the background

concentrations of 4-oxopentanal and O3. Thus, the availability of

O3 to deposit onto the skin surface was the only inuencing

factor, and differences in gas-phase chemistry hadminimal effect

on 4-oxopentanal formation between simulations.

These results suggest that room material composition has

a complex effect on indoor air chemistry. For example, reducing

the indoor concentration of O3 by increasing the SAV of plastic

surfaces and so furnishings may be benecial for minimising

the production of PANs, but comes at the cost of increasing the

concentrations of organic nitrates and some surface-emitted

carbonyl species. More comprehensive toxicological informa-

tion will be essential to drive our understanding of the relative

importance of these air pollutants on occupant health. This

information would allowmore informed decisions to bemade on

which material choices are most benecial for improved indoor

air quality.

Fig. 7 Activity-induced change in concentrations of OH, HO2, RO2, and the secondary pollutants formaldehyde, PANs and organic nitrates from

11:45–17:30 h for each basic kitchen permutation. The CVi,DCi
value for each species are shown in the headings.

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts
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3.3.1.2 Effects of materials on secondaries from cooking and

cleaning. The combination of surface materials not only affected

the background species concentrations, but they also inu-

enced the chemical processing of VOC emissions from cooking

and cleaning activities. The activity-induced change in

concentration of OH, HO2, RO2, formaldehyde, total PANs, and

total organic nitrates for each basic kitchen permutation is

shown in Fig. 7. To quantify the effect of room surface

composition on activity-induced chemistry, CVi,DCi
values were

calculated and are shown in Fig. 7.

The activity-induced change in OH concentration was not

strongly impacted by variation in surface materials (CVi,DCi
=

0.13). Most of the observed change in OH concentration was

due to reaction with the VOCs emitted from cooking and

cleaning, which remained constant for all simulations.

Conversely, HO2 and RO2 were generated as products of

oxidation reactions initiated by both OH and O3. Therefore, the

difference in background O3 discussed earlier due to variations

in O3 surface deposition between the different kitchens

impacted the overall efficiency at which the emitted VOCs were

oxidised to generate HO2 and RO2, resulting in high CVi,DCi
of

0.53 and 0.32, respectively.

Of the secondary pollutants, high CVi,DCi
values were

observed for formaldehyde and total PANs of 0.39 and 0.64,

respectively. This indicates that the activity-induced formation

of these secondary pollutants were strongly inuenced by vari-

ations in material-specic SAVs between simulations. However,

total organic nitrates showed very little variation between

simulations (CVi,DCi
= 0.02), suggesting that these species were

not signicantly inuenced by variations in the kitchen surface

materials.

The effects of surface materials on the formation of

secondary pollutants following cooking and cleaning are both

direct (emissions of secondary pollutants from multi-phase

chemistry) and indirect (removal of oxidants by surface depo-

sition, which would otherwise contribute to secondary pollutant

formation via gas-phase indoor air chemistry). The inuence of

key indoor oxidants (O3 and OH) on the observed variation in

activity-induced change in formaldehyde concentrations was

investigated further in Fig. 8. Here, linear regression analysis

was performed between oxidant concentration and activity-

induced change in formaldehyde concentration.

The variability in activity-induced changes in formaldehyde

concentration was observed due to the inuence of indoor

surfaces on both the direct emissions from multi-phase chem-

istry and the concentrations of oxidant species contributing to

the formation and destruction of formaldehyde via gas-phase

reactions. Linear regression analysis indicated a positive

correlation between activity-induced changes in formaldehyde

concentration and O3 concentration (R = 0.939, Fig. 8a), and

a negative correlation with OH concentration (R = −0.986,

Fig. 8b).

As Fig. 8 shows, indoor oxidant concentrations were a strong

mediator of secondary pollutant formation following cooking

and cleaning activities. Therefore, it follows that the surface

materials which inuenced secondary pollutant formation the

most were also those that had the greatest inuence on indoor

O3 concentrations (i.e. plastic and so furnishings). Elevated O3

concentrations led to more efficient ozonolysis of unsaturated

VOC emissions from cooking and cleaning activities, thereby

resulting in the production of formaldehyde as a secondary

product of gas-phase chemistry. Formaldehyde is not effectively

destroyed by O3 due to its lack of C]C bonds, thus elevated O3

concentrations yielded higher concentrations of formaldehyde

(although these are small in an absolute sense). During the

cooking and cleaning activities, O3 concentrations increased

slightly as a result of VOC oxidation, resulting in more O3

deposition onto surfaces. Therefore, additional formaldehyde

Fig. 8 Correlation of activity-induced changes in formaldehyde with

background (a) O3 and (b) OH concentrations in the basic kitchen

permutation simulations. Linear regression analysis was performed to

estimate the relationship between variables, with the lines of best fit

represented by dashed lines. The Pearson correlation coefficient (R)

for each plot is displayed in the legend. All the correlations presented

are statistically significant (p < 0.05).
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was produced during activities as a result of multi-phase

chemistry, particularly on wooden surfaces, as well as from

gas-phase oxidation of VOC emissions. A negative correlation

was observed between the activity-induced change in formal-

dehyde and OH concentration, because elevated formaldehyde

(and other VOC) concentrations were associated with the

cooking and cleaning activities, and these enhanced concen-

trations suppressed the OH radical concentration.

Considering both the direct and indirect effects of surface

materials on formaldehyde concentration, decreasing the SAV

of plastic and so furnishings (thereby decreasing O3 deposi-

tion) and increasing the SAV of wood (thus increasing formal-

dehyde emissions from multi-phase chemistry) generally

increased formaldehyde formation. For example, kitchens 2, 8

and 9 had low plastic SAVs, no so furnishings and high wood

SAVs, and these were the kitchens where the most formalde-

hyde (z35 ppt) was formed following activities. However,

compared to the background simulations where the average

formaldehyde concentration varied by z3 ppb as a result of

room surface composition, the difference in activity-induced

formaldehyde concentration was only z20 ppt (over 100 ×

smaller). Overall, this suggests that room material composition

is more important to consider in the context of ambient back-

ground pollution indoors, rather than for inuencing secondary

chemistry of sporadic activities like cooking and cleaning.

3.3.2 Case study: real kitchen SAVs. In addition to the type

of surface materials, indoor air chemistry is inuenced by the

total room volume and surface area. Real-life kitchen environ-

ments vary widely in their design, including the size, shape, and

material composition, thus resulting in large variability in total

and material-specic SAVs. Therefore, a series of simulations

were performed whereby INCHEM-Py was initialised using

material-specic SAVs from 9 residential kitchens measured by

Manuja et al.,51 encapsulating the variability in realistic kitchen

environments (Fig. 2b). For these simulations, kitchens 1–9

were ordered based on descending SAV. It was anticipated that,

if the total room SAV was the dominant factor inuencing

species concentration, then decreasing SAV would increase

species concentrations due to less surface deposition. As all

other model parameters were constant, any deviation from this

trend was likely to be a result of variations in the material-

specic SAVs of the kitchens.

Fig. 9 shows the average concentrations of key oxidants,

intermediate species, and secondary pollutants in the back-

ground and activity simulations of the 9 realistic kitchen

scenarios. These results show that as total SAV decreased, the

average concentration of oxidants, intermediates, and

secondary pollutants generally increased. The average O3 mix-

ing ratio in the 9 kitchens ranged from 1.3 ppb to 7.8 ppb, with

(91 ± 2)% O3 deposited onto indoor surfaces. The relationship

between kitchen SAV and average O3 mixing ratio was not

linear, illustrating the inuence of surface materials on oxidant

deposition. For example, kitchens 7 and 8 had similar total SAVs

of 2.10 and 2.04 m−1, respectively, however the average back-

ground O3 concentration in kitchen 8 was 2.0 ppb lower than in

kitchen 7. Kitchen 8 had the largest SAV of so furnishings

(0.00355 cm−1, surface area = 15.6 m2), which has a relatively

high O3 deposition velocity. Furthermore, the average back-

ground O3 concentration in kitchen 2 was lower than that of

kitchen 1, despite kitchen 1 having a larger SAV. Over 30% of

kitchen 2 SAV constituted plastic, which is another surface

material which has a high O3 deposition velocity. Therefore, the

presence of so furnishings and plastic indoor surfaces has

a clear impact on background O3 concentrations as a result of

increased removal by surface deposition.

The average background and activity OH concentrations

showed less variability between kitchens compared to O3, as OH

is short lived, and not directly inuenced by surface deposition

in the model. Kitchens 6 and 9 showed slightly lower OH

concentrations than expected based on their SAVs. Kitchen 9

had a lower room volume than kitchens 7 and 8, but a lower

overall SAV. The background and activity concentrations of

VOCs and radical intermediates were higher in kitchen 9 owing

to the lower room volume, resulting in greater consumption of

OH radicals by more efficient OH chemistry. This effect also

caused the lower OH concentration in kitchen 6 compared to

kitchen 5 with a higher total SAV.

The background concentrations of intermediate species and

secondary pollutants followed a similar trend to O3, illustrating

the signicance of O3 in driving indoor air chemistry. Higher O3

concentrations resulted in more efficient removal of NO and

production of NO2, as a result of reaction (4). Additionally,

higher O3 concentrations resulted in more efficient VOC

oxidation chemistry, resulting in the formation of RO2 and HO2

radical intermediates. However, kitchens 2 and 8 showed high

background NO concentrations due to the removal of O3 by

surface deposition. Therefore, the peroxy radicals and HO2

formed from the oxidation of cooking and cleaning VOC

emissions are suppressed by the NO, resulting in a relatively

small increase in average peroxy radical and HO2 concentra-

tions between the background and activity simulations of

kitchens 2 and 8.

The production of secondary pollutants following cooking

and cleaning was dependent on (i) the dilution of VOC emis-

sions into the room volume, (ii) the availability of indoor

oxidants for gas-phase VOC oxidation, and (iii) secondary

emissions from indoor surfaces following multi-phase chem-

istry. As demonstrated in the previous section, indoor surfaces

do not have a strong inuence on the production of organic

nitrates following VOC emission events. Fig. 9 shows that the

average background concentration of organic nitrates ranged

from 14 to 66 ppt, as a result of differences in background NO

and RO2 concentrations. The increase in concentration

observed between the background and post-activity simulations

ranged from 11 to 34 ppt, and followed a similar trend to OH

radicals. This suggests that the dilution of VOCs due to room

volume were the major inuencing factor on organic nitrate

concentration.

The background and activity concentrations of PANs showed

higher variability between kitchens compared to organic

nitrates, following a similar pattern to O3. The formation of

PANs was strongly dependent on the concentration of O3

available for gas-phase VOC oxidation chemistry, thus the

inuence of material-specic SAVs on O3 deposition also

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts
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impacted the concentration of PANs. Total PANs concentration

in kitchens 2 and 8 were greater than expected given the rela-

tively low O3 concentration in these kitchens relative to kitchens

1 and 7 with similar SAVs, respectively. This is because with

increased O3 deposition, there was also an increase in aldehyde

emissions from multi-phase ozonolysis reactions. Elevated

aldehyde concentrations in kitchens 2 and 8 from increased O3

surface interactions contributed to the formation of PANs

through the production of RCO3 radicals from surface-derived

aldehyde oxidation.

Finally, the average background concentration of formalde-

hyde varied from 232 to 1515 ppt between kitchens. The total

SAV had a signicant inuence on formaldehyde concentra-

tions. Formaldehyde deposition velocity is approximately three

times higher compared to total PANs and organic nitrates.

Therefore, variations in total SAV had a more pronounced effect

on formaldehyde concentrations. Generally, as the total SAV

decreased, average formaldehyde concentrations tended to

increase due to reduced surface deposition. There was greater

variability in formaldehyde concentration observed between

Fig. 9 Change in average mixing ratios or concentrations of oxidants, intermediate species, and secondary pollutants between baseline and

activity simulations when cooking and cleaning are simulated in the 9 kitchens described in Manuja et al.,51 in order of decreasing total SAV.

Averages calculated from 15 min before t0 to 5.5 h after t0.
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kitchens compared to PANs. This was a result of wood surfaces

being a strong source of formaldehyde emissions from multi-

phase chemistry. For example, kitchens 3 and 6 had the

largest wood SAVs of 0.0116 and 0.0115 cm−1, respectively, and

showed higher average formaldehyde concentrations compared

to kitchens 4 and 5, which had comparable total SAVs but lower

wood SAVs of 0.0053 and 0.0068 cm−1, respectively.

The largest increase in secondary pollutants between the

background and activity simulations, and highest absolute

concentrations, was observed for kitchen 9, owing to its high O3

concentration. These results suggest that the effects of kitchen

SAVs on the gas-phase concentration of O3 are most important

in determining the production of secondary pollutants

following cooking and cleaning activities indoors. Therefore,

larger room volume, smaller surface area, and less so

furnishings and plastic surfaces may contribute to higher

secondary pollutant concentrations. However, it is also impor-

tant to consider the primary emissions from these surface

materials to get a more holistic view of how surfaces may impact

indoor air pollution. For example, while increasing the surface

area of plastic in a room may effectively remove O3 by deposi-

tion, and subsequently thwart gas-phase oxidation chemistry, it

may also introduce hazardous pollutants as direct emissions

from the surface material. Beel et al. identied plastics as

a potentially large source of hazardous VOC emissions,

including styrene, toluene, and phenol.62 Primary VOC emis-

sions from surface materials have not been considered in this

study. It will be important to improve our understanding of the

primary and secondary emissions from indoor surfaces, as well

as their differential health impacts, to gain insight into how

building designs may impact indoor air quality and the result-

ing impacts on occupant health. This comprehensive under-

standing is crucial for informing decisions about building

design and management practices aimed at promoting

healthier indoor environments.

4 Conclusions

This study has highlighted cooking and cleaning activities as

large sources of VOC emissions, which have the potential to

produce hazardous secondary pollutants as products of indoor

air chemistry. Using an indoor air chemistry model, INCHEM-

Py, indoor surfaces have been shown to impact the gas-phase

concentration of oxidants indoors, with consequent effects on

the chemical processing of VOC emissions from cooking and

cleaning. Simulations revealed that plastic surfaces and so

furnishings were the most efficient at removing O3 by surface

deposition, resulting in secondary emissions of aldehyde

species. Furthermore, indoor surfaces contributed to the

production of hazardous secondary pollutants via multi-phase

oxidant interactions. Wooden surfaces were most efficient at

producing formaldehyde as a secondary pollutant from multi-

phase ozonolysis reactions. Simulations performed under

a range of realistic kitchen SAVs highlighted that higher

secondary pollutant concentrations were achieved at lower total

SAVs, however, the specic combinations of surface materials

also impacted results. This study has focused on domestic

kitchens. Commercial kitchens may show quite different

results, as they typically have a higher proportion of metal

surfaces, and higher air change rates. The latter means that

surface chemistry would likely be much less important in

commercial kitchens, and this topic could be worthy of further

investigation.

These results illustrate the inuence of kitchen surface

materials, in addition to the total SAV of the room, on the

secondary production of formaldehyde and other potentially

hazardous secondary pollutants following cooking and cleaning

activities. Therefore, when aiming to enhance indoor air quality

and minimise occupant exposure to hazardous pollutants,

considerations should be given to room volume, total surface

area of contents, and the specic materials used. However, it is

worth noting that ventilation remains one of the most effective

methods for improving indoor air quality following high-

emission occupant activities such as cooking and cleaning.

Changing trends in building designs, such as the adoption of

open-plan living arrangements likely resulting in increased

room volume and the incorporation of more wood and so

furnishings, are expected to inuence the chemical processing

of VOC emissions from typical occupant activities within these

spaces.

Further research aimed at elucidating the kinetics of VOC

and oxidant interactions across a broader range of indoor

surface materials would be highly advantageous. Furthermore,

it will be important to explore how external factors such as

temperature and relative humidity affect heterogeneous chem-

ical reactions, given their variability from room to room and

across different climates. It will also be important to consider

the contributions of primary VOC emissions from surface

materials towards indoor air chemistry, as building materials

have been identied as a signicant source of VOCs which vary

with material age. Developments in our understanding of these

aspects of surface effects on indoor air chemistry would facili-

tate future model developments, thereby enabling more

comprehensive modelling investigations.
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