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Abstract

Volatile organic compounds (VOCs) are a major source of air pollution with diverse indoor

emission sources. Poor ventilation, solvent-containing products, and personal behaviours can

elevate indoor VOC levels, though real-world data is limited. This thesis examines indoor

VOC dynamics, focusing on emissions from household products and real-home exposure. Us-

ing a state-of-the-art gas chromatograph mass spectrometer, VOCs at sub-part per billion

levels were identified and quantified alongside building characteristics such as age, and air

change rates (ACR), as well as occupant activities such as cooking and cleaning times and fre-

quency. In the first experiment, VOC emissions from liquid electrical (LE) fragrance diffusers

were measured in 60 homes. Homes with the lowest ACR had the highest exposure to VOCs

originating from LEs. A controlled booth experiment showed that monoterpene emissions

from up to five LEs in a 10 m3 booth were below their theoretical odour detection thresh-

old. Moderating monoterpene content in fragrances could reduce formation of secondary air

pollutants without affecting scent perception. It is possible that excessive off-label product

use may be self-limiting as perceived fragrance intensity plateaued beyond two LEs operat-

ing simultaneously. A third study measured VOC concentrations in 124 homes in Bradford,

UK over 12 months (2023–2024). Urban homes exhibited higher benzene, toluene, ethyl-

benzene and xylene (BTEX) concentrations due to outdoor pollution ingress. Acetaldehyde

and carbon tetrachloride concentrations frequently exceeded lifetime cancer risk benchmarks.

Scaling VOC concentrations to room volume and ACR into time-integrated emission rates

revealed a seasonal trend, with rates generally peaking in summer and dipping in winter. A

final chapter details a developed method to assess VOC emissions from aerosol products via

gas chromatography, allowing for the analysis of potential product contamination, as well as

identifying solutions to improve sampling rigour. This thesis advances understanding of in-

door VOC sources, accumulation, and exposure in homes, providing contemporary real-home

data to inform future research and improve indoor air quality models.
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Chapter 1

Introduction

1.1 Scene setting

1.1.1 VOCs from Hippocrates to Archer Martin

Volatile Organic Compounds (VOCs) are pervasive in 21st century life and their sources

are myriad and complex, with personal exposure varying greatly according to individual

activities, habits, and behaviours. In a most basic form, a VOC can be defined as an organic

compound which has a low boiling point/high vapour pressure under standard atmospheric

conditions (1 atm/101.325 kPa of pressure). However, there is no set definition on what

constitutes a VOC, and definitions tend to vary depending on the context in which VOCs

are defined.[1]

The concept of volatile compounds has been known about since the time of Hippocrates, who

used the smell of patients’ breath as an indicator of disease.[2] This antiquarian method was

further developed more recently in the late-1800s when acetone concentrations were discov-

ered to be elevated in the breath of diabetic patients.[3] Gas chromatography (GC) as it is

known now was invented in 1952 by Anthony T. James and Archer J. P. Martin.[4] Quantifi-

able research into atmospheric VOCs became much more prevalent from the 1960s onwards

following the advent of capillary column GC, allowing hitherto unprecedented resolution of

complex gas-phase mixtures. Additional techniques such as thermal desorption (TD) allowed

for further increased resolution of gas samples.

There are many sub-categories of VOCs commonly found in indoor environments: terpenes,

hydrocarbons, and carbonyl-containing species to name a few. Terpene is an umbrella term

for a group of chemicals whose formulae are multiples of isoprene (C5H8). The two most com-
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monly found indoor terpene classes are monoterpenes (C10H16) and sesquiterpenes (C15H24).

There are additional similar classes called terpenoids, which possess a chemical formula not

too dissimilar from that of a terpene class, but may deviate slightly by including other ele-

ments. Monoterpenes and sesquiterpenes are among the most reactive VOCs found in indoor

environments and have high potential to create secondary products.[5,6] Some example struc-

tures of select monoterpenes, monoterpenoids and sesquiterpenes are shown in figures 1.1

and 1.2.

α-pinene

limonene

γ-terpinene

OH

geraniol

Figure 1.1: Structures of various monoterpenes, monoterpenoids and sesquiterpenes (Part
1).
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humulene

O

eucalyptol

H

δ-cadinene

β-myrcene

Figure 1.2: Structures of various monoterpenes, monoterpenoids and sesquiterpenes (Part
2).

1.1.2 Outdoor air pollution

Air pollution is not a new concept, but was thrust into public attitudes and knowledge

following deadly pollution events. Events such as the 1948 Donora smog, in which 20 people

died and over 6000 people experienced respiratory difficulties caused by poisonous emissions

from a steel works being trapped at ground-level by a temperature inversion, or the December

1952 London smog (often called the Great Smog of London), in which pollutants from coal-

fired electricity generation stations were trapped by a windless anticyclone event where over

an estimated 4000 people died. Figure 1.3 shows a photograph of Nelson’s Column during
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Figure 1.3: Photograph of Nelson’s Column in London during the Great Smog of 1952.
Photograph taken by N T Stobbs and reproduced under the CC BY-SA 2.0 license.

the Great Smog of London showing the poor visibility caused by airborne particulates and

gases causing the smog. Before the Great Smog, London was already known for smogs and

dense fogs from air pollution, colloquially called ’pea soupers’ due to the yellow appearance

of the fog (caused by sulphur dioxide), and while there are Acts of Parliament dating back

to 1853 to tackle smoke emissions from industrial chimneys, pre-1956 air pollution legislation

in the United Kingdom mainly treated air pollution as a nuisance rather than a cause for

health concern. However, the United Kingdom Clean Air Act of 1956 is generally seen as a

landmark act which aimed to lower pollution from both domestic and industrial emissions

and treated air pollution as a cause of health issues.[7,8] Continuous outdoor monitoring of

pollutants such as ozone (O3), sulphur dioxide (SO2), carbon monoxide (CO), both nitrogen

monoxide (NO) and nitrogen dioxide (NO2), hereafter referred to together as NOx, and

particulate matter (PM) has occurred in the UK since 1987 following the establishment of

the Automatic Urban Monitoring Network, a predecessor of the current Automatic Urban

and Rural Network (AURN).

1.1.3 Outdoor VOC monitoring

Outdoor hydrocarbon concentrations in the UK have been monitored continuously since

1992, following the establishment of the Automatic Hydrocarbon Network, with one rural

monitoring site located south of Edinburgh, Scotland and the remaining three sites located

in the south of England. There are also numerous non-automatic sites monitoring outdoor
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hydrocarbon concentrations around the UK. Median monthly summed concentrations of 1,3-

butadiene, benzene, toluene, ethylbenzene and xylene (all of which are hydrocarbons found

largely from vehicle exhaust emissions[9]) at both the rural monitoring site and the urban

site based at Marylebone Road, London are shown in figure 1.4. At the urban site, there

has been a continued fall in hydrocarbon concentrations since 2000, while hydrocarbon con-

centrations at the rural site show a steady, fairly consistent concentration. Concentration

differences between the urban and rural monitoring site currently are generally within an

order of magnitude of each other, and mostly have been since hydrocarbon monitoring began

at the rural site in 2008.

Figure 1.4: Monthly median summed concentrations of 1,3-butadiene, benzene, toluene,
ethylbenzene and xylene at rural and urban outdoor monitoring sites between January 2000
and July 2024, with log10 y-axis transformation. Curve smoothing was achieved using LOESS.
Values were obtained from uk-air.defra.gov.uk using recorded data from the Automated Hy-
drocarbon Network.

1.1.4 A brief history of indoor VOC research

While outdoor air pollution has been researched and regulated against for over seven decades,

along with over 30 years of outdoor hydrocarbon VOC monitoring in the UK, deep research

into indoor air pollution is still relatively in its infancy. While indoor air research dating back

to the 1970s exists, this research mostly looked at indoor-outdoor relationships with pollution,

and was mostly in the context of observing ’outdoor pollutants’ (those more commonly

associated with combustion engines and industry such as SO2, CO and NOx) and their
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ingress to indoor environments, rather than looking at indoor sources of air pollution.[10–12]

Indoor air quality research turned in the 1980s towards health concerns arising from build-

ing occupancy, which was coined ’sick building syndrome’ (SBS). SBS is a condition where

the occupants of a building are found to develop both acute and chronic health conditions

and disease originating from the occupancy of a building where the occupants work or live.

A series of World Health Organisation (WHO) meetings in the late-1970s and early-1980s

discussed the impact of several pollutants, including SO2, CO and NOx but also discussing

indoor formaldehyde emissions, concentrations and exposure in the context of SBS.[13–15] Fo-

cus on SBS also highlighted the emission of VOCs indoors, opening the door for future indoor

VOC research.[16,17]

1.2 Indoor VOC emissions

1.2.1 Review of indoor VOC emissions

VOCs are known to be emitted from a multitude of sources, both anthropogenic and biogenic.

Anthropogenic sources of indoor VOC emissions include the use of personal care products

(PCPs), general homecare products, cooking and cleaning.[18–20] Biogenic sources of VOC

emissions include human breath, body odour and skin oils.[21–23] Hundreds upon thousands

of individual VOCs have been detected indoors, however total VOC (TVOC) concentrations

are fairly consistently dominated by a few species, namely ethanol, methanol, butane and

propane.[24–26]

People spend most of their indoor time in residential and occupational settings. Other indoor

environments, such as those related to transport and recreation including shops, also con-

tribute to total time spent indoors on a more episodic basis. Residential VOC concentrations

are largely dependent on individual activities and behaviours within the space, whereas occu-

pational VOC concentrations are largely dependent on the bulk activities taking place in the

space. For instance, the mass contributions to TVOC concentrations of species commonly

found in emissions from paint such as benzene, toluene, xylene isomers and ethylbenzene

(commonly referred to collectively as ’BTEX’) would be higher in settings such as builder’s

merchants and paint production factories than in an office block.[27] Guidance on indoor VOC

concentrations exists in the UK, but is however limited to 11 VOCs.[28] Indoor VOC exposure

is multi-faceted and limiting factors, such as wearing personal protective equipment (PPE)

and increasing ventilation rates and air exchange, should be factored when considering indoor

VOC exposure.
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A concentration comparison of some commonly found residential VOCs from different studies

can be seen in table 1.3. Residential VOC concentrations vary quite widely across different

studies. For BTEX concentrations in these studies, toluene was always the largest individual

component. Owing to the prevailing use of sorbent tubes for VOC sampling, studies will

often focus their VOC reporting to more specific classes of VOCs, hence the often-missing

data in table 1.3. While the use of whole air sampling canisters would allow for a broader

potential for analysis, there are logistical implications with the use of canisters, and this is

discussed in more detail in section 1.2.3.

Table 1.3: Residential concentrations in µg m-3 of select VOCs in various studies. Where
studies sampled in different indoor locations, only residential samples were used to display
in table 1.3. BTEX concentrations displayed are the sum of individual benzene, toluene,
ethylbenzene and xylene concentrations. Missing values are displayed as ND.

Study concentration (µg m-3)

VOC
Guo et al.
(2003)[29]

Lai et al.
(2004)[30]

Wang et al.
(2017)[31]

Heeley-Hill et al.
(2021)[25]

Halios et al.
(2022)[32]

methanol ND ND ND 0.30 ND
ethanol ND ND ND 40.10 92.00
propane ND ND ND 44.20 ND
i -butane ND ND ND 40.40 4.00
n-butane ND ND ND 107.00 12.00
BTEX 83.00 39.20 97.23 5.50 25.87
α-pinene ND 16.50 15.02 8.00 12.10
D-limonene ND 19.00 109.40 3.80 13.65

Indoor VOC exposure can be mitigated against by increasing air exchange between outdoor

and indoor air. Increasing intra-building ventilation rates may also aid in VOC exposure

mitigation, however this isn’t as effective as increasing indoor-outdoor air exchange rates.

Outdoor air in almost all circumstances has lower concentrations of VOCs than indoor air,

and as such increasing the exchange between outdoors and indoors provides a mechanism by

which indoor VOC exposure can be lowered. There are however times where this may not

be possible or feasible in residential settings, such as during smog events, or during colder

months where occupant comfort would be impacted. Compounding this with a growing trend

in increased air tightness requirements in new dwellings, a reliance on mechanical ventilation

means is emerging in newer, more energy efficient houses.[33,34] This is despite growing data

which suggests a hybrid between natural ventilation (such as outdoor air ingress through the

building, opening of windows and doors, and trickle vents) and mechanical ventilation to work

most efficiently at lowering indoor VOC exposure.[35–37] For owners of homes with lower effi-
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Table 1.4: A summary of the different emissions from a variety of indoor activities and
products

Indoor activity terpenes alcohols carbonyls
aliphatic

hydrocarbons
aromatic

hydrocarbons

Cooking X X X - X
Cleaning X X X - -
Aerosol products X X X X X
Bathing products X X X - -
Gas fires/stoves - - - X X
Paints X X X X X

ciency ratings who may wish to increase overall energy efficiency, such as through increasing

air tightness and updating windows and doors to models with lower outdoor air infiltration

capacity, a potential for inequality exists in the retro-fitting of mechanical ventilation means

to maintain comfortable living standards.[38]

1.2.2 Source apportionment of indoor VOCs

Source apportionment refers to the identification of likely sources of VOCs in samples, mainly

through analysis of VOC emission patterns. Specific VOCs are known to be released through

specific activities, however assigning the presence of a specific VOC to a specific activity or

product should be cautioned against. As mentioned earlier, butane and propane are present

in indoor air, typically at relatively high concentrations.[24,25] Their presence in indoor air

mostly arises from their use as propellants in aerosol products but may also arise from use

of bottled gas appliances, and such emissions account for a large portion of total annual

VOC emissions.[39] Monoterpenes typically emit indoors from cooking, especially when using

seasoning and spices, but also arise from house plants, wooden furniture and the use of

fragranced products.[40,41] Lower (C1 to C4) alcohols also evolve indoors through cooking, but

additionally through the use of products such as deodorants, body sprays and hairsprays, as

well as through recreational alcohol drinking for ethanol specifically.[42,43] A summary of the

different emissions from a variety of indoor activities and using products indoors is shown in

table 1.4.

1.2.3 Sampling of indoor air

Air sampling methods can be broadly split in two categories: passive and active. Active

sampling is when an external source is required to move air from the atmosphere into the

sampling container/line. This is seen in analytical methods such as selected-ion flow-tube
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mass spectrometry (SIFT-MS) and proton-transfer reaction mass spectrometry (PTR-MS),

which are known as ’on-line analysis’, as well as in sorbent tube sampling where the sample

air is pumped through the sorbent-packed tube. Passive sampling is when air being allowed

to diffuse through/into the sampler, such as in vacuum-canister sampling or the use of settle

plates, with settle plates typically used in the context of sampling airborne microorganisms.

Each sampling methodology has advantages and disadvantages,[44–47] and care should be

given when deciding the most appropriate sampling methodology in the context of the study

itself. Sorbents such as Tenax or Carbopack can form ozone artifacts at ambient ozone

concentrations, and there is evidence which shows sample degradation through ozonolysis for

ozone-susceptible species such as terpenes.[48,49] The use of whole air sampling canisters also

presents logistical issues, such as housing equipment to evacuate and store canisters, as well

as potential issues with housing the canisters during sampling. Whole air sampling canisters

do, however, present a simple solution to time-integrated sampling through the addition of

a flow-restrictive inlet atop the canister valve. With this in mind, no one method can be

satisfactorily declared superior, and as such decisions around sampling methods should be

made with the target VOCs and logistical capabilities of the study in mind.

VOC sampling through sorbent-packed tubes has been used for nearly 40 years, and remains

a standard sampling technique to this day.[50–52] In brief, this typically sees a relatively wide-

bore (≤ 1/4”) tube packed with a single or mixture of sorbents, such as Tenax or Carbopack.

Air is pumped through the sorbent tube at a known flow rate over a recorded time span,

but air can also be allowed to passively diffuse through the tube, the latter being more

appropriate for wider-bore tubes. The analytes are then thermally desorbed by flash heating

the tube, with the analytes desorbing into a stream of carrier gas. At this point the desorbed

analytes can either be passed directly into the GC, or transferred to a narrow focusing trap.

The purpose of a focus trap is to re-concentrate the analytes into narrow bands, and then

transfer into the GC, resulting in sharper chromatographic peaks and increased resolution.

This sampling method relies on the selectivity of the sorbent used to sample VOCs. Wide-

bore tubes can also give poor chromatographic resolution without band focusing, which is

discussed later in section 2.1.2. If a general VOC analysis of air is required, whole air samples

in canisters can be taken to overcome selectivity of sorbent-tube sampling.[53–55]

Whole air samples can be taken by using vacuum-intake canisters. Canisters can either be

uncoated/unpassivated or passivated. A lack of a passivated coating can present issues for

VOC analysis through potential iron exposure in stainless-steel canisters, which provides re-

active sites for VOC adsorption and breakdown.[56,57] Passivated canisters are coated in a

formulation which masks the stainless-steel, to increase sample temporal stability. Canisters
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with coatings are often given proprietary names, such as SUMMA® and Silonite™(Entech In-

struments, CA USA), which are a nickel-chromium oxide coating and a silicone-based ceramic

coating respectively, and SilcoCan® (Restek, PA, USA), which is another silicone-based ce-

ramic coating. SUMMA®-coated canisters have generally been superseded by silicone-based

coatings, due to the SUMMA® coating degradation exposing active iron sites, leading to rel-

atively quick (≈ 1 week) sample degradation.[58,59] Whole air samples stored in silicone-based

internally-coated canisters have been shown to remain stable for a broad panel of VOCs up

to 30 days.[60]

While not necessarily a sampler, low-cost sensors have become prevalent in recent years. In

low-cost applications, these sensors typically contain a metal oxide (MOx) sensor chip which,

through measuring changes in resistance on the MOx surface as oxidising gases make contact

with the MOx surface, gives a projected total VOC (TVOC) mixing ratio (typically in parts

per billion/ppb) within the sampled air. The output of a MOx sensor can also be a VOC

index, loosely an indoor air quality (IAQ) index, often measured in ethanol equivalence.

The sole use of these sensors to attempt to make quantified conclusions or extrapolations on

IAQ could prove problematic, as they typically have high detection limits when compared

to techniques such as GC, and do not provide the speciation often required for sufficient

conclusions to be drawn on VOC exposure.[61] However, such sensors do have a place in

qualitative research. Treating the readings as a vectorised time-series, that is observing the

direction of the readings over time, will provide researchers, and indeed homeowners, with

information regarding the impact of activities and individual behaviours in the home on

IAQ.[62,63] The metric TVOC is itself used to reflect the total VOC concentrations identified

within a specific study, however definitions of TVOC aren’t static. An over-reliance on this

metric could make cross-study comparisons difficult.

Sampler location in the home will also greatly impact the VOC make-up of the sampled air.

For instance, air samples originating from a bedroom are unlikely to be greatly skewed by

cooking emissions. As such to gain a complete overview of indoor VOC exposure, multiple

samples from separate rooms within a house could be taken over the same sampling window

to better understand indoor VOC exposure variability. However, this could have logistical

implications involved, especially for larger-scale studies and campaigns.

1.2.4 Indoor-outdoor air relationships

The most efficient way a homeowner can limit their exposure to indoor air pollution and

increase their IAQ is by increasing air exchange with less polluted air, typically outdoor

air. Outdoor air exchange however only removes the issue from indoor environments and
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moves the issue outdoors. Studies of indoor-outdoor air relationships tend to be focused

toward the ingress of more typical outdoor pollutants, for instance NOx and particulates

from vehicle emissions, rather than the egress of indoor emissions. From the studies which

highlight indoor emissions as a source of outdoor air pollution, emissions originating from

personal care product use tends to dominate overall egressed emissions.[64,65] Indoor VOC

concentrations tend to be orders of magnitude higher than outdoors, and so egress of higher

concentrations of VOCs in the presence of higher concentrations of atmospheric oxidising

agents identified in section 1.3 would lead to a higher potential for oxidation products and

SOAs to build in outdoor air.

The National Atmospheric Emissions Inventory (NAEI) gives annual emission data for various

atmospheric pollutants over a number of different sectors in the UK. All non-methane VOCs

(NMVOCs) are grouped together, and can be broadly split into indoor emissions and outdoor

emissions based on the source and the activity. Figure 1.5 shows the trends in emissions of

NMVOCs across all sectors, as well as the trend originating solely from indoor product use,

which itself was dominated by aerosol use. Despite an overall fall in total NMVOC emissions

across all sources, there has been a continued increase in NMVOC emissions originating

from indoor product use over time. When records began in 1970, indoor product emissions

contributed roughly 3.7% to total NMVOC emissions, rising to 19.5% in 2021. There was

a high of 21.6% in 2020, however this is likely due to restrictions brought in requiring UK

residents to stay at home meaning more time was spent indoors than normal, resulting in

higher indoor emissions. The National Emission Ceilings Regulations were enacted into UK

law in 2018, and sets targets for emissions of NMVOCs and other air pollutants, and has

currently hit all targets set out in the 2020-2029 ceiling targets. The UK has also ratified

the 1999 Gothenberg Protocol, also known as the Multi-effect Protocol, which aims to abate

acidification, eutrophication and ground-level ozone formation.

1.3 VOC removal pathways

There are three main oxidative pathways for tropospheric removal of VOCs: reactions with

ozone (O3), reactions with hydroxyl radicals (OH), and reactions with nitrate radicals (NO3).

Reactions with Cl radicals are an additional source of VOC removal, with a likely higher

significance in coastal areas or following indoor activities such as using bleach. It is also

possible for VOCs to adsorb onto surfaces and sink into surfaces, which can either facilitate

other removal pathways or gradual re-emission into the indoor atmosphere. Perhaps most

significantly, exchange with cleaner air, typically outdoor air, provides the most efficient VOC

exposure mitigation pathway, and was discussed in section 1.2.4.
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Figure 1.5: Annual emission data of NMVOCs as a total, as well as the contributions of
indoor NMVOCs originating from product use with log10 y-axis transformation. Data were
obtained from the NAEI UK emissions data selector for NMVOCs across all sources.

1.3.1 Oxidation reactions and associated chemistry

1.3.1.1 Reaction with OH

Taking a generic alkyl group-containing VOC as R, a hydroxyl radical-initiated VOC oxida-

tive breakdown pathway can be summarised in reactions (R 1.1) to (R 1.6).[66,67] Here, the

production of OH is initiated by photolysis of ozone to produce atomically excited oxygen,

O(1D), which then reacts with atmospheric water vapour to produce two hydroxyl radicals.

O3
hv−−→ O(1D) + O2 (R 1.1)

O(1D) + H2O −−→ 2 OH (R 1.2)

R−H + OH −−→ R + H2O (R 1.3)

R + O2 −−→ RO2 (R 1.4)
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The organic peroxy radical product in (R 1.4), RO2, will undergo further reactions in air

containing nitric oxide (NO) shown in (R 1.5), itself formed atmospherically from photoly-

sis of nitrogen dioxide (NO2) and through various reactions originating from the Zeldovich

mechanism.[68–70]

RO2 + NO −−→ NO2 + RO (R 1.5)

The alkoxy radical RO will then react with atmospheric oxygen to form the oxidised original

VOC, RO, followed by the reformation of the hydroxyl radical from the reaction of HO2 with

NO.

RO + O2 −−→ HO2 + RO (R 1.6)

HO2 + NO −−→ NO2 + OH (R 1.7)

NO2 produced in (R 1.5) and (R 1.7) is in its own right an atmospheric pollutant, here

produced as a secondary emission but also originating as a primary emission from vehicle

exhausts.[71] NO2 plays an important role in the production of tropospheric ozone, shown

in (R 1.8) and (R 1.9). Aside from production through atmospheric oxidative reactions,

ozone is present in the troposphere, the lowest atmospheric layer, in small concentrations

due to stratospheric ozone infiltration, as well as the use of ozone as an air and surface

disinfectant.[72,73]

NO2
hv−−→ NO + O (R 1.8)

O + O2 −−→ O3 (R 1.9)

Shown in (R 1.7), hydroxyl radicals are reproduced through atmospheric oxidation pathways,

further aiding in the removal of VOCs in the atmosphere. Hydroxyl radicals are the most

reactive of the three main tropospheric oxidisers, and react with most known trace gases.[74]

An additional source of hydroxyl radicals in indoor environments is the aerosol-surface pho-

tolysis of nitrous acid (HONO) into nitric oxide radicals and hydroxyl radicals, shown in (R

1.10).[75]

HONO
hv−−→ NO + OH (R 1.10)

1.3.1.2 Reaction with O3

Tropospheric ozone can be formed through the reaction of molecular oxygen with monoatomic

oxygen radicals, as in (R 1.9), as well as through reactions between carbon monoxide and

hydroxyl radicals to make the energised hydrocarboxyl radical (R 1.11), which once stabilised
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following collisions with M (R 1.12) will react with molecular oxygen (R 1.13):

CO + OH −−→ HOCO∗ (R 1.11)

HOCO∗ M−−→ HOCO (R 1.12)

HOCO + O2 −−→ HO2 + CO2 (R 1.13)

The resulting HO2 from (R 1.13) will then react through the steps shown in (R 1.7), (R

1.8) and (R 1.9) to form tropospheric ozone. However, ozone can also be transported from

the stratosphere through stratosphere-troposphere exchange. This can occur through means

such as strong upwinds, as well as through tropopause folds, a mechanism by which the

tropopause (the boundary between the troposphere and the stratosphere) lowers in altitude

due to events such as jet stream undulations and tropical cyclones. Stratospheric ozone also

enters the troposphere through Brewer-Dobson circulation, which is the circulation of air

through the tropopause into the stratosphere at the equator, and then downward through

the tropopause back into the troposphere at the polar regions.

VOCs containing double bonds will react with ozone itself according to scheme 1.1. This

ozonolysis reaction sees the formation of a carbonyl product, as well as the formation of

a product called a Criegee intermediate. The Criegee intermediate (CI), a carbonyl oxide,

exists in resonance structures as either zwitterions or a biradical species, as shown in scheme

1.2. It is these resonance structures which give rise to a multitude of potential products

following double-bond ozonolysis. CIs can react with the product carbonyl in scheme 1.1

to form ozonides, they can unimolecularly decompose to form hydroxyl radicals, or can

bimolecularly react to form hydroperoxides, known aerosol precursors, among many other

degradation pathways.[76] The presence of aerosol precursors in the degradation pathways

of CIs is of importance due to the known health effects of exposure to secondary organic

aerosols (SOAs), in both chronic and acute cases.[77–79]

1.3.1.3 Reaction with NO3

NO3, nitrate radicals, are another major source of atmospheric VOC-oxidant reactions. Ni-

trate radicals are formed through the reaction between NO2 and O3:

NO2 + O3 −−→ NO3 + O2 (R 1.14)
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Nitrate radicals can also be formed through the decomposition of dinitrogen pentoxide, N2O5:

N2O5 −−→ NO3 + NO2 (R 1.15)

NO3 reacts with VOCs, typically through NO3 addition across double-bonds in unsaturated

VOCs but also through hydrogen abstraction (reacting favourably with surface-bound alco-

hols).[80,81] A scheme for the addition of NO3 on a generic unsaturated VOC (as in scheme 1.1)

is given in scheme 1.3. The reactive peroxynitrite intermediate is then heavily implied in the

later creation of secondary pollutants, including aerosols and larger particulates, aldehydes

such as formaldehyde and other carbonyl species.[82–84]

C

R2

R1

C

R4

R3

Unsaturated VOC

+ N O

O

O

Nitrate radical

C

R2

R1

C

R3

R4

ONO2

Peroxynitrite intermediate

Scheme 1.3: Formation of a peroxynitrite intermediate following nitrate radical addition over
a double-bond.

1.3.1.4 Reaction with Cl

VOC removal through reactions with Cl radicals are not as significant as reactions with OH,

O3 or NO3, however they represent a source of VOC removal with the potential for a higher

significance in coastal areas, as well as in indoor environments with higher concentrations of

chlorinated-species.

Cl radicals can be formed through several different reactions, some of which are shown in

reactions (R 1.16) and (R 1.17):

Cl2
hv−−→ 2 Cl (R 1.16)

ClNO2
hv−−→ Cl + NO2 (R 1.17)
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Cl radicals can additionally be formed through the reaction of HCl and OH, shown in reaction

(R 1.18):

HCl + OH −−→ Cl + H2O (R 1.18)

HCl itself can be formed prevalently in coastal areas through the reaction of suspended NaCl,

itself a majority constituent of sea salt aerosols, and HNO3:

NaCl + HNO3 −−→ HCl + NaNO3 (R 1.19)

VOC - Cl reactions happen mainly through hydrogen abstraction (reaction (R 1.20)), but

also through the addition of the chlorine radical over a double bond (reaction (R 1.21)).

Cl + R−H −−→ HCl + R (R 1.20)

Cl + R−−R −−→ R−R−Cl (R 1.21)

1.3.1.5 Day-night cycles

Different atmospheric reactions dominate at different parts of the day. During the day time

(i.e., when there is sunlight), atmospheric VOC removal is dominated by reactions with hy-

droxyl radicals, while at night atmospheric VOC removal is dominated through reaction with

nitrate radicals. Considering the four sources of VOC oxidation in the atmosphere discussed

previously (OH, O3, NO3 and Cl), hydroxyl radicals are formed through the quenching of ex-

cited oxygen, itself formed through the photodissociation of ozone, as in (R 1.1) and (R 1.2).

During the daytime, nitrate radicals formed through reaction (R 1.14) quickly decompose

through photolysis as in reaction (R 1.22) and (R 1.23):

NO3
hv−−→ NO2 + O (R 1.22)

NO3
hv−−→ NO + O2 (R 1.23)

NO3 can also react with NO:

NO3 + NO −−→ 2 NO2 (R 1.24)

However, during night time hours where photodissociation cannot occur and reaction with NO

happens less due to a lower night time concentration of NOx, nitrate radical concentrations
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increase. In a general sense, VOC removal is dominated during the day through hydroxyl

radical chemistry, and at night by nitrate radical chemistry. VOC reactions with ozone also

occur throughout the day-night cycle.

1.3.1.6 Oxidant and precursor reservoirs

While the main oxidant formation pathways have been shown earlier, there are additional

sources of the four main atmospheric oxidants listed. These are known as reservoirs, and

they are typically a stable form of the constituent oxidants or oxidant precursors. One such

reservoir is nitrous acid, HONO. HONO can either be formed as in the reverse reaction

between NO and OH (shown as the dissociation of HONO in (R 1.10)), or through the

reaction between NO2 and wet surfaces, especially at night time:[85]

2 NO2 + H2O −−→ HONO + HNO3 (R 1.25)

During the day, HONO quickly photolyses as in (R 1.10), however over night without sun-

light to dissociate it, HONO can build in concentration. When sunlight becomes present

again, accrued HONO will dissociate according to (R 1.10), becoming an important source

of hydroxyl radicals during the first part of the morning cycle.

Another oxidant reservoir is peroxyacetyl nitrate (PAN). PAN is a greenhouse gas and a

major component of smog, and so is a major pollutant in its own right. PAN also acts as a

reservoir for ozone, as well as daytime nitrate radicals. There are no known primary emissions

of PAN into the atmosphere, and so is a pure secondary pollutant. Following formation of

the organic peroxy radical (RO2) such as in (R 1.4), another potential product of (R 1.5) is

PAN:

RO2 + NO −−→ PAN + products (R 1.26)

PAN itself is thermally unstable, with a roughly 2 hr typical lifetime at 25 °C but up to a 1

month lifetime at 10 °C.[86] The decomposition route of PAN produces NO2 as in (R 1.27):

PAN −−→ RO + NO2 (R 1.27)

The produced RO from (R 1.27) can then further produce more NO2 and hydroxyl radicals

through reactions (R 1.6) and (R 1.7). NO2 can then further form ozone through reactions

(R 1.8) and (R 1.9). PAN acts as a long-term reservoir which transports NO2 and O3,

and in smaller proportions OH, from cooler regions and therefore is an important source of
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tropospheric ozone formation.

Another important reservoir is dinitrogen pentoxide, N2O5. During night hours, nitrate

radicals can react with NO2 to form N2O5:

NO3 + NO2 −−→ N2O5 (R 1.28)

N2O5 is unstable photochemically, but in the absence of sunlight will build in concentration,

much like HONO. During the first few hours of sunshine, accrued N2O5 will then photodis-

sociate in the reverse of reaction (R 1.28):

N2O5
hv−−→ NO3 + NO2 (R 1.29)

Any NO3 formed through the photodissociation of N2O5 will then itself photodissociate

according to reactions (R 1.22) and (R 1.23). Here, N2O5 is a day-time source of NOx.

Another important consideration of N2O5 is the formation of nitric acid through aerosol-

surface quenching:

N2O5 + H2O −−→ 2 HNO3 (R 1.30)

The nitric acid formed through this reaction therefore can become a component of acid rain,

meaning N2O5 is additionally a precursor to acid rain.[87,88]

Concentrations of ClNO2 increase in the absence of sunlight through the reaction shown in (R

1.31). In the first part of the morning cycle, ClNO2 quickly photolyses according to reaction

(R 1.17), resulting in a sudden increase in Cl radical concentration in the early morning.

Cl + N2O5 −−→ ClNO2 + NO3 (R 1.31)

This reaction is likely to be of higher significance in coastal regions, where a higher concen-

tration of atmospheric Cl– ions occur due to a higher prevalence of sea salt aerosols within

the troposphere.[89] This may in turn result in a higher concentration of nitrate radicals in

the same coastal areas due to their formation in reaction (R 1.31).

1.3.2 Surface interactions with VOCs

VOCs also leave the atmosphere through sinking mechanisms, known as the ’sink effect’.

Different materials in indoor environments can act as sinks for VOCs, with the construc-

tion and formulation of the building materials having implications towards the relative sink
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Figure 1.6: The different emission and removal pathways for atmospheric VOCs through
interactions with furnishings and building materials.

potential for different VOCs. It is inherently difficult to measure deposition of VOCs onto

and into surfaces in real, residential homes, however there are several models which exist

through studies under laboratory conditions which have been applied to field tests, with gen-

erally good agreement between model predictions and measured values.[90,91] A diagram of

the different VOC removal and emission pathways through furnishing and building materials

is shown in figure 1.6.

Sinking and transformation, as in figure 1.6 can occur through either adsorption or ab-

sorption. Surface adsorption through the sinking method is usually explained through the

Langmuir adsorption model, which assumes that adsorption occurs in a single layer, is uni-

form across the material surface, adsorption of the adsorbate is inert (not transformational),

and adsorption is reversible. A transformational adsorption model can be either decompo-

sitional through similar kinetics to Michaelis-Menten kinetics, or bimolecular through either

the Langmuir-Hinshelwood mechanism (through the reaction of two adsorbed molecules on

neighbouring sites) or through the Eley-Rideal mechanism (through the reaction of one ad-

sorbed molecule and another molecule still airborne). Surface absorption occurs when the

molecule first adsorbs onto the material surface, and then penetrates the bulk material.

Again, there are several mechanisms for this, such as Fickian diffusion, partitioning through
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Henry’s law and capillary action (in materials such as wood and concrete where capillary

pores exist). While not the aim of the works within this thesis, it is clear that VOC removal,

transformation and sinking pathways through material interactions are very complex.

1.3.3 Final remarks on VOC reaction and removal pathways

Great attention is normally given to outdoor VOC oxidation pathways, the impact of night

and day on reaction rates, and further reactions of products with other pollutants. However

these reactions do occur indoors,[92–94] and while concentrations of O3, OH, NO3 and Cl may

typically be lower indoors than outdoors, low air exchanges and increased occupancy must be

borne in mind. Humans can spend up to 90% of their time indoors,[95] and there are members

of society with no choice but to stay indoors. Additional attention should be paid to outdoor

air pollution inequalities, generally found to be worse in areas of higher deprivation.[96] Air

exchange between indoors and outdoors can only aid in mitigating potential harmful VOC

and VOC-oxidation product exposure for as long as the outdoor air is cleaner than indoors.

1.4 Legislative impacts on indoor VOC exposure

With an increasing population, the need for new homes is clear.[97] Various pieces of legislation

exist to regulate the building of new homes to meet certain standards, and in the context of

indoor air these are given in The Building Regulations 2010 (as amended), and detailed in

approved documents F (ventilation), L (energy efficiency, however only air permeability will

be considered), and O (overheating). Requirements of each section will be listed first, with

implications being discussed in section 1.4.4.

1.4.1 Ventilation requirements

Ventilation means must be present in kitchens, bathrooms and utility rooms in new UK

homes. Ventilation must be between inside the room and outdoors, but may be either

natural (through air bricks, vents or windows) or mechanical, such as through exhaust hoods

or extractor fans. In new UK homes, supply air may only be provided by background

ventilators, such as trickle vents, or through a continuous supply fan. Ventilation rates for

the entire property is calculated by the number of bedrooms, starting at 19 L s-1 for a 1-

bedroom property increasing in increments of 6 L s-1 for each additional bedroom. Each room

must have purge ventilation exhausting to the outdoors, either manual such as a window or

a door or through mechanical ventilation means.
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The above values from the 2021 amendments for whole-dwelling ventilation rates are increased

from 2010, which gave a ventilation rate of 13 L s-1 for a 1-bedroom property, increasing for

each additional bedroom in increments of 4 L s-1. In all versions of Approved Document F,

a minimum ventilation rate of 0.3 L s-1 m-2 of floor area is given. An increase in ventilation

requirements has resulted in an increase in the prevalence of trickle vents and mechanical

ventilation in newer houses to satisfy ventilation requirements.

1.4.2 Air permeability

Air permeability refers to the measure of the movement of air through a building, both

outdoor air bleeding indoors and indoor air leaking outdoors, and is measured as a volume

moving per unit of time per area of a building envelope. Air permeability requirements

for new buildings in England and Wales were first introduced in 2002. Air permeability is

usually measured using a pressure differential of 50 Pa, usually facilitated through the use

of a ’blower door’, which is an airtight fan unit fastened in the front door of a property. Air

permeability requirements for new dwellings in England and Wales were 2.78 L s-1 m-2 in

2010, and these were lowered to 2.22 L s-1 m-2 in 2021, with a notional air permeability of

1.39 L s-1 m-2 across all UK nations. Air permeability for new homes must not exceed 2.78

L s-1 m-2 in Northern Ireland, and 1.94 L s-1 m-2 in Scotland.

1.4.3 Overheating

Building overheating occurs when a building becomes too hot, with internal temperatures

becoming excessively elevated. This can occur either through excessive heat retention or

through solar heating. There are requirements on the extent to which a property facade or

roof can be glazed with glass. Glazing has a known effect on building overheating, with large

areas of glazing contributing to overheating not just in warmer months but also due to solar

gain of infrared radiation, meaning overheating could occur during colder months.[98–100]

As well as causing lowered productivity and potential health effects,[101,102] overheating can

also cause an increased rate of building material off-gassing (or outgassing), where sunk/captive

VOCs are emitted from the material.[103,104] Overheating in the absence of adequate ventila-

tion can therefore act as another mechanism by which VOC exposure can be increased.

1.4.4 Remarks on legislative impacts on IAQ

While overheating may not on the surface appear to cause an increase in indoor VOC expo-

sure, the increase in temperature inside overheated homes/rooms causes VOCs which have
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sunk into furnishings and surfaces to re-emit into the atmosphere.[105,106] Building materi-

als are known to emit VOCs. Commonly emitted VOCs from building materials in new

homes of note are the known carcinogen formaldehyde and the suspected carcinogen ac-

etaldehyde.[107–109] Thus a combination of overheating and poor control of ventilation could

result in unintentionally higher levels of exposure to indoor VOCs.

Combining the potential long-term (>1 year) emission of VOCs from new building materials

along with decreased air permeability and increasing reliance on mechanical ventilation in

new builds, new buildings may pose a risk of overexposure to potentially harmful VOCs.

It has been shown that effective use of mechanical ventilation is only possible when the

homeowner has a good understanding of the appropriate use of their mechanical ventilation

system.[110,111] Making guidance easily available to homeowners on the proper use of both

mechanical and manual ventilation such as trickle vents could aid in limiting over-exposure

to VOCs in homes.

1.5 Thesis structure

This thesis will examine indoor VOC exposure, both in ambient settings and through VOC

perturbation through known product use. This thesis provides insight into IAQ in homes

across England and the multitude of factors which affect it, while also highlighting the more

subtle VOC perturbing effects of product use which is otherwise masked through wide vari-

ability in real home VOC concentrations. Modelling of emission rates is then mapped across a

range of plausible scenarios to offer insight into the possible room concentrations of VOCs as-

sociated with product use. Finally, analysis through the inference of air change rates (ACRs)

and conversion of VOC concentrations to time-averaged emission rates reveals otherwise-

hidden patterns in spatial and temporal VOC emissions.

Chapter 2 gives an overview of the instrumental and statistical methodology used throughout

chapters 3, 4 and 5. Operating principles of the instrument are explored, along with methods

for data processing and analysis. The work presented within chapter 2 was complementary

to the publications in chapters 3, 4 and 5, however was not included within the publications

for the sake of brevity.

Chapters 3, 4 and 5 of this thesis originated as published peer-reviewed articles, details of

which are found in the thesis declaration. While these chapters remain faithful to the original

articles as published, minor changes have been made to the themes of figures, referencing

styles, headings and captions for consistency and clarity with the layout of this thesis, and

additionally contain supplementary information and figures not present in the published
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main article. Each chapter contains its own bibliography, renumbered at the beginning of

each chapter.

Chapter 3 presents a study assessing the impact of plug-in fragrance diffusers on indoor VOC

concentrations. In this study, 60 homes were sampled over a course of four-to-five consecutive

weekend sampling periods. In the first week, a baseline sample was taken. Immediately prior

to week two sampling commencement, a plug-in fragrance diffuser of known formulation was

installed in the room being sampled, and left to run over weeks two and three of sampling.

Immediately following the completion of the week three sample, the diffuser was removed.

Week four (and week five for 30 of the houses) samples were a post-plug-in sample, to observe

any decaying effects of the diffuser. This work aimed to quantify the effect of plug-in fragrance

diffusers in real homes, as well as quantify variations of emissions across the cohort.

Chapter 4 is somewhat a continuation of the study in Chapter 3, inasmuch as it uses the same

fragrance diffuser and the same fragrance formulation. In this study, the diffuser was simply

placed into test booths (chambers), followed by the same VOC sampling and quantification

methodology as in chapter 3. Booths used were either 30 m3, a volume roughly equivalent

to an average UK living room, or 10 m3, a volume roughly equivalent to a small bathroom

or ensuite toilet. In addition, human olfactory testing was completed in the 10 m3 booths to

assess human strength perception of the diffused fragrance. The purpose of this work was to

assess both the stacking dynamics of simultaneous multiple diffuser use, and whether human

perception of fragrance strength could play a part in self-limitation of VOC exposure.

Chapter 5 presents work completed as part of a wider project, INGENIOUS (Understanding

the sources, transformations and fates of indoor air pollutants). In this work, over 120 homes

in Bradford, UK had whole air samples collected between March 2023 and April 2024. Whole

air samples were analysed through both GC-MS for VOC quantification, and greenhouse

gas analysis for carbon dioxide, methane and water vapour quantification. Analysis was

completed on both raw concentration data, as well as inferred emission rates through ACR

calculation. Additional analyses on geographical disparities between rural and urban indoor

air quality was also completed. This work was completed as part of a larger project assessing

the emission and reactions of indoor air pollutants, and included additional particulate matter

(PM) sampling, sampling through the use of low-cost sensors, as well as laboratory-based

experiments on the emissions of cooking and use of cleaning products.

Chapter 6 presents a detailed overview of a developed method for sampling aerosol con-

sumer products, including the construction of an emission chamber sampling line and the

development of an analytical method using GC-MS to analyse VOC emissions from these
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products.

Finally, Chapter 7 summarises the work presented in this thesis and draws overall conclusions

based on the findings from each chapter. It also discusses the limitations of the studies

conducted, explores potential future research directions, and considers the broader impacts

on policy, future studies, and method development.
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Chapter 2

Methodology

This methodology will be split into two sections. The first section will look at a general

overview of the analytical methods used in the studies within this thesis, while the second

section will discuss the specific instrumentation and data methodologies used for the following

chapters in this thesis. Within this second section, calibration will be discussed, along with

data processing and workup methodologies.

2.1 General methodology

2.1.1 Gas chromatography

Chromatography is a technique in which mixtures, often complex, are separated into their

constituent parts. There are several different types of chromatography, but all maintain the

fundamental principle of separation. A common high school demonstration is the separation

of dyes in ink from a felt-tip pen through a coffee filter using water; an accessible form of

paper chromatography, which has now been superseded by thin layer chromatography. All

chromatography techniques have three components: the mixture to be separated, a mobile

phase, and a stationary phase. The stationary phase is the separation medium, the element

of the technique which facilitates the separation of the mixture. The mobile phase is the

component which moves the mixture over the stationary phase.

In gas chromatography (GC), the mobile phase is known as a carrier gas and the stationary

phase is known as a column. The selection of carrier gases and columns is made relative to

the mixture being analysed. Additional techniques may be required for deeper analysis of

potential trace constituents, such as preconcentration and focusing of trace constituents and
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mass spectrometry (MS), all of which are discussed later.

2.1.1.1 Carrier gases and columns

In GC, the role of the carrier gas is to sweep the mixture and resulting separated analytes

through the instrument(s). In the case of a front-end thermal desorbing unit (TDU) and

back-end mass spectrometers (MS), then the carrier gas also acts to sweep the mixture and

resulting separated analytes through these components, too. The selection of an appropriate

carrier gas relies on the required resolution of the resulting chromatogram, as well as the

separation efficiency of the column, length and inner diameter (ID) of the column, and the

carrier gas linear velocity. Typically, nitrogen, helium, or hydrogen are used for GC, and

these are discussed further later in this sub-section.

The stationary phase is a component of the column being used to separate the mixture.

The first GC columns were between 1 m and 5 m in length and up to 5 mm ID.[1] These

GC columns were packed with particles which were themselves coated in the stationary

phase. The short lengths, wide bores and packing methods restricted the chromatographic

resolution, and only more ’simple’ separation was initially possible.[2,3] Capillary columns,

where the stationary phase coats the inner walls of the column, allow for much narrower

column bores, integral for maintaining pressure across the column. While packed columns do

have a place in air sample analysis, such as applications requiring large sample volumes or

with less complex mixtures, capillary columns provide high efficiency separation of complex

mixtures. A simple diagram showing the differences between packed and capillary columns

can be seen in figure 2.1.

2.1.1.2 Principles of separation

Separation of mixtures through GC works on the principle that different analytes within the

mixture will interact varyingly with the stationary phase. A specific analyte, A, partitions

between the carrier gas (AM) and the column (AS) as an equilibrium as it traverses through

the column as shown in reaction (R 2.1), the speed of which is dictated by the equilibrium

constant K (partition coefficient).

AM
K−−⇀↽−− AS (R 2.1)

The partition coefficient for each analyte, therefore the directional favourability of reaction

(R 2.1), depends on the strength of the analyte’s partitioning onto the stationary phase. This

can be measured by the capacity factor (also called the retention factor), K′. The capacity

factor describes the relative ability of a column to retain an analyte (tR), relative to the void
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Figure 2.1: Diagram showing the internal structural differences between packed and capillary
columns. In the capillary column, the stationary phase is a thin covering around the internal
walls of the tube, in this diagram coloured brown.

time (tM), which itself is the time taken for an unretained analyte to traverse the column.

K′ can be calculated using equation 2.1.

K′ =
(tR − tM)

tM
(2.1)

Capacity factor can additionally be calculated from the partition coefficient if the volumes of

mobile and stationary phase are known (Vm and Vs respectively), according to equation 2.2.

K′ = K
Vs

Vm

(2.2)

Capacity factor and partition coefficient are proportional to each other. Good separation

of a mixture is not dictated by having high or low capacity factors or partition coefficients,

however. For example, a high capacity factor means there would be a longer retention time

of an analyte in the column, which could be impractical for analysis. Therefore, column

efficiencies need to be described in a column-specific manner.

2.1.1.3 Column efficiency

Efficiency in GC is measured by theoretical plates. The term originates from column distilla-

tion, where a physical plate, or tray, would provide a contact point where a liquid-gas equilib-

rium could be established; essentially, a plate was a contact point for a gas to condense. With

more plates came greater distillation efficiency, and so it is for GC with theoretical plates.
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The number of theoretical plates of a column refers to the column’s separation efficiency, and

can be calculated by equation 2.3.

N = 16

(
tR
W

)2

(2.3)

Here, N refers to the number of theoretical plates (dimensionless), tR is the analyte column

retention time (min), and W is the peak base width (min). This assumes the analyte peak

has a gaussian distribution.

The height equivalent of a theoretical plate (HETP) is a measure of the length of the column

required for one theoretical plate’s worth of mobile-to-stationary phase partitioning. This

can be calculated simply by diving the length of the column by the number of theoretical

plates, as in 2.4:

HETP =
L

N
(2.4)

where L is the column length (m), while HETP is usually expressed in mm. A low HETP

indicates less of the column is required to house one theoretical plate, resulting in greater

separation efficiency, assuming an even distribution of stationary phase within the column.

HETP is also affected by the carrier gas. Figure 2.2 shows the change of carrier gas HETP

with linear velocity, defined as how fast the carrier gas flows through the column, for nitrogen,

helium and hydrogen.

Figure 2.2 can be derived through the use of either equation 2.5 or 2.6, known as the van

Deemter equation and Golay equation, respectively. Here, HETP is defined as a function of

band broadening, the dispersion of an analyte through the column.

HETP = A +
B

u
+ u (Cm + Cs) (2.5)

HETP =
B

u
+ u (Cm + Cs) (2.6)

Here, u is defined as the linear velocity of the carrier gas through the column, A is defined

as the eddy diffusion term, B is the longitudinal diffusion term, and Cm and Cs is the mass

transfer term for the mobile phase and stationary phase, respectively. In capillary columns,

there is no eddy diffusion as there is only a single pathway for the analyte to traverse through

the column, setting the A term to 0 and giving equation 2.6.

Shown in figure 2.2, nitrogen offers a low HETP for a short range of linear velocities, while

helium and hydrogen offer a low HETP over a broader range of linear velocities. Purely by

observing figure 2.2, one would assume hydrogen to be the superior carrier gas, however the
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Figure 2.2: Typical van Deemter curves for nitrogen, helium and hydrogen.

choice of carrier gas is more nuanced than this, especially when using GC coupled with a

mass spectrometer (MS, or GCMS in tandem). For most common applications, the selection

of a carrier gas is usually a decision between hydrogen and helium, as nitrogen typically offers

to narrow a range of linear velocities for high efficiency column separation and narrow elution

bands.

An MS can ionise analytes through different methods following GC, such as electron impact

ionisation (EI) or chemical ionisation (CI). Hydrogen has the potential to ionise within the

MS itself which could result in increased noise. Moreover, the use of hydrogen as a carrier gas

can result in analyte degradation through hydrogenation and de-chlorination within the MS.[4]

Hydrogen carrier gas use can also result in metallurgic interactions between hydrogen and

the ionisation source in the MS for non-hydrogen inert source surfaces, potentially shortening

the life of the source and giving signal artifacts in the MS spectrum.[5] Hydrogen has a lower

viscosity than helium or nitrogen, so the MS vacuum pump must operate harder to achieve

the vacuum required for the MS to operate. Finally, hydrogen also has safety implications

through flammability. While laboratory mitigations can be made to keep risk of explosion

low, accumulation of hydrogen within the MS presents a risk of explosion and so must be

treated with care.
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While helium does not present the issues above, helium is in short supply and is expensive.

Hydrogen can be generated somewhat easily within a laboratory itself using an electrolytic

hydrogen generator, whereas helium must be supplied in cylinders.

2.1.1.4 Chromatographic resolution

Resolution is measured as the separation of two analytes relative to each other. If two

analytes experience significant band broadening within the column, the resulting elutions of

the two analytes may overlap and give low resolution. The resolution of two peaks A and B

(RA,B) can be described by relating the retention times of the two peaks with the individual

peak base widths (WA and WB), according to equation 2.7.

RA,B =
tR,A − tR,B

0.5(WA + WB)
=

2∆tR
(WA + WB)

(2.7)

Resolution itself is dimensionless. A resolution of 0.5 is indicative of poor separation between

the two analytes, resulting in co-elution of the analytes, shown in figure 2.3. A resolution

of 1.5 is the lowest desirable resolution between two peaks for peak separation and accurate

quantification, shown in figure 2.4, representing a 0.1% overlap between elutions.

Figure 2.3: Separation of two imaginary
peaks with a resolution of 0.5. The sum of
the two elutions (chromatographic peak) is
shown in black. Here there is significant co-
elution of the two analytes, which would re-
sult in poor quantification.

Figure 2.4: Separation of two imaginary
peaks with a resolution of 1.5. The sum of
the two elutions (chromatographic peak) is
shown in black.
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2.1.2 Thermal desorption

Air is a complex matrix, of which VOCs are a minor constituent typically at parts per billion

(ppb) mixing ratios. Low concentrations typically require large sample volumes for successful

analysis. Large sample volumes present issues with maintaining efficiency and resolution. For

VOC analysis, undesired bulk constituents of air, such as oxygen and nitrogen, effectively

act as diluents; the cause of requiring large volumes for whole air sample analysis. These

diluents can be reduced through preconcentration. Preconcentration allows for analysis of

species with low concentrations in the original air sample with the use of much lower volumes

of carrier gas which, when done successfully, maintains resolution and efficiency integrity.

Preconcentration is achieved through thermal desorption (TD).

Historically, TD was achieved through the heating of a sample to release components into the

gas phase, which would then be swept into the GC with a carrier gas. This in itself is pyrolysis-

GC, a technique still commonly used for analysis of nonvolatile species. With scientific

improvements came more sophisticated TD capabilities with the use of cryogenically-cooled

trapping media for preconcentration.[6,7] Trapping at low temperatures results in increased

absorption of volatile species in the preconcentration trap. The cooled trap is then flash

heated to desorb the trapped species into the flow of carrier gas. While this method is

extremely efficient, the use of liquid nitrogen (LN2) means that certain issues can arise such

as blockage of the trapping tube (narrow-bore tubing such as glass or stainless steel), and

the requirement for a supply of LN2 which has considerable risks associated with its use.

Achieving low temperatures through non-cryogenic means can be done through the use of

Peltier or Stirling coolers, and is discussed later.

2.1.2.1 VOC trapping

For preconcentration, VOCs in air are typically trapped using a sorbent-packed tube. VOC

trapping can be achieved through the sampling mechanism itself (as in sorbent tube sam-

pling), or in-line (also called ’on-line’) through a front-end thermal desorber. Both methods

utilise the same principle of VOC trapping, while allowing for diluent gases to pass over un-

affected by the sorbent. Common sorbent materials include charcoal-based materials such as

Carbopack™(Sigma-Aldrich, Merck KGaA, Germany) and Carbograph™(LARA S.r.l, Italy),

or polymer-based materials such as Tenax™-packed tubes (trademark owned by Buchem B.V.,

Netherlands) or divinylbenzene-based co-polymers. Common features of sorbent materials

are that they are often hydrophobic, trap compounds primarily through intermolecular inter-

actions, and their trapping efficiency depends on sorbent pore size and surface area. Smaller

pore sizes typically retain smaller molecules more effectively. Mesh size refers to the particle
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size of the sorbent material, affecting flow resistance rather than analyte selectivity. When

different mesh sizes are used, they are given as a range, such as 60-80. In this example, a

60-80 mesh sorbent means the sorbent particles have passed through a 60-mesh screen and

would not pass through an 80-mesh screen. A wider range of mesh sizes means a larger

variety of molecule sizes can be trapped, and vice versa.

However, preconcentration for air samples collected through vacuum-intake canisters, collec-

tion methods for which are detailed in section 1.2.3, must be done in-line before GC injec-

tion. In-line preconcentration is achieved in a narrow-bore (typically 1/16”) tube, typically

stainless-steel and lined with fused-silica, packed with a small quantity of sorbent cooled

to a low temperature. The canister sample (pressurised with a blank gas) is then swept

through the tube with carrier gas, at which point VOCs will adsorb onto the sorbent, while

unretained gases are purged. After a period of time, the tube is then flash heated to desorb

the trapped VOCs into the stream of carrier gas, at which point the concentrated analytes

can then either be injected into the GC column, or focused. If the trap is cooled lower than

-80 °C, consideration must be given to the retention of CO2 in the preconcentrator, with an

initial warming stage to ≥ −80°C to allow CO2 to purge, before fully heating the trap to

desorb VOC analytes.

Sample focusing is much the same procedure as preconcentration. A tube with a narrower

bore than the preconcentration tube is cooled, and the concentrated analytes are swept

through the tube by the carrier gas. Again, after a period of time the tube is then flash

heated, and the desorbed analytes are passed into the GC column. The narrower bore of

the focusing tube serves multiple purposes. Primarily it focuses the analytes into narrow

bands, crucial for maintaining high chromatographic resolution. Additionally, it limits back

pressure build-up into the GC column, which often have internal diameters of less than 1/162”.

A simple flow scheme for sample preconcentrating and focusing is given in scheme 2.1.

2.1.2.2 Sample drying

Retention of water vapour in air samples presents issues for VOC analysis, such as blockage of

the trapping tube with ice and absorption of water vapour into the trapping sorbent, as well

as possible damage to the GC columns and MS ion source.[8] The presence of water vapour

can also disturb the elution of analytes from the GC column, such as through peak splitting,

co-eluting and diminished resolution.[9] So before a sample can be effectively preconcentrated

for VOC analysis, it must first be dried.

Sample drying can be done chemically through the use of Nafion (Chemours, DA, USA),

a trademarked name for a sulphonated tetrafluoroethylene co-polymer. In this application,
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Sample from canister

Sample drying
(chemical or cold trap)

preconcentration
(cold)

Analyte focusing
(cold)

GC column

Sample from sorbent tube

Flash heating
(if cold trapped)

Flash Heating

Heating

Flash Heating

Carrier Gas
Flow

Scheme 2.1: A flow schematic of sample preconcentration and focusing for canister samples
through in-line cold traps.

Nafion acts as a membrane between the humid sample gas and a dry purge gas, shown in

figure 2.5. Water binds to the sulphonated terminal groups in the Nafion chains, which can

then diffuse through the membrane into the stream of dry purge gas.

Issues can arise with the use of Nafion dryers for VOC analysis, as Nafion also removes

oxygenated and sulphonated species, resulting in either absent expected elutions or artificially

lower elutions. A positive implication of this effect is discussed in section 6.2.2. Sample drying

can be achieved through the flash freezing of water vapour in a narrow-bore glass tube (a

’water trap’). Sample drying must occur quickly through deposition of water vapour, as if the

water vapour was allowed to condense first then VOC loss could occur through dissolution

into the liquid water and subsequent freezing of the water-VOC solution. Cooling of a water

trap (and preconcentration traps) through non-cryogenic results in a more compact system

with increased portability.

2.1.2.3 Peltier cooler

A Peltier cooler utilises the thermoelectric effect (also called the Seebeck-Peltier effect) to

allow for low-temperature refrigeration without the use of cryogenics. The Peltier effect refers
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Figure 2.5: A cross-sectional diagram illustrating sample drying using a Nafion hollow tube
membrane. The Nafion membrane acts as a hollow tube, around which is the outer conduit,
usually stainless steel, through which the purge gas flows.

to the generation of a temperature differential through the application of an electric current

across a junction of two dissimilar conductive materials or semiconductors, resulting in heat

absorption at one junction (cold side) and heat release at the other (hot side). These plates

are commonly stacked in series so one Peltier plate removes the heat generated by the cold

side of another, resulting in a lower achievable temperature. While Peltier plates are non-

moving, requiring little maintenance, and can in theory be stacked limitlessly, in practice

they are inefficient and require additional components such as heat sinks to increase cooling

efficiency. Coefficients of performance (COP) can be used to describe the efficiency of a heat

pump/refrigeration system, and is defined according to equation 2.8.

COP =
|Q|
W

(2.8)

|Q| is the heat produced or removed by the system (expressed as an absolute value), and

W is the net work put into the system. Peltier plates typically have a low COP for cooling

(≪ 1),[10,11] indicating relatively low operating efficiencies. The use of free-piston Stirling

coolers (FPSC) can provide lower temperatures, integral for analysis of semi-volatile species.

2.1.2.4 Free-piston Stirling cooler

An FPSC uses the Stirling cycle to produce cooling, and a simplified diagram is shown in

figure 2.6. In this cycle, there is cyclic compression and expansion of a working gas (typically
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helium) within a sealed chamber. The system consists of two main pistons: a displacer and a

power piston (labelled in figure 2.6 simply as ’piston’), both moving freely without mechanical

linkages. The displacer moves the gas between the cold and hot ends of the cylinder, ensuring

effective heat exchange. During the cycle, the power piston compresses the gas, raising its

temperature, and the heat is expelled at the hot end through a heat exchanger. Then the

gas expands, reducing its temperature, and it absorbs heat at the cold end through another

heat exchanger, thereby producing cooling. This cycle is repeated, transferring heat from

the cold head to the hot head, thus providing refrigeration. FPSCs typically also have low

COPs (< 1).[12,13] However, FPSCs can achieve much lower temperatures than Peltier plates

with comparable (if not slightly higher) COPs, allowing for a greater VOC trapping potential

with a comparable efficiency to that of a Peltier cooler.

Figure 2.6: A simplified diagram showing the workings of a free-piston Stirling cooler .

2.1.3 Mass spectrometry

Mass spectrometry (MS) serves to identify a chemical species based on its mass-to-charge

ratio (m/z ). Broadly, MS can be broken into five main sections: vapourisation, ionisation,

acceleration, ion separation, and detection. MS instruments operate within vacuums, firstly

to ensure the ion separation (drift/deflection) region is clear of gases which could increase

collisions and affect drift/deflection results, but also to remove contaminant gases. A small

level of mixture separation can occur within an MS, due to the different separation methods

employed. In a time-of-flight (TOF) MS, ionised molecules are accelerated into a field-free

drift tube, where separation occurs based on the mass of the ionised molecule. In a sector MS,

a deflection zone (with either an applied magnetic or electric field) causes ionised molecules to

travel along a curved path. In this zone, a lighter molecule travels along a more curved path
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and a heavier molecule less curved path. However, MS is not itself a separation technique and

the ions produced through ionisation are not separated effectively to produce clear, separate

mass spectra. An MS does not apply well to complex mixtures, and is therefore often best

used in tandem with a separation technique to ensure a high resolution is maintained, through

effectively separating a mixture into its constituent parts prior to introduction to the MS.

Vapourisation in the context of GC-MS tandem doesn’t apply as the eluent of the GC column

is already vapourised, and can be transferred through heated tubing straight into the MS.

However, in the context of liquid techniques such as liquid chromatography-MS (LC-MS) this

presents an issue. In LC-MS a solvent is used to dissolve the analyte mixture. Relative to

the volume of mixture, there would be several orders of magnitude more solvent present, and

if this was immediately vapourised into the MS, the quantity of vapour created would cause

an increase in noise and potentially damage the ion source (discussed later). The increase in

noise would occur due to the level of solvent vapour being evacuated through the vacuum,

causing a drop in the vacuum pressure, collisions between solvent vapour and analytes and

potentially allowing for the infiltration of air into the MS. LC-MS systems typically begin

transfer of analytes from the LC column to the MS with a solvent delay, meaning the MS

transfer would only begin once the solvent had finished eluting from the column, leaving just

the analytes to be detected by MS.

2.1.3.1 Ionisation

The way in which a species gains a charge (ionisation) varies according to the context of the

application and deployment of an MS system. Electron impact (EI) is a common technique

in which a stream of high energy electrons are fired at the vapourised analyte. Electrons

are produced through thermionic emission by flowing a current through a filament, typically

made of tungsten or rhenium. This causes the filament to heat up, and once the electrons gain

enough thermal energy to overcome the work function of the metal, electrons are emitted.

By applying a voltage across the filament and an anode, this will concentrate the electrons

into a focused beam. The beam will then collide with the analyte gas flow (which enters

orthogonally to the plane of the ion source), ionising the analytes according to equation (R

2.2).

M(g) + e− −−→ M+•
(g) + 2 e− (R 2.2)

A simplified, 2D figure of ion production with the EI source is given in figure 2.7. The

positively charged analyte ions are then pushed out of the ion source by the repeller plate.

The ion flow is then focused by a series of electrostatic Einzel lenses, three hollow electrodes

through which a potential difference is applied, inducing an electric field. This electric field
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Figure 2.7: A 2D rendering of the production of analyte ions within the ion source. The
analyte gas flow is orthogonal to the plane of the image, i.e., entering from the front.

then causes the ions to diverge and converge according to the voltages applied, focusing the

ion flow into a beam. For the MS used throughout these works, the ion beam will then flow

through to the quadrupole mass filter, which is discussed in section 2.1.3.2.

This process will cause both ionisation and fragmentation of the analyte in question, breaking

the molecule into several charged parts. Fragmentation can be both helpful and unhelpful.

For the analysis of ions through accurate masses (as opposed to nominal masses), preservation

of the parent molecule would be required, and as such soft techniques such as electrospray or

chemical ionisation would be required. However, fragmentation also allows for an in depth

picture of a molecule’s structure to be drawn, as shown in figure 2.8. By using a constant

electron energy, typically 70 eV, fragmentation will be regular among all users of EI, allowing

for a large library to be constructed of EI mass spectra.

2.1.3.2 Quadrupole mass filter

A quadrupole mass filter is designed to separate ions based on their m/z ratio. It consists of

four parallel metal rods, typically around 10 cm in length, arranged in a square configuration.

If the rods are cylindrical rather than hyperbolic, placing them so that the distance between

diagonally opposite rods is 1/1.148 times the rod diameter provides a good approximation of

the ideal hyperbolic field. Opposing pairs of rods are electrically connected.

A combination of radio frequency (RF) voltage and direct current (DC) voltage is applied

such that one pair of rods receives a potential of +U + V cos(ωt), while the opposing pair
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Figure 2.8: Electron impact mass spectrum of ethanol. Fragmentation structures as simple
Lewis structures are annotated for select peaks. The peak labelled M+ is the molecular ion,
C2H5OH+. The mass spectrum was obtained from the National Institute of Standards and
Technology (NIST) Chemistry WebBook, available at https://doi.org/10.18434/T4D303.[14]
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Figure 2.9: A simple diagram of the movement of two ions through a quadrupole mass
selector. Ions with unstable trajectories, such as those that are too light or too heavy, are
not detected.

receives −U − V cos(ωt). Here, U is the DC voltage, V is the amplitude of the RF voltage,

and ω is the angular frequency. This oscillating electric field creates a dynamic potential

that allows only ions of a specific mass-to-charge ratio to pass through the quadrupole at a

given time.

As ions travel along the axis of the quadrupole, the electric field selectively stabilizes the

trajectories of ions with a specific m/z ratio, allowing them to pass through the filter, while

others are deflected and lost. A simplified diagram of this process is shown in figure 2.9. By

adjusting the RF and DC voltages, the quadrupole can target different m/z ratios, effectively

acting as a tunable mass filter. Ions with too high an m/z ratio do not respond quickly with

the oscillating field, and eventually collide with the quadrupole rods. Ions with a low m/z

ratio respond too quickly to the field, and either collide with the rods or are ejected from the

field entirely. Once ions collide with the rods, they lose their charge and as such are no longer

influenced by the quadrupole. Over time this can cause a buildup of deposited fragments

and so should be cleaned to maintain performance. The low m/z ions which escape the

quadrupole will be removed through the vacuum applied throughout the MS/QMS. The RF

transformer and DC power supply are essential for generating and controlling the required

voltages, ensuring precise ion selection and mass resolution in the QMS.

2.1.4 Flame ionisation detection

The Flame Ionization Detector (FID) is a device that detects organic compounds by measur-

ing organic ions produced during combustion. The FID operates through a series of precise

steps, involving the generation, collection, and quantification of ions. It can act as a stan-
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dalone analytical technique as in the monitoring of landfill and fugitive gases,[15,16] however

it is commonly used as a detector following GC separation. The FID requires at least two

separate gases, and in some cases three, as well as the column eluent. Hydrogen is required

for the flame, and oxygen (or purified air free of contaminants) is used to ensure the flame

burns completely. For some FIDs a makeup gas is required. The purpose of the makeup

gas is to optimise the flow rate of the column eluent to the FID. Some modern FIDs are

derivatives of older FID units which were built to work with packed columns, from which a

higher carrier gas flow rate would be needed. However as capillary columns require a low

flow rate of carrier (relative to packed columns), a makeup gas is required to account for

the lower flow rate for capillary columns. Some FIDs are designed to work exclusively for

capillary columns, for which makeup gas ports may not be included.

The separated analytes and carrier gas elutions from the GC column are mixed with hydrogen

gas and air before entering the FID’s combustion chamber. Here, the mixture is ignited,

producing a flame. Organic analytes undergo pyrolysis in this flame, breaking down into

smaller fragments, predominantly carbon-containing ions (and electrons). The flame acts as

the ionization source.

Inside the FID, there are two electrodes, commonly referred to as the collector and the

nozzle head. The positive electrode is the nozzle head where the flame is produced, while

the negative electrode acts as a collector due to the attraction between the ions and the

negatively charged electrode. When the ions hit the collector, a current is produced. This

current is extremely small, often in the picoampere (pA) range, and is directly proportional

to the number of carbon atoms within the analyte eluted from the GC. The signal is then

plotted as a function of time, which is the final chromatogram. The eluent peak area is

proportional to the ’amount’ of analyte detected, either through a change in sample volume

or sample concentration. A diagram showing the workings of a flame ionisation detector is

shown in figure 2.10.

The FID is highly sensitive to carbon-containing compounds, making it a powerful tool for

detecting hydrocarbons and other organic molecules. The linearity of FID responses over a

range of volumes and concentrations is discussed further in section 2.2.

The concentration of a species is directly proportional to the area under the peak produced

by that species’ detection in the FID. The mixing ratio of a species separated from a mixture

can be calculated by dividing the area of the analyte peak by the response factor (RF) of the
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Figure 2.10: A diagram showing the workings of a flame ionisation detector used following
GC separation.

same species from a calibrated gas, according to equation 2.9.

fractionanalyte =
areaanalyte

RFcal

=
areaanalyte(

areacal
ratiocal

) (2.9)

2.1.4.1 Effective carbon number

As the response produced by the FID is proportional to the number of carbon atoms within

the analyte, a stable carbon-wise response allows for quantification of species which are not

directly calibrated against. The application of a method where the response of a calibrated

species is used to calculate the concentration of an uncalibrated species using a carbon ratio

between the two species is known as using effective (or equivalent) carbon number (ECN).

These steps are shown in equations 2.10 and 2.11.

RFuncalibrated =
RFcal(
ECNcal

ECNuncalibrated

) (2.10)

ppbuncalibrated =
areauncalibrated
RFuncalibrated

(2.11)
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ECNuncalibrated is the effective carbon number of the uncalibrated species. ECNcal and RFcal

must be for the same species, with RFcal originating from a calibration run immediately

before or after the sample requiring quantifying to protect against instrument reponse drift.

Using an ECN and RF of a directly calibrated species essentially turns this species into

a proxy for the quantification of uncalibrated species. Stability in the carbon number-to-

response ratio is paramount in the successful execution of this method for the quantification

of uncalibrated species.

Oxygenated species produce a lower FID signal. The presence of oxygen within the molecule

will cause a more complete burn, producing more CO2, CO and H2O which aren’t detected

by the FID, rather than organic ions. If a species is directly calibrated using the RF of

the calibration sample, this lower response should not impact analysis. As a general rule of

thumb, a rough ECN can be calculated by adding up the number of carbon atoms within

the analyte, and subtracting 0.5 per oxygen atom. Following this rule, ethanol would have

an ECN of 1.5, and propan-1-ol would have an ECN of 2.5. However, the location of the

oxygen atom(s) within the molecule, as well as other adjoining atoms, will impact the ECN

for the molecule. The ECN rules used in the works contained within this thesis, informed

from several different studies,[17–21] are shown in table 2.1. Instrument analysis on carbon-

to-response ratios is given in section 2.2.4.

Table 2.1: The ECN contributions for different functional groups and elements used through-
out these works.

Functional group ECN contribution

Paraffinic carbon 1.0
Olefinic carbon 0.95
Aromatic carbon 1.0
Aldehyde −1.0
Ketone −1.0
Primary alcohol −0.6
Secondary alcohol −0.75
Tertiary alcohol −0.25
Ether −1.0
Ester −1.5
Nitrogen (amines) Treated as oxygen
Nitrogen (nitrile) −0.5
Cl (adjoining paraffinic C) −0.12
Cl (adjoining olefinic C) 0.05
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2.1.5 Whole air sampling

As discussed in section 1.2.3, air samples can be collected through a variety of methods, but

consideration needs to be placed on not just the chemical analysis to be completed, but also

issues such as sample storage, sampler preparation, and sampler logistics. Sorbent tubes are

commonplace and can be highly effective for detecting trace VOCs.[22–24] This would typically

see one or several tubes packed with a sorbent deployed into a setting, and have the sample

air pumped through the tube at a fixed rate over a span of time. Sorbent tubes are small

and take up little space over the sampling duration. Sorbent tube transportation and storage

requires the tubes being kept at low-to-sub-zero (°C) temperatures in order to preserve sample

integrity. The sorbent used within the tubes are typically hydrophobic, but higher relative

humidity in air being sampled can lead to a reduced VOC recovery.[25,26] Additionally, as is

discussed in section 2.2.3, sorbent tubes are subject to ’breakthrough’, where the volume of a

sample flowing through the sorbent tube becomes a limiting factor in the proportion of VOC

retained by the sorbent. Finally, sorbents can exhibit a degree of retention selectivity, and as

such analysis from sorbent tube samples tend to be focused on select VOCs. However, they

are relatively cheap and simple to use.

A solution to sampling selectivity is to take whole air samples (WAS) using evacuated canis-

ters. A sampling canister is typically of stainless-steel construction, and is internally coated

in a proprietary passivation layer to inhibit sample-canister interactions. Throughout this

thesis, a combination of canister brands were used (Restek, PA, USA and Entech, CA, USA),

however all were 6 L stainless-steel canisters internally treated with a silica-based ceramic

passivation coating. Flow restrictors (Entech, CA, USA) were fitted atop the canisters in the

studies in chapters 3, 4 and 5 to reduce the canister sample flow rate and thus time integrate

the sample. A fully evacuated canister, discussed in section 2.1.6.1, would take ≈ 30 seconds

to take a full sample, resulting in an average flow rate of ≈ 12 L min-1. Such samples are often

referred to as ’grab’ samples, as they can result in a whole air sample over a much shorter

time window, giving potential for deeper analysis into VOC exposure through momentary

activities. However, using such samples to infer longer-period VOC exposure would present

difficulties. Using in-line flow restrictors to give a time-integrated sample therefore limits

potential skewing of these activities on the sample being taken. An example diagram of a

canister with flow restictor inlet is shown in figure 2.11

2.1.5.1 Time-integrated canister sampling

The flow-restrictive inlets used throughout this thesis utilised a critical orifice to achieve the

flow restriction. This simply consists of a plate with a hole drilled through the middle. While
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Figure 2.11: A diagram showing the final sampling assembly, with a flow-restrictive inlet and
stabilising diaphragm, with sampling canister underneath. Labelled sections are as follows:
1. Inert in-line filter, 2. Goose neck to restrict entry of liquids, 3. Critical orifice flow
restrictor, 4. Canister vacuum pressure gauge, 5. Internal diaphragm for flow rate stability,
6. Canister valve, 7. Canister.
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simple in construction, the critical orifice is a sophisticated piece of engineering which can be

designed to give a range of potential flow rates. The small diameter hole (the critical orifice)

creates a choked (or sonic) flow when the condition in equation 2.12 is met. Choked flow is

a condition where the flow rate of a fluid reaches a limit due to the gas velocity at the exit

plane being equal to the speed of sound, and is said to be at sonic conditions.

P2

P1

≤
(

2

γ + 1

) γ
γ−1

(2.12)

In equation 2.12, P 1 and P 2 are the upstream (inlet side) and downstream (canister/vacuum

side) absolute pressures respectively, and γ is the ratio of specific heats (also called the

adiabatic index or Laplace’s coefficient) of the gas in question. For air, γ = 1.4. Substituting

this into equation 2.12 gives a condition of choked flow being achieved when the downstream

pressure is less than or equal to 0.528 times (52.8%) the upstream pressure. In the case of

atmospheric upstream conditions and a downstream vacuum, both the air velocity and the

mass flow rate become choked when a sonic velocity is reached through the orifice. Once

choked flow is achieved, the choked mass flow rate can be determined using equation 2.13.

ṁ = CdA

√
γρ1P1

(
2

γ + 1

) γ+1
γ−1

(2.13)

ṁ is the mass flow rate, Cd is the discharge coefficient of the orifice, A is the cross-sectional

area of the orifice, ρ1 and P1 are the density and pressure of the upstream gas respectively.

However, as ρ can be calculated according to equation 2.14, where R is the ideal gas constant

and T1 is the temperature of the gas:

ρ =
P1

RT1

(2.14)

this can then can in turn be substituted into equation 2.13 to form equation 2.15.

ṁ = CdAP1

√
γ

RT1

(
2

γ + 1

) γ+1
γ−1

(2.15)

Assuming a constant density (ρ) final conversion from mass flow rate to volumetric flow rate

(Q) can be determined by equation 2.16:

Q =
ṁ

ρ
(2.16)
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or can be directly substituted into equation 2.15 using equation 2.16 to give equation 2.17:

Q =
CdAP1√
RT1

√
γ

(
2

γ + 1

) γ+1
γ−1

(2.17)

For the 6 L canisters used throughout this thesis, assuming the air being sampled is dry and

acts as an ideal gas, achieving a full sample over 72 hours (assuming a constant flow rate)

would require a volumetric flow rate of 1.39 mL min-1. An orifice internal diameter can be

derived using equation 2.18 and assuming P1 = 101325 Pa, T1 = 293 K, R = 287 J kg ·K-1,

γ = 1.4, and that Cd is between 0.6 and 1, which results in orifice internal diameters from

between 0.0008 mm and 0.0006 mm.

A =
Q
√
RT1

CdP1

√
γ
(

2
γ+1

) γ+1
γ−1

=
Q

CdP1

√√√√√ RT1

γ
(

2
γ+1

) γ+1
γ−1

(2.18)

Thus what seemingly appears to be a disc with a hole in the middle becomes a highly technical

and expertly calibrated piece of engineering.

2.1.6 Sampling and instrument setup

One sampling and instrumental setup was used throughout the studies and calibration work

within this thesis. In short, this comprised a custom-built thermal desorbing unit (TDU),

which then directly injected into a two-column gas chromatograph (GC), eluents from both

columns detected through flame ionisation detection (FID), with one column having further

detection through a quadropole mass spectrometer (QMS). Together, they make the TD-

GC-FID-QMS instrument. A simplified flow-chart is given in chapter 3 figure 3.1, however a

more detailed discussion of the instrument setup is presented here.

2.1.6.1 Canister preparation

To begin with, 6 L stainless-steel canisters internally treated with a proprietary silica-based

ceramic passivation layer (Restek, PA, USA and Entech, CA, USA) were evacuated to a

pressure ≤ 0.1 Pa. The evacuation process was completed via a two-step process. Canisters

were first evacuated using an Edwards XDS10 dry scroll pump (Edwards Ltd, Sussex, UK)

from ambient pressure to ≈ 1 Pa. Canisters were then attached to an Edwards nXDS10i

dry scroll pump (Edwards Ltd, Sussex, UK) affixed with an Alcatel 5011 molecular drag

pump (Alcatel Vacuum Products is now known as Adixen Vacuum Products, part of Pfeiffer

Vacuum, Wetzlar, Germany). The molecular drag pump acted as a turbomolecular pump,
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Figure 2.12: Flow rate of flow-restrictive inlet affixed to the top of the evacuated sampling
canisters. This figure is reproduced from Heeley-Hill et al. (2023)[27] using the same theme
and colour scheme as in this thesis.

which helped achieve the final vacuum of ≤ 0.1 Pa.

2.1.6.2 Sample collection

Sample canisters were affixed with a flow-restrictive inlet which time-integrated the 6 L

canister samples over a 72 hour period. The inlet flow rate, while relatively stable throughout

the first 48 hours of sampling, experienced a reduced flow rate throughout the final 24 hours

of sampling, coinciding with the canister vacuum approaching ambient pressure, as shown in

figure 2.12 (reproduced from Heeley-Hill et al. (2023)[27]). As such, samples had an inherent

bias towards the first 48 hours of sampling.

After 48 hours of sampling using time-integrated, flow-restrictive inlets, approximately 90% of

the total canister volume has been collected. During the final 24 hours, the flow rate decreases

broadly linearly from 1.75 mL min-1 to 0 mL min-1, contributing only around 10% of the total

sample volume despite accounting for one-third of the sampling duration. Consequently,

high-emission events occurring between 48 and 72 hours may be underrepresented in the

final sample.

Notably, by approximately 52 hours, 95% of the total sample volume has been collected,

suggesting that the vast majority of the representative air mass is captured within the first

two days. In future campaigns, sampling durations could be reduced to 48 hours without sig-

nificant loss of representativeness, offering a more time-efficient approach while maintaining

an effectively uniform flow-weighted sample.
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2.1.6.3 Sample selection

Whole air samples from stainless steel canisters (discussed later in section 2.1.5) were drawn

through a 16-port manifold. Originally, this was through a Valco microelectric actuator multi-

position valve (VICI Valco Instruments Co. Inc., TX, USA), and this was eventually replaced

by a manifold composed of 16-port solenoid-actuated bellows valves (Swagelok Company, OH,

USA) using a high-pressure air line to open and close the valves, connected in parallel to a

main delivery line which then connected into a port on the TD unit. Samples were drawn at

15 mL min-1, through the water trap and then into the preconcentration trap.

2.1.6.4 Sample drying

The TD unit was composed of three traps to dry, preconcentrate and focus analytes prior

to GC injection. The first trap was a 30 cm long 1/16” stainless steel fused-silica tube held

at a temperature of -40 °C. This first trap acted as a drier (’water trap’). As discussed in

section 2.1.2.2, water vapour must physically transform through deposition of the vapour

immediately into ice and not transition through the liquid phase to limit VOC loss through

dissolution into liquid water. -40 °C was chosen as the water trapping temperature to avoid

preconcentrating the VOCs analysed through this methodology in the water trap, but still

be at a cold enough temperature to deposit water vapour into ice.

2.1.6.5 Sample preconcentration

Through the water trap, the sample stream continued into the preconcentration trap. This

comprised a 30 cm length of 1/16” stainless steel fused-silica tube, as with the water trap,

and was packed with Carbopack™40-60 mesh and Carbopack™60-80 mesh adsorbents (Merck

KGaA, Darmstadt, Germany) and fritted with glass wool. Both the preconcentration and

focus traps were set to a temperature of -180 °C, not with the expectation of achieving this

temperature but to set the trap holding temperature at the lowest temperature the system

could achieve, invariably between -125 °C and -110 °C. Once sample collection had finished,

the preconcentration trap was heated to -80 °C for 4 minutes in the flow of carrier to purge any

CO2 from the trap. After 4 minutes, the carrier flow was reversed and the preconcentration

trap was heated to 190 °C to desorb analytes into the focus trap.

2.1.6.6 Sample focusing and transfer

The focus trap comprised a 20 cm section of 1/32” stainless steel fused-silica tube, again

packed with Carbopack™40-60 mesh and Carbopack™60-80 mesh adsorbents (Merck KGaA,

Darmstadt, Germany). As with the preconcentration trap, the focus trap was held at the
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lowest achievable temperature for analyte trapping. The analytes were held in the focus trap

until the GC was ready to begin a new method. This was at least 2 minutes. Once the GC

was ready, the focus trap was flash heated to 200 °C to transfer analytes into the GC oven

for 2 minutes.

2.1.6.7 Trap purging

Following analyte transfer, the preconcentration and focus traps were backflushed with carrier

and heated to 230 °C to purge any remaining organic material. The water trap was heated

to 100 °C to remove any residual water, and all desorbed gases from trap purging would then

be vented to the atmosphere. The traps and carrier flow were then reset to their holding

conditions, and would be left in this state for a delay to ensure traps were back to their

holding conditions before new method commencement.

2.1.6.8 GC

In these works, an Agilent 7890A GC was used for separation. The GC oven was held at 35

°C for 7 minutes following method commencement, and then heated to 200 °C at a 5 °C min-1

ramp rate over 33 minutes, achieving the final oven temperature of 200 °C at 40 minutes,

after which the oven temperature would be held at 200 °C for a further 5 minutes. The GC

method ran for 45 minutes each sample.

Analytes were desorbed from the flash-heated focus trap through a 60 m long, 150 µm ID

VF-WAXms column (referred to afterwards as both VF-WAX or just WAX) with a film

thickness of 0.50 µm (Agilent Technologies, CA, USA) at a flow rate of 1.6 mL min-1 with a

carrier gas pressure of 35 psi. VF-WAX columns are intended for the analysis of trace species

which are typically used in foods, as well as fragrances and flavourings. VF-WAX columns

use a polyethylene glycol (PEG) stationary phase. The VF-WAX column would not resolve

lower hydrocarbons C2 to C6. These unresolved hydrocarbons would elute from the VF-WAX

column in a broad band from the start of the method to roughly 7.5 minutes. To resolve

these species, a Deans switch (Agilent Technologies, CA, USA) would divert the unresolved

hydrocarbon eluent into a 50 m, 320 µm ID, 5 µm film thickness Na2SO4-deactivated Al2O3

porous-layer open tubular (PLOT) column. Elutions from the PLOT column would directly

flow through to a flame ionisation detector (FID). After 8.3 minutes, once the unresolved

analytes had passed onto the PLOT column, the Deans switch would divert VF-WAX eluent

flow through a 2m, 150 µm ID length of fused silica, which would then further split to either

another FID through a 0.91 m, 150 µm ID length of fused silica, or to the quadrupole mass

spectrometer (QMS) through a 2.1 m, 150 µm ID length of fused silica.
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Chromatograms from FID responses for a typical indoor air sample are given in figures 2.13

and 2.14. Only select species are labelled on the plots for brevity. In practice, over 120

different VOC species were detected at various stages of analysis. However, as indoor air in

highly changeable, it was rare than all detectable species were found within samples, and as

such total/summed VOC concentrations typically represented a smaller subset of the total

number of detectable species.

Figure 2.13: PLOT chromatogram for an ambient sample of residential indoor air.

Figure 2.14: WAX chromatogram for an ambient sample of residential indoor air.

Chromatograms showing the unresolved analytes as a VF-WAX elution, which would oth-

erwise pass onto the PLOT column can be seen in figure 2.15. This chromatogram was

produced following the analysis of ambient air. This shows a very intense, relatively broad
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elution lasting roughly 30 seconds. A correspondingly empty PLOT chromatogram, save

two trace analytes associated with the mistimed Deans switch actuation which caused the

unresolved analytes to pass immediately through to the VF-WAX FID, is shown in figure

2.16. A zoomed version of figure 2.15 showing the other resolved analytes from the VF-WAX

column is shown in figure 2.17. The total ion count (TIC) for the same WAX elutions are

shown in figure 2.18. Here, the unresolved species were not detected through MS as there

was a 7 minute solvent delay applied to the MS method, which is expounded upon later.

The PLOT column elutions were generally in order of boiling point, however the WAX

elutions were in order of polarity. There were deviations from the boiling point order from

PLOT elutions, such acetylene (boiling point -84 °C) which eluted after n-butane (boiling

point -1 °C), as in figure 2.19. This was generally seen in unsaturated molecules when

compared with their saturated analogues.

In principle, a non-polar column will elute by boiling point. However the PLOT column

stationary phase was coated in a deactivating salt, Na2SO4. The alumina stationary phase is

highly polar and contains many active sites, meaning that without deactivation, more polar

analytes such as alkenes and alkynes would be very strongly retained on the stationary phase

surface, causing band broadening and poor resolution, and in some cases total retention.

Covering the alumina in a deactivation layer reduces the stationary phase surface polarity

and number of active sites as well as increasing the column stability over time, giving a more

reproducible and predictable elution pattern. KCl can also be used as a deactivation salt

for alumina columns, but deactivation by Na2SO4 provides a more polar surface than KCl,

resulting in higher retention of more polar molecules. Due to the higher polarity of acetylene,

the elution of acetylene sees significant peak tailing, shown in figure 2.19. This would also

be seen with propyne (methyl acetylene).

2.1.6.9 QMS

Elutions from the VF-WAX column following the Deans switch actuation at 8.3 mins were

sent to both an FID and the QMS, with the flow pathway split using lengths of fused-silica

to balance pressures. The QMS method began at 7 mins following an in-built solvent delay

in the software used to control the GC and QMS and acquire data. The software used for

GC-MS control can be applied to LC-MS control as well, and so a solvent delay is applied

as default to avoid overwhelming the MS detector with solvents used during LC analysis.

An example total ion count (TIC) for wax-eluting species is given in figure 2.18. This was a

TIC for the same sample run as in figures 2.15, 2.16 and 2.17. The ion source was run at a

temperature of 230 °C (maximum of 250 °C), while the QMS was run at 150 °C (maximum
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Figure 2.15: WAX chromatogram for ambi-
ent air showing a large elution of unresolved
C2 to C6 hydrocarbons.

Figure 2.16: PLOT chromatogram for ambi-
ent air without typically resolved species.

Figure 2.17: WAX chromatogram for ambi-
ent air zoomed to show the other elutions
from the ambient air sample. The unresolved
hydrocarbon elution begins at ≈ 4.5 min and
finishes at ≈ 5 min.

Figure 2.18: TIC for WAX-eluting species.
The jump in baseline noise at ≈ 8.3 min is
due to the switching of the Deans switch to-
wards both the QMS and the second FID.

.
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Figure 2.19: PLOT chromatogram scaled between 18 mins and 21 mins to show the elutions
of i-butane, n-butane and acetylene.

of 200 °C). The electron energy was 70 eV, and the quadrupole was set to scan between an

m/z range of 30 and 150 units.

Chromatograms could be extracted for single m/z units, allowing for the deconvolution of

overlapping peaks by separating elutions into constituent mass contributions. As the VF-

WAX column is selective towards low-to-mid polarity species such as lower (C2 to C6 alde-

hydes and ketones, C7 to C12 hydrocarbons, monoterpenes, C1 to C5 alcohols), there were

many elutions over the GC running method, some of which occurred simultaneously, thus

are said to have co-eluted.

2.1.6.10 Sample campaign sequencing

A standard sequencing procedure through a sampling campaign helps ensure valid cross-

campaign comparisons. Throughout the works contained within this thesis, a common sam-

pling sequence was used, as shown in scheme 2.2.

Blank gas was used to ensure that all TD traps were purged between sequence steps. In

ambient indoor sampling campaigns, these blank gas sequence steps were included to ensure

that comparisons could be made accurately with other campaigns that used this instrument,

67



Blank Gas

Samples

Blank Gas

Calibrations

No Flow Blanks

Blank Gas

(×3)

(×n)

(×3)

(×5)

(×3)

(×∞)

Scheme 2.2: A flow schematic for the sample sequencing used throughout the works in this
thesis.

some of which may have had much higher VOC concentrations and required the trap cleanup,

which these blank gas steps achieved. In other campaigns which used this instrument and it

was known prior to use that samples were likely to have high VOC concentrations (≫ ppm

fractions), blank gas was run between the samples to ensure complete trap cleanup between

samples. Details on the ’no flow blank’ method are discussed in section 2.2.5. 500 mL of

sample was drawn for each run, except in the no flow blank methods where no volume was

drawn. For the analysis completed in chapter 6, only 25 mL of sample was drawn to avoid

saturating the FIDs and QMS. Low sample volumes can cause larger errors in systems due

to potentially unswept internal volumes, however the TDU used here had very low internal

volumes, and each method included a purge step to sweep internal volumes with 150 mL of

sample prior to introduction to the water and preconcentration traps. GC errors are discussed

in section ??
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Table 2.2: The VOCs contained within the multi-component calibration standard mix.

Species

1,2,3-trimethylbenzene 1,2,4-trimethylbenzene 1,3,5-trimethylbenzene 1,3-butadiene

but-1-ene acetylene benzene cis-but-2-ene

cis-pent-2-ene ethane ethene ethylbenzene

n-hexane i -butane i -octane i -pentane

isoprene m-xylene n-butane n-heptane

n-pentane o-xylene propene propane

p-xylene toluene trans-but-2-ene trans-pent-2-ene

2.1.6.11 Data workup

The area directly underneath the peak of a chromatogram is proportional to the mixing ratio

of the eluted species. Peak integration therefore is a crucial, albeit often overlooked, area

of data workup. Manual integration of peaks can often result in reproducibility issues, and

can be subject to several sources of error. For the works within this thesis, GCWerks (GC

Soft Inc., CA, USA) was used to process chromatograms and TICs generated by Agilent

Chemstation software.

2.2 Instrumentation and calibration

For the following experiments, the multi-component calibration mix detailed in table 2.2 was

used. There were cases, as with LOD and LOQ calculations in later sections, in which the

use of a precalibrated mix was necessitated. For other tests, the calibrated mix was still used

because of the longevity testing of the instrument, which was completed separately from

these works. Assessing instrument response over time requires the use of the same standard

over a longer period of time. Each VOC within the calibration mix, made by the National

Physical Laboratory (Teddington, UK), was mixed to a ratio of 4 ppb.

Here, the prefix i- was used to refer to isomers of the proceeding species. The preferred IUPAC

(International Union of Pure and Applied Chemistry) name for the isomerised species in this

mix were: i-butane as 2-methylpropane, i-pentane as 2-methylbutane, and i-octane as 2,2,4-

trimethylpentane. The prefix n- was used to specify that the proceeding species was the

unbranched, or ’straight-chain’, form (n- being shorthand for ’normal’). Trimethylbenzene

was shortened to ’TMB’ in the figures for the following calibration to aid in the presentation

of the graphics within the page margins and limits.
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These following tests formed part of a larger, separate long-term calibration analysis for

the instrument which was completed throughout this thesis. As such, a readily-available

supply of a calibrated sample was required to ensure these tests could be completed several

times over a span of several years and could be directly comparable with each other. The

use of a calibrated mix with species other than hydrocarbons, such as oxygenated VOCs

(OVOCs), would offer a deeper insight into the different behaviours of a variety of VOCs

throughout these tests. However in the context of a multi-year instrument analysis within

a busy laboratory, there was no guaranteed regular supply of a calibrated standard which

contained this ideal blend of VOCs.

Important to consider would be the stability of the inclusion of OVOCs within a blend. All

gas samples and standards have a shelf life, and for calibration cylinders this is typically a

conservative estimation. Including OVOC species which would be ideal to analyse in the

following tests, such as ethanol or methanol, would begin to present an issue with sample

stability over time.[28,29] While inclusion of OVOCs would present a calibration somewhat

more akin to indoor air, a short shelf life of the standard is a considerable financial restraint

for a multi-year analysis. Additionally, consistent access to calibration standards for other

commonly quantified species, such as monoterpenes, was limited. This was due in part to the

shared use of a single monoterpene standard within a busy laboratory environment, meaning

availability could not be guaranteed when required. With this all borne in mind, the standard

calibration mix shown in table 2.2 was used for all the following calibration tests.

2.2.1 Sampling canister stability

The sampling canisters used throughout the works in this thesis could be used to store samples

for a theoretically infinite length of time. In longer, more complex sampling campaigns, it

is a possibility that canisters would have to be stored for several days, indeed weeks, before

the sample could be processed on the instrument, due either to logistical implications of

transport or fitting the samples into a busy laboratory schedule. As such, the stability of

samples in the sampling canister needed to be assessed.

For this test, six canisters were each filled from fully evacuated to 1 bar (gauge) with the

multi-component calibration standard. Following the canister filling, initial samples were

drawn immediately, and then the samples were left for up to 119 days to assess the stability

of the samples throughout an elongated period of storage. Table 2.3 shows the sampling

regimen over the testing period. There was a heavier bias towards the initial storage period

(up to 22 days after filling) as this was more likely to be within the storage period of collected

field samples. However, the testing period was extended beyond the typical ≤ 1 month period
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seen in most stability tests[30,31] up to ≈ 4 months after filling. 100 mL of canister sample

was drawn for each run for this assessment, to use minimal volumes of canister gas and aid

in extending the test duration. Brass caps were added to each canister between uses and

tightened to limit potential leaks.

Table 2.3: Sampling regimen for degradation testing of calibrated samples in sampling can-
isters.

First sample Second sample Third sample Fourth sample Fifth sample

Day 1 12 22 109 119

Median canister mixing ratios were used for the degradation plot shown in figure 2.20. The

fifth sample from one canister had to be discarded due to the canister valve having failed,

leading to the canister leaking the sample and reaching ambient pressure, which resulted in

the GC being unable to draw a volume of sample equal to the others. At the time of this

sample being taken, blank gas was not readily available to re-pressurise the canister and allow

for it to be run and quantified, and so for the fifth sample, n = 5, however for the remaining

samples n = 6. A scaled version of figure 2.20 is shown in figure 2.21 to better highlight the

degradation trend.

All species showed general stability throughout the tests, however as expected there was a

decrease in species mixing ratio over time. While there was a large time gap between the

third and fourth tests, the degradation appeared to be mostly linear throughout the sam-

pling period, with regression slopes ranging from −0.002x to −0.005x, representing a sample

degradation of between 0.002 and 0.005 ppb day-1. Aromatic and unsaturated species tended

to experience higher rates of degradation than saturated species. Some species, specifically

C2 to C5 hydrocarbons except acetylene and 1,3-butadiene, exhibited a somewhat more

logarithmic-like decay, however within the sampling period the degradation did not signifi-

cantly accelerate. Sample stability would also be dependent on other variables such as relative

humidity and storage temperature, and it would be expected that species with higher reac-

tivities such as OVOCs and monoterpenes would experience higher rates of degradation. As

such, samples were not stored for longer than 21 days throughout the works in this thesis.

Species such as p-xylene and 1,2,3-trimethylbenzene exhibited an exponential-like degrada-

tion. The initially rapid degradation, however, was likely due to a reduced concentration of

these species in the gas phase. This reduction was attributed to their preferential partition-

ing onto the internal walls of the canisters. In ambient indoor air, where relative humidity

typically ranges between 30% and 70%, water vapor preferentially adsorbs onto the canister

71



Figure 2.20: Scatter plots showing the changes in calibration mix concentration, with regres-
sion statistics and regression line equation calculated using Pearson’s R.
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Figure 2.21: The degradation plots as in figure 2.20 without the regression statistics and with
selective scaling for each individual plot to better show the trend in species degradation.
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Figure 2.22: Real-time water vapour mixing ratio in a whole air canister sample. The
canister was first pressurised to 1 bar (gauge) with blank gas, connected to the analyser and
the canister valve opened.

walls over polar VOCs. As a result, in humid samples, these species would likely remain in

the gas phase, preventing the partitioning behavior observed in figure 2.21. The partitioning

of water vapor between the gas phase and canister walls is illustrated in figure 2.22. In this

experiment, a whole air sample was collected in a 6 L evacuated canister, which was then

pressurized to 1 bar (gauge) with blank gas. The canister outlet was subsequently connected

to a greenhouse gas laser absorption analyser (Ultraportable Greenhouse Gas Analyser, Los

Gatos Research Inc., CA, USA), and the canister valve was opened. Over time, the fraction

of water vapor in the gas phase appeared to increase. As the canister pressure decreased,

water previously adsorbed onto the walls re-entered the gas phase. While this confirms that

canisters are best suited for humidified sampling, it also highlights that whole air sampling

canisters are unsuitable for accurately reporting water vapor mixing ratios. In the degra-

dation tests, the calibration standard was dispensed into evacuated canisters without prior

humidification. Consequently, the more polar species likely underwent slight partitioning

onto the canister walls.

2.2.2 Sample desorption

The selection of desorption temperatures for the preconcentration and focus traps will impact

the analyte recovery. It is therefore crucial to assess ideal desorption temperatures to ensure

a balance is struck between successful trap desorption without either sample degradation

or retention. For the following tests, a range of temperatures were used to assess analyte

desorption efficiencies.
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The multi-component calibration mix was run over a sequence of decreasing desorption tem-

peratures. PLOT and WAX column elutions are shown in figures 2.23 and 2.24 for the

preconcentration trap, and 2.25 and 2.26 for the focus trap. In the following plots, the ’Con-

trol’ temperature was the standard method temperatures referenced in sections 2.1.6.5 and

2.1.6.6 for the preconcentration trap and focus trap desorption, respectively. Chromatograms

for all desorption temperatures are shown in totality on the left of each of the following four

plots, with specific VOCs picked to show a closer analysis of each desorption temperature on

the right of each plot. For PLOT column desorptions, acetylene and isoprene were chosen for

the ’zoomed’ plots: acetylene as it represents the most volatile of the VOCs analysed on the

PLOT column and has often been seen to be among the first species to respond to calibration

experiments, and isoprene due to it being a larger species with a much later elution. For

WAX column elutions, trimethylbenzenes and benzene were picked: trimethylbenzenes, as

they are more viscous than most VOCs analysed throughout these works and thus were more

prone to smearing and band broadening through poor preconcentration and focus desorption,

and benzene, due to its importance in IAQ and health impact assessments.

Irrespective of the temperatures used, even down to half the regular desorption temperatures,

there was total analyte recovery throughout. Baseline noise was variable, however this was

thought to have originated externally to the instrument, and there was no reason to believe

this was due to the experiments being run. Noticeable on the PLOT column, there was a

subtle but general shift in retention time for both acetylene and isoprene, seen here mostly

as a change in the time elution maxima were detected. This is a display of band broadening,

There additionally were artifacts found between 0 and 5 mins on the preconcentration des-

orption control chromatograms. These artifacts appeared at the same retention times on

both PLOT and WAX columns, so were not due to a specific column elution. The cause

was found to be a fluctuation in the FID hydrogen supply pressure, resulting in a baseline

magnitude rise and decay.

Throughout the works within chapters 3, 4 and 5, the standard desorption temperatures given

in sections 2.1.6.5 and 2.1.6.6 were still used, as while the results of desorption temperature

variation showed total recovery at relatively low temperatures (when compared with the

standard method), this was using a calibration mix and was not necessarily reflective of a

regular ambient indoor sample. These experiments did however indicate that sample recovery

should be expected to be very high (if not complete) for ambient indoor samples for a range

of desorption temperatures.
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2.2.3 Volume breakthrough

Dependent on the concentration of analytes within the sampled gas, samples of widely dif-

fering volumes will need to be drawn. A packed thermal desorber trap behaves like a small

GC column, with analytes trapping at different rates, and migrating through the trap in the

direction of the carrier gas flow. The breakthrough volume refers to the point at which so

much sampled gas (or carrier gas) has passed through the trap, the analytes have traversed

the length of the trap and have ’broken through’, ultimately being swept by the carrier gas

to purge. A low breakthrough volume indicates larger sample volumes will trap inefficiently

resulting in inaccurate quantification for species which break through. This is important to

consider is particularly concerning for VOCs at low ambient concentrations, where larger

volumes may be required to produce a large enough signal to quantify. Large breakthrough

volumes with linearity over a range of sample volumes are ideal, giving the user flexibility

in the volumes of samples being analysed, resulting in the potential for analysis of samples

with very low concentrations.

Figure 2.27 shows volume breakthrough testing for VOCs with a range of volatilities over a

range of sampled volumes.

All species except ethene showed total linearity over volumes from 5 mL to 1000 mL. Ethene

showed a somewhat logarithmic relationship between peak area and volume, indicating break-

through. By applying a linear model to the data for ethene, the residuals of the model can

be found. Segmented linear models were then applied to break the curved data for ethene

into multiple separate linearities, shown in figure 2.28. A break in linearity was found to

occur at V break ≈ 376 mL. Concentrations returned from any analysis at sample volumes

higher than ≈ 376 mL therefore indicate a lower measured concentration of ethene than was

actually present in the sample. For this instrument, a compromise sampling volume of 500

mL was chosen to ensure sufficient signal strength for trace analytes such as monoterpenes,

compounds of greater atmospheric relevance than ethene, despite the known breakthrough

effects observed for ethene.

2.2.4 FID carbon-wise response

The response of FIDs to the carbon content of VOCs should be linear; that is, each carbon

atom, depending on its neighbouring atoms, should yield a similar FID response, regardless

of the parent molecule. Consequently, dividing the peak area by the ECN of the molecule

responsible for the peak should result in a comparable response, regardless of the parent

molecule. However, this is influenced by column retention features, such as peak tailing, as
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Figure 2.27: Facet wrapped plots of the linearity of peak area for calibrated gases with
increasing sample volumes, from 5 mL to 1000 mL, using a 4 ppb multi-component standard.
Regression statistics calculated using Spearman’s Rho. Regression statistics for all species
except ethene: R = 1, p = <0.001. Ethene regression statistics: R = 0.89, p = <0.001.
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Figure 2.28: Segmented linear analysis of ethene peak areas against sample volume (mL). A
vertical line is placed at the calculated breakthrough volume, ≈ 376 mL.

well as volume breakthrough at higher sample volumes.

To evaluate the responses of the FIDs, the multi-component calibration standard was anal-

ysed in triplicate using 200 mL samples. The carbon-wise response was then determined

by dividing the FID peak area by the calculated ECN, as shown in Table 2.1. The various

carbon-wise responses are presented in Table 2.4.
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Excluding acetylene and ethene, the overall standard deviation of PLOT column elutions

was 173716, representing a 5.5% relative standard deviation. The overall standard deviation

of WAX column elutions was 51225, which represented a 3.0% relative standard deviation.

WAX column elutions exhibited a lower carbon-wise response when compared to PLOT

column elutions. However, in the context of this instrument where the WAX elution flow

was split between the FID and the QMS, this would logically result in a lower FID signal for

the WAX elutions.

While the carbon-wise response of both acetylene and ethene were internally consistent,

they were not consistent with the other elutions on the PLOT column. It is known that the

Na2SO4 deactivation salt used on the PLOT column causes increased retention of both ethene

and acetylene (as well as other species with higher number of unsaturated bonds, such as

propyne and isoprene), which also causes peak tailing, as shown in figure 2.19 for acetylene.

This causes issues when comparing these peaks with species with more symmetric elution

profiles such as n-butane and propane. However, as the elutions of ethene and acetylene were

consistent between runs and their carbon-wise response was internally consistent; this was

simply a characteristic of the instrument.

While isoprene, 1,2,3-trimethylbenzene, and cis-but-2-ene exhibited comparatively higher

standard deviations than the other species, this increased variance was confined to the first

run of the sequence. No consistent or systematic cause for this anomaly was identified,

and similar irregularities were occasionally observed throughout the studies described in this

thesis. As such, the variation was attributed to sporadic, non-reproducible factors rather

than any specific issue with the instrument. To ensure robust methodology, the calibration

responses used for sample workup throughout this thesis were checked for variation, and

results which varied greatly from the expected response were discarded.

2.2.5 System contamination

To assess any inherent contamination within the instrument, referred to here as ’system con-

tamination’, a method was developed to mimic a regular sampling run without drawing any

sample through the TD ports. This method was coined the ’no flow blank’. In this method,

the TD port selection valve was switched off, however the TD traps themselves were still

cooled and heated at the regular temperatures and for regular times. Additionally, while the

sample volume was set to 0 mL, the sampling time was set to the equivalent time a sample

would be drawn over (for a 500 mL volume at a sampling rate of 15 ml min-1 this would take

≈ 33.3 mins). This resulted in an equal volume of carrier gas flowing through the traps as

in a regular sampling run. The sampling time could easily be adjusted for the different vol-
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Figure 2.29: PLOT chromatogram for no
flow blank method.

Figure 2.30: WAX chromatogram for no flow
blank method.

umes taken by the instrument in other campaigns. This resulting chromatograms therefore

allowed for analysis on any potential carrier gas or instrument contamination. Figures 2.29

and 2.30 show PLOT and WAX column elutions for a no flow blank method. There were

several spikes in electrical signals in both methods, however these did not represent chro-

matographic elutions. The only elution was that of benzene, shown at ≈ 15 min in figure

2.30. Although not explicitly stated in the literature, this was colloquially an occurrence in

similar instruments which utilise the trapping procedure laid out in this thesis, such as the

GC-FID instruments at the Cape Verde Atmospheric Observatory and across the National

Environment Research Council (NERC) Air Quality Network Supersites. In the studies con-

tained within this thesis, the occurrence of benzene within the no flow blank method was

included within the methodology, allowing for other researchers to investigate the origin of

this feature.

Using process of elimination, as there was no sample being drawn, benzene could not have

originated solely from the sampling manifold. Benzene contamination did not originate in

the column, as benzene was still eluted after a VF-WAX replacement, shown in figure 2.31,

albeit with a slightly shifted retention time. Overlaying with the TIC for the same run

(figure 2.32 showed that the peak was still benzene, confirmed in the mass spectrum for the

peak shown in figure 2.33. The presence of benzene in the TIC additionally ruled out that it

originated from the FID hydrogen, makeup or air supply; a contamination from these sources

would be detected as elevated baseline noise throughout the method as opposed to a singular

elution. This finally left the possibility that the benzene originated from the carrier gas or
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Figure 2.31: WAX chromatogram for no flow
blank method following the replacement of
the VF-WAX column.

Figure 2.32: TIC for WAX elutions of the no
flow blank method.

from somewhere within the TD.
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The carrier gas was usually purified by passing the carrier through a bed of platinum beads

at ≈ 300 °C, through which any VOCs present would be fully oxidised to CO2 and H2O. The

presence of CO2 from this purification process was attributed to the large rise and decay seen

between ≈ 4 and ≈ 15 mins on chromatograms. Removal of this purification step (resultant

WAX chromatogram shown in figure 2.31), but all other steps remaining the same between

methods, resulted in the smaller rise and decay shown when comparing figure 2.30 and figure

2.31. However, the benzene elution still produced the same response. Given the reproduce-

ability of the contamination and the likelihood this was an inherent contaminant through

using this methodology (given the colloquial occurrence of this contamination throughout

several similar instruments), the no flow blank method was used to correct whole air samples

for system-related contamination. The inclusion of the no flow blank method in the sampling

sequence, shown in scheme 2.2, resulted in whole air samples being effectively corrected for

all known sources of contamination.
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Chapter 3

The impact of plug-in fragrance

diffusers on indoor VOC

concentrations

3.1 Declaration, contributions and conflicts

This chapter is based on the following publication:

Warburton T, Grange S, Hopkins JR, Andrews SJ, Lewis AC, Owen N, Jordan

C, Adamson G, Xia B. The impact of plug-in fragrance diffusers on residential

indoor VOC concentrations. Environ. Sci.: Processes & Impacts, (2023), 25,

805-817. †

Note that figures 5, 8 and 9 from the original publication’s electronic supplementary infor-

mation (ESI) have been omitted from this thesis for brevity, and references to them in-text

have been removed. These referenced the participant survey used to capture product use

statistics, mean changes in VOC concentration separated by diffuser status (by treating each

house as a separate series of samples), and total product use broken down into ventilation

quantiles, respectively. All ESI figures remain freely available through the paper’s DOI (see

footnote).

In this work, ACL, TW, NO, CJ, BX and GA designed the original experiment. JRH and

SJA developed the analytical instruments and methods and TW, JRH and SJA performed

the laboratory analysis. TW undertook the data analysis and visualisations and SKG and

†https://doi.org/10.1039/D2EM00444E
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ACL guided the statistical and data methods. All authors contributed to the writing of the

manuscript and the development of its conclusions.

NO, CJ, and GA are employees of Givaudan UK Ltd, Givaudan Fragrances Corp. and BX is

an employee of Bath & Body Works, Inc. who are industrial suppliers of chemicals and fin-

ished household and personal care products. To support independence all analytical work and

data analysis was undertaken by University of York and no restrictions placed on freedoms

to publish. While the fragrance oil formulation was known to researchers at the University

of York, the full composition is not disclosed in this work, aside from the identification of six

detectable VOCs (α-pinene, β-pinene, γ-terpinene, p-cymene, benzaldehyde, and eucalyptol)

and the mass percentage contribution of α-pinene to the total formulation. The fragrance oil

is a modified, commercially available product, and due to commercial sensitivities and con-

fidentiality agreements between researchers and industry partners, the complete formulation

cannot be revealed.

3.2 Abstract

Plug-in fragrance diffusers are one of myriad volatile organic compound-containing consumer

products that are commonly found in homes. The perturbing effects of using a commer-

cial diffuser indoors were evaluated using a study group of 60 homes in Ashford, UK. Air

samples were taken over 3 day periods with the diffuser switched on and in a parallel set

of control homes where it was off. At least four measurements were taken in each home

using vacuum-release into 6 L silica-coated canisters and with >40 VOCs quantified using

gas chromatography with FID and MS (GC-FID-QMS). Occupants self-reported their use

of other VOC-containing products. The variability between homes was very high with the

72 hour sum of all measured VOCs ranging between 30 and >5000 µg m-3, dominated by

n/i-butane, propane, and ethanol. For those homes in the lowest quartile of air exchange

rate (identified using CO2 and TVOC as proxies) the use of a diffuser led to a statistically

significant increase (p-value < 0.02) in the summed concentration of detectable fragrance

VOCs and some individual species, e.g. α−pinene rising from a median of 9 µg m-3 to 15 µg

m-3 (p-value < 0.02). The observed increments were broadly in line with model-calculated

estimates based on fragrance weight loss, room sizes and air exchange rates.
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3.3 Introduction

The use of room fragrance products is an acknowledged source of emission for a range of

different volatile organic compounds (VOCs) indoors. Quantifying the emission rate char-

acteristics and speciation of fragranced products is central to understanding how they may

impact indoor air in real-world settings.[1] The wider health effects of VOCs indoors are

well explored and documented; it is clear that long-term exposure to high concentrations

of certain VOCs may carry with it an increased likelihood of experiencing negative health

effects.[2] In 2019, Public Health England (PHE) released a set of recommended exposure

limits for selected VOCs in indoor settings, based on literature data collated by Shrubsole et

al.[3] Not all VOCs are included in these guidelines, unsurprising given that many thousands

of different VOCs exist. For many VOCs there are still some basic uncertainties related

to what are representative concentrations indoors, the variability between different indoor

spaces, and the emission sources that control concentrations. VOCs such as monoterpenes

(including α-pinene and limonene) have particularly complex emissions. They are released

from natural sources such as building materials, plants and food products and are also in-

cluded as fragrance ingredients in many cleaning and personal care products. There is limited

information on individual source strengths and a general lack of quantitative assessment of

the contributions made to indoor VOCs from individual commercial products. This limits

the development of regulatory and/or industry guidance and best practice that might be

effective in managing VOC emissions and overall exposure.

Previous work evaluating the relationship between air fresheners, room fragrances and indoor

air quality has been mixed, with only limited relationships found between air fresheners/room

fragrance use and elevated VOC concentrations in real-world indoor residential settings.[4,5]

This is in contrast to a larger number of laboratory studies which have evaluated emissions

from air fresheners/room fragrances in (often smaller) test chambers, with marked increases

in VOC concentrations after product use.[6,7] It has also been shown in test chambers that

removal of room fragrance products, such as plug-in diffusers, results in a rapid decay in

concentration of those VOCs derived from the fragrance formulation.[7] This is in contrast

to real-world studies which have shown a lingering of VOCs indoors after products have

been removed.[8,9] A possible reason for this discrepancy is the absence of representative

surface materials such as building materials and room furnishings within test facilities –

materials which may act as temporary reservoirs for VOCs. This surface sink effect can also

be considered as a mechanism for VOC removal.[10]

The effects of exposure to high VOC concentrations are complex and varied, ranging from

mild-to-moderate exacerbation of respiratory symptoms to cardiac rhythm interruption.[11–13]
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While ambient concentrations typically found in residential settings are unlikely to contribute

to widespread acute health effects, long-term exposure to VOCs in residential settings is less

well evidenced in terms of impacts. Previous studies exploring links between the exacerbation

of asthma symptoms and allergic reactions to VOC exposure have been inconsistent in their

conclusions, and sometimes of poor design quality.[14] There are studies, however, which

highlight the importance of monitoring indoor VOC concentrations to mitigate potential

exacerbation of respiratory symptoms in vulnerable people.[15,16] Additionally, a recent study

has shown a correlation between VOC metabolites, indicative of personal VOC exposure,

and atopic dermatitis.[17]

Analytical approaches to sampling VOCs can vary in indoor air studies. Diffusive air sam-

pling using sorbent-packed tubes remains a popular and low-cost option allowing for bulk

testing. Sorbent tube sampling followed by thermal desorption (TD) and gas chromato-

graphic (GC) methods remains the international standard for VOC identification in indoor

and test chamber facilities, ISO 16000-6: 2021. However, there are limits to the VOCs that

can be sampled, which are dependent on the sorbent materials used, as well as potential

interferences and reduced species sensitivity from the co-adsorption of water and ozone.[18,19]

Whole air sampling using silica-treated inert canisters is another possible technique and is

used in this study. This uses a canister evacuated to vacuum, then exposed to either the test

chamber, target room, or connected to a sampling gas line. With sorbent tubes air can enter

through natural diffusion or be actively pumped. In vacuum-treated canisters air enters due

to a differential in pressure, often through a fixed flow or critical orifice restrictor. Active

sampling, either onto tubes, or using vacuum-treated inert canisters generally requires more

expensive equipment however it offers a quantitative route to measuring the most volatile

VOCs.[20]

The relationships between amount/frequency of chemical product use and total volatile

organic compound (TVOC) concentrations found indoors are complex, with literature re-

sults varying between no relationships seen, to significant correlation between the two vari-

ables.[4,21,22] This is likely influenced by factors such as testing conditions, locations and

sampling methods as well as being impacted by a lack of common methodology and specia-

tion. Intuition would suggest that using VOC-containing products such as cleaning products

or personal care products should increase VOC concentrations within the room the product

was used in. Indeed, it has been found that VOCs typically found in cleaning products

and VOCs emitted through cooking tend to dominate indoor air samples and include some

fragrance VOCs.[23–25] Increases in frequency of cleaning and cooking activities in indoor set-

tings might therefore be reflected in an increase in concentrations of specific marker VOCs.
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Plug-in diffusers belong to the class of air fresheners, differing from most products in that

fragrance output is kept constant over a period of time. These devices use mains electricity

to deliver a constant low heat to aid in the diffusion of the fragrance oil through a wick.

Some devices may have variable output settings, resulting in a varied emission rate. In this

study the device used had a fixed output rate.

The effect of air change rate (ACR) on VOC concentrations is well established, with the

relationship between the two inversely proportional; as ACR increases, indoor VOC concen-

trations decrease for constant indoor emission rates.[5,26] The relative influence of variable

ventilation rates compared with varying usage of VOC-containing products is uncertain, in

large part because individual activity- and product-based emission rates are not well defined

and ACR is building- and occupant-specific. There has been some investigation of the re-

lationships between temperatures, sink effects and ventilation rates on VOC concentrations,

with results showing a dominance of ventilation over temperature and sink effects for short

periods.[27] Using the methods employed in this study, the measurement of ACR in real set-

tings requires key information for its calculation, such as internal and external carbon dioxide

mole fractions/ppm, room occupancy, room volume, as well as CO2 generation within the

room.[28] This data can prove difficult to obtain for large scale residential indoor air studies,

which often necessitates the use of proxy indicators for ACR.

CO2 has long been used as an indicator for ventilation rates, both in terms of indoor pollutant

exposure and risk to airborne-disease infection, which has been particularly prominent during

the SARS-CoV-2 pandemic.[22,29,30] The work of Jia et al. (2021)[31] demonstrated a link

between CO2 and total VOC concentration in highly-occupied university lecture theatres, as

well as a link between room occupancy levels and TVOC concentrations. This is potentially

helpful as it means ACR, CO2 mixing ratios and TVOC concentration may be inferred

from one another, if only a subset of these data were available. We note however that the

terminology and definition of TVOC is problematic in so much as it is operationally defined

by the method of measurement and is rarely calibrated or directly comparable between

studies. Whilst there is no universal definition of what TVOC means, it remains a widely

quoted metric in indoor air studies, and despite the lack of comparability it has utility

as a means for any study to express the totality of VOC behaviours. The methods used

in this paper differ from Jia et al., who used photoionisation detectors (PID) to evaluate

TVOC concentrations, and nondispersive infrared (NDIR) sensors to measure CO2 mixing

ratios continuously. Here TVOC concentrations are calculated by summing all individually

measured VOCs, and CO2 determined through using laser absorption spectroscopy, both

based on a 3 day sampling period. While the method in this paper does not show real-time

99



changes in atmospheric VOC composition related to changes in room occupancy, activities or

product use, it does give a representative insight into summed VOC/CO2 concentrations over

time, and it illuminates whether the relationship shown by Jia et al. is seen in residential

settings using an alternative methodology. A study by Murakami et al. (2019)[32] showed

a weak positive correlation between TVOC and CO2 concentrations in classrooms with air

conditioning, however, the TVOC definition in the work of Murakami et al. differed again

to that of Jia et al. These differences in measurement methods and operational definitions

of TVOC does make comparison between studies difficult.

3.3.1 Objectives

The purpose of this study was to identify in real-world home settings the incremental im-

pacts on ambient indoor VOC concentrations arising from using a single well-controlled VOC-

emitting consumer product with known emission rate. The study was conducted across a

group of 60 homes in Ashford, UK. Having established a baseline set of indoor VOC observa-

tions in all homes,[4] a commercially available plug-in diffuser was used releasing VOCs from a

modified commercial fragrance formulation. The study split homes into those that would use

the product (switched on), and those where it was switched off, the latter acting as a parallel

control group. The use throughout of a control group was to account for any systematic

and large-scale changes to ventilation rates arising from regional scale meteorological effects

acting across the cohort as a whole, for example high windspeeds systematically increasing

ACR or high/low temperatures leading to changes in window opening. The study explored

the relationships between use of the plug-in diffuser, observed VOCs (both individual VOCs

and summed VOC concentration), indoor CO2 mole fraction (as a proxy for ACR) and wider

self-reported chemical product use statistics from occupants in the homes.

3.4 Methodology

3.4.1 Experimental methodology

Homes were selected from a pre-existing non-trained fragrance industry panel cohort based in

the Ashford area, UK. Each homeowner was given a commercially available mains-powered

fragrance diffuser (referred to as ‘the diffuser’) with known liquid fragrance formulation.

The fragrance was contained in a dipropylene glycol carrier liquid. Homes were split into

two groups of 30 homes, each group studied over a four-to-five-week period. The first 30

homes were sampled between October and December 2021, and the second 30 homes between

January and March 2022. Sampling was into 6 Litre stainless-steel canisters internally treated
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with silica (Restek, PA, USA and Entech, CA, USA) attached to a flow restrictor to limit

sample into the canister to 1 Litre every 8 hours (≈ 2 mL min-1). Heeley-Hill et al. found

these flow restrictors to sample linearly over a 48 hour period, with a reduced rate between

48 hours and 72 hours, achieving the full 6 L sample at ambient pressure after 72 hours.[4]

Canisters were tagged with unique identifiers, evacuated to at least 0.1 Pa then sent for

dispersal among the participants. Samples were taken over weekend periods, starting at 7

am on Friday and finishing at 7 am the following Monday. Filled samples were then returned

for processing and analysis. Canisters were then evacuated once again, and the process

repeated. Personal details relating to the participants and their homes were fully blinded to

the University of York and anonymity of the participants maintained throughout the study.

At least four consecutive weekend samples were taken from each home:

1. an initial sample with the diffuser switched off (baseline sample),

2. a sample taken after the diffuser had been switched on at the start of the in-use period,

3. a further sample taken a week later from (2) where the diffuser remained switched on

throughout and,

4. a final sample taken several days after the diffuser had been switched off (post-diffuser

sample).

This gave as a minimum two ‘diffuser off’ samples and two ‘diffuser on’ samples for each

home. 15 houses from each group provided a second post-diffuser sample two weeks after the

diffuser was switched off.

On return to the lab the canisters were pressurised and thus diluted to 1 bar (gauge pressure)

with highly purified air, free of VOCs. This diluent air was purified by passing compressed

ambient air through a bed of platinum beads heated to 400 °C to fully oxidise any VOCs

present. The same purified air was directly analysed by the instrument in order to quantify

any impurities or interfering compounds contained therein (none were found). Samples were

analysed using a custom thermal desorption unit (TDU) coupled to an Agilent 7890A gas

chromatograph (GC) fitted with flame ionisation detectors (FID) and an Agilent 5977A

quadrupole mass spectrometer (QMS) manufactured by Agilent Technologies, CA, USA (GC-

FID-QMS). A flow chart for the system can be seen in figure 3.1.

Sample canisters and blank samples were connected to the TDU through a 16-port Valco

microelectric actuator multi-position valve (VICI Valco Instruments Co. Inc., TX, USA).

500 mL was withdrawn from each sample and first passed through a water trap, compris-

ing a 30 cm length of 1/16” silica-coated stainless-steel tube held at -40 °C, which removed
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Figure 3.1: Flow schematic showing GCFIDQMS instrument setup.

moisture from the samples. The dried samples were then passed through a pre-concentration

trap comprising a 30 cm length of 1⁄16” silica-coated stainless-steel tube packed with both

Carbopack™ X 40-60 mesh and Carbopack™ B 60-80 mesh adsorbents (Sigma-Aldrich, sub-

sidiary of Merck KGaA, Darmstadt, Germany) fritted with glass wool and held at the lowest

achievable temperature the unit could maintain, always less than -120 °C. After sample col-

lection, the pre-concentration trap was warmed to -80 °C and purged with helium carrier

gas (in the same direction of flow) for 4 minutes to remove CO2 from the trap which would

otherwise interfere with the analytical method. The trap was then heated to 190 °C for 3

minutes in a flow of helium in the opposite direction of flow to desorb the volatile gases onto

the focus trap. The focus trap comprised a 20 cm length of 1⁄32” silica-coated stainless-steel

tube packed with Carbopack™ X 40-60 mesh and Carbopack™ B 60-80 mesh adsorbents and

held at the lowest achievable temperature the unit could maintain, always less than -120 °C.

Upon complete transfer of the analytes of interest, the focus trap was purged with helium

and rapidly heated to 200 °C for 2 minutes during transfer to the GC oven for separation and

analysis. During the GC analysis phase, the pre-concentration and focus traps were back-

flushed with carrier gas and heated to 230 °C to remove any remaining organic material, in

preparation for following samples, while the water trap was back-flushed and heated to 100

°C to remove any water.

Upon transfer into the GC oven, the analytes were initially passed onto a 60 m long, 150

µm internal diameter (ID) VF-WAX column with a film thickness of 0.50 µm (Agilent Tech-
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nologies, CA, USA) at a flow rate of 1.6 mL min-1 (carrier gas pressure of 35 psi). Initially,

the unresolved analytes (C2-C6 non-methane hydrocarbons/NMHCs) eluting from the WAX

column were passed onto a Na2SO4-deactivated Al2O3 porous-layer open tubular (PLOT)

column (50 m × 320 µm ID, with a film thickness of 5 µm), via a Deans switch, for sep-

aration and detection by FID. After 8.3 minutes, the Deans switch was actuated to divert

the analytes onto a length of fused silica (2 m × 150 µm ID) to balance column flows at the

Deans switch and subsequently split between the second FID and the QMS for simultaneous

detection via sections of 150 µm ID fused silica of length 0.91 m and 2.1 m, respectively.

Quantification of VOCs was mostly completed using FID peak integration, however for some

species QMS data was used when mass resolution was required to deconvolve overlapping

peaks. MS quantification was limited to benzene, benzaldehyde, and all speciated monoter-

penes and monoterpenoids. A thirty-component mix of NMHCs in nitrogen (in the region

of 4 ppb) provided by the National Physical Laboratory, Teddington, UK, cylinder number

D933515 (hereafter referred to as ‘NPL 30’), was used for quantification of the components

contained therein while equivalent carbon responses were used to quantify all other species.

A table of which species were directly calibrated, and which used equivalent carbon numbers

for quantification is shown in table 3.1. Direct calibration of monoterpene species was not

employed in this study, owing to time constraints given the sequential timeline of the study

and logistical implications.

Table 3.1: List of species quantified in this study and the quantification method used.

Species name Quantification method

Ethane Direct calibration using NPL 30

Ethene Direct calibration using NPL 30

Propane Direct calibration using NPL 30

Propene Direct calibration using NPL 30

i -butane Direct calibration using NPL 30

n-butane Direct calibration using NPL 30

Acetylene Direct calibration using NPL 30

But-1-ene Direct calibration using NPL 30

cis-but-2-ene Direct calibration using NPL 30

i -pentane Direct calibration using NPL 30

n-pentane Direct calibration using NPL 30

cis-pent-2-ene Direct calibration using NPL 30

n-hexane Direct calibration using NPL 30

Continued on next page
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Table 3.1: List of species quantified in this study and the quantification method used (con-
tinued).

Species name Quantification method

Isoprene Direct calibration using NPL 30

n-heptane Direct calibration using NPL 30

n-octane Direct calibration using NPL 30

Ethylbenzene Direct calibration using NPL 30

m-xylene Direct calibration using NPL 30

o-xylene Direct calibration using NPL 30

1,3,5-trimethylbenzene Direct calibration using NPL 30

1,2,4-trimethylbenzene Direct calibration using NPL 30

1,2,3-trimethylbenzene Direct calibration using NPL 30

Benzene Direct calibration using NPL 30

Toluene Direct calibration using NPL 30

Styrene Equivalent carbon number using toluene as reference

Acetone Equivalent carbon number using toluene as reference

Acetaldehyde Equivalent carbon number using toluene as reference

Hexanal Equivalent carbon number using toluene as reference

Butan-2-one Equivalent carbon number using toluene as reference

Methanol Equivalent carbon number using toluene as reference

Benzaldehyde Equivalent carbon number using toluene as reference

Ethanol Equivalent carbon number using toluene as reference

Ethyl acetate Equivalent carbon number using toluene as reference

Butyl acetate Equivalent carbon number using toluene as reference

Propyl acetate Equivalent carbon number using toluene as reference

Acetonitrile Equivalent carbon number using toluene as reference

Dichloromethane Equivalent carbon number using toluene as reference

α-pinene Equivalent carbon number using toluene as reference

β-pinene Equivalent carbon number using toluene as reference

D-limonene Equivalent carbon number using toluene as reference

Eucalyptol Equivalent carbon number using toluene as reference

β-terpinene Equivalent carbon number using toluene as reference

γ-terpinene Equivalent carbon number using toluene as reference

δ-terpinene Equivalent carbon number using toluene as reference

Continued on next page
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Table 3.1: List of species quantified in this study and the quantification method used (con-
tinued).

Species name Quantification method

3-carene Equivalent carbon number using toluene as reference

β-myrcene Equivalent carbon number using toluene as reference

p-cymene Equivalent carbon number using toluene as reference

Canisters were randomly selected for blank canister tests to ensure there was no carry-over

between samples, and blank tests (using the highly purified air used to dilute canister samples)

were interspersed in the sample sequence, along with NPL 30 calibrations. A typical sequence

would see a group of 15 canisters run consecutively, followed by three blank runs, five NPL

30 calibration runs, and then further blank gas samples between sequences. All blank gas

and NPL 30 tests also used 500 mL of gas. A selection of households from the second cohort

of houses (n = 22) were chosen after samples had been processed through GC-FID-QMS

for analysis for carbon dioxide (CO2) mole fraction (measured in ppm). This was done

by flowing the sample at 600 mL min-1 into a laser absorption spectrometer (Ultraportable

Greenhouse Gas Analyser, Los Gatos Research Inc., CA, USA), to 300 ppb detection limit

at 1 Hz frequency.

Chromatograms were integrated using GCWerks software (GC Soft Inc., CA, USA) and using

the NPL 30 standards, concentrations for each species were determined in µg m-3. In total,

47 VOC species were quantified, of which six were known to be contained in the diffuser

fragrance formulation. In this study, TVOC was defined as being the sum of all individual

species found in a sample, although on many occasions only a subset of 47 VOC species were

present in detectable quantities. As discussed in the introduction, it is important to note

that TVOC as defined above is not a true representation of the absolute amount of reactive

carbon content of the indoor air sampled, but is used here as a helpful metric that is reflective

of the sum total concentration of the species quantified. Summing concentrations of all 47

species quantified might be better expressed as ‘sum VOC concentration’, however due to

the pervasiveness of use of the term ‘TVOC’, it will continue to be referred to as such in this

paper.

Occasionally chromatograms obtained from samples would present with disrupted elution of

ethane, ethene and propane peaks, shown in figure 3.2. This effect was seen multiple times

in each batch of 15 canisters, anecdotally associated with high CO2 mole fractions. When

this occurred, samples were re-run at lower canister pressures until a good chromatogram
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Figure 3.2: Porous layer open tubular (PLOT) column elutions of a canister air sample with
signal strength/response units on y-axis and retention time (RT)/acquisition time on x-axis.
The first three signals from the left show a split ethane signal starting at roughly RT 9 min
and ending at roughly RT 10.2 min, ethene signal just before RT 11 min, and a split propane
signal starting at roughly RT 12 min and finishing at roughly RT 13 min.

was produced. Figure 3.3 shows the same sample canister which produced the data in figure

3.2 but after being re-analysed. While this effect added time it was not detrimental to the

overall data capture. A small number of samples (n = 3) were discounted due to canisters

not having taken a full sample (indicated by the canister not being at ambient pressure upon

arrival at University of York). This was likely due to participants (all from the same home)

not successfully opening the sampling valve. A small number of samples (n = 2) were deemed

spoiled as the canisters had been exposed to a leak from the diffuser during transport. After

these samples were removed, this left a total of n = 259 individual useable samples.

The fragrance formulation was known to the investigation team at University of York, however

the formulation is commercially sensitive information and, beyond what is shown in this work,

therefore cannot be disclosed in its entirety.

3.4.2 Statistical approach

All data processing and analysis was completed using the R programming language (v.4.1.3),

through RStudio Software. Data manipulation was completed using packages contained

within the Tidyverse collection of packages, mainly ggplot2 and dplyr. Boxplots show values

in the order of (from bottom-to-top): lower outliers, 5th percentile, 25th percentile, median
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Figure 3.3: The same canister sample run in figure 3.2 run a second time, showing better
signal responses and resolution. Only data obtained from figure 3.3 was used in data workup.

value, 75th percentile, 95th percentile, and upper outliers, along with mean values displayed

as a red diamond on select boxplots. Statistical testing was completed using Wilcoxon signed-

rank tests, using a confidence interval of α = 0.95. Statistical significance using this approach

was defined as a p-value yielded from a Wilcoxon signed-rank test lower than 0.05. Unless

stated otherwise in the paper, it should be assumed this is our threshold for significance for

all statistical testing done. Mean values were not used in data visualisation but were used in

statistical testing. Tests were completed using the house the sample originated from as the

identifier, so observations were aggregated into groups typically of 1 or 2, which would not

yield a difference whether mean or median values were used in statistical testing. Sensitivity

tests were completed using median values for statistical analyses however, which confirmed

that both methods gave the same conclusions. Important to note is that while a change in

species concentration may be of statistical significance, this does not necessarily mean the

change in species concentration was large in absolute terms of µg m-3. Correlation matrices

were produced using the corrplot package using visual aids to help show correlations: a

forward slanting blue line indicates a positive correlation, a full circle indicates no correlation,

and a backward slanting red line indicates a negative correlation. A more intense colour and

a narrower line indicates a stronger correlation (both for positive and negative correlations).

Covariance analysis was completed through initially rescaling concentration and product use

data from 0 to 1. Covariance values were then calculated and assigned, then rescaled from 0

to 100 using BBMisc. The matrix was then displayed graphically using the tile function in

ggplot2. Diffuser increment plots were produced using the raster and contour filled functions

in ggplot2, with additional contour lines and contour line labels added using the contour2
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and geom text contour functions in the metR package.

TVOC concentrations were calculated as being the sum of all individually quantified VOC

in each sample. These included C2 to C8 hydrocarbons, and a range of monoterpenes

and oxygenated VOCs (oVOCs) such as esters and alcohols. An additional metric of ‘fra-

grance TVOC’ was defined as the sum of individual concentrations for α-pinene, β-pinene,

γ-terpinene, benzaldehyde, p-cymene and eucalyptol. Important to note however is that

these six species do not reflect the total fragrance formulation, and there were many species

within the fragrance which were not detectable in ambient air, owing to limits with the an-

alytical method and often very low compound vapour pressures. For transparency, all data

gathered, including survey answers, species concentrations and statistical test results, have

been uploaded to the Centre for Environmental Data and Analysis (CEDA) repository.

3.4.3 Participant panel and survey

Each participant was provided with a tablet-based questionnaire which included questions

on property and construction details, occupancy, participant activities and household VOC

product use. Product use information was gathered on a cumulative basis over the 3 day

sampling period. Product use statistics were limited to frequency of use of product types

(e.g. paints, air fresheners, sealants etc.), and not brands or sub-types, or absolute quantities.

Instructions on use of the sampler (how to open and close the sampling valve, and when) and

where to place it were given in written form to the participants. The canisters were placed in

the main living space within the house, in most cases the living room. Approximate distances

between the diffuser and sampling canisters were reported by each participant. There was a

100% response rate to the survey.

3.5 Results

3.5.1 Individual VOCs and TVOC

Table 3.2 shows the median concentration, 5th percentile, 95th percentile and standard de-

viation for each of the 47 species, separated into diffuser off and diffuser on values for all

60 homes combined. Running Wilcoxon signed-rank tests were conducted on the aggregated

data paired by the house the sample came from. Statistically significant increases (p-values

for all following species were less than 0.05) in mean concentration were seen for 20 species,

including α-pinene, eucalyptol, ethanol, benzaldehyde and TVOC with the diffuser turned on.

There were also statistically significant decreases (p-value for all following species were less
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than 0.05) in aggregated mean concentrations, again paired by house, when the diffuser was

turned on: acetone, δ-terpinene, γ-terpinene and o-xylene. Figure 3.4 shows TVOC values

graphically through boxplots, differentiated by diffuser off and diffuser on values. α-pinene

constituted ≈ 5% of the fragrance formulation and was the most volatile aroma compound by

vapour pressure. The diffuser off and diffuser on values for α-pinene can be seen in figure 3.5,

alongside the emission-estimated diffuser α-pinene increment. This increment is elaborated

on later in the paper and compared to estimated values based on emissions rates, ACR and

room sizes. To confirm that the diffuser was delivering a detectable fragrance, occupants were

asked to note whether there was a perceivable odour. 55 homes had at least one occupant

report a detectable fragrance attributable to use of the diffuser. For occupants that reported

being unable to detect the fragrance, diffuser operation was alternatively confirmed by a

negative mass-change (range of 5 g to 7 g of liquid fragrance lost), indicating that the lack

of perceived fragrance may have arisen due to those individuals’ odour detection response,

or other factors such as a high ACR, or presence of other more dominant fragrance-emitting

sources. All diffusers used in the study were confirmed to work before deployment. Statistical

mean weight loss across all diffusers with available data, excluding those which leaked, was

6.84 g with a standard deviation of 1.93 g. Boxplots for other species as well as fragrance

TVOC are shown in figure 3.6.
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Figure 3.4: Boxplot showing the
spread of TVOC values from 60
homes, differentiated by whether the
diffuser was off or on. Outliers
above 10000 µg m-3 are removed from
graphic to give equal presentation
but are included in percentile calcu-
lations.

Figure 3.5: boxplot showing the
spread of α-pinene values, differenti-
ated by whether the diffuser was off
or on, along with the calculated α-
pinene increment. Outliers above 40
µg m-3 are removed from graphic to
give equal presentation but are in-
cluded in percentile calculations.

Points and lines on boxplot from bottom up are as follows: low outliers as points (if present),
5th percentile 25th percentile, median value as black line in middle of box, mean values as a
black diamond, 75th percentile, 95th percentile, and high outliers (if present) as points.
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Figure 3.6: Boxplots showing different species concentration values, aggregated across all
houses and separated by diffuser status, with y-axis log10 transformation.

There are often common patterns for VOCs related to common emission sources, time of

day/year, temperature, building materials and many other variables.[33–35] To study any

correlation between quantified species, correlation matrices were constructed between all

quantified species, shown in figures 3.7 and 3.8 for diffuser off and diffuser on correlations,

respectively. Inter-fragrance VOC correlations were generally strengthened when the diffuser

was turned on. Most fragrance VOCs exhibited a positive correlation with each other both

with the diffuser off and when on. There were mostly positive correlations between other non-

methane hydrocarbons (NMHCs) C2 to C6, seen most strongly between C2 to C4 NMHCs.

Species which show stronger correlations with each other mostly arise from similar sources, for

example C3 and C4 hydrocarbons commonly derive from aerosols, monoterpenes from natural

and fragranced products, and monoaromatic compounds from solvents and combustion of

petroleum-derived fuels.[36–38]
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Figure 3.7: Correlation matrix showing inter-VOC correlations when the diffuser was off. A
forward slanting green line indicates a positive correlation, a full circle indicates no correla-
tion, and a backward slanting red line indicates a negative correlation. A more intense colour
and a narrower line indicates a stronger correlation.
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Figure 3.8: Correlation matrix showing inter-VOC correlations when the diffuser was on. A
forward slanting green line indicates a positive correlation, a full circle indicates no correla-
tion, and a backward slanting red line indicates a negative correlation. A more intense colour
and a narrower line indicates a stronger correlation.

To assess the changes in individual species concentration when the diffuser was on versus

off, Wilcoxon signed-rank tests were performed. These tests were initially conducted on

aggregated values, differentiated by diffuser status, and statistics were paired by the house

the sample was taken from. Taking observations on a home-by-home basis – that is treating

each house as a stand-alone series of four/five samples – a further test can be made evaluating

individually whether a simple increment or decrement in concentration was observed when

the diffuser was turned on. Aggregating this simple binary outcome (VOC = higher or

lower with the diffuser on) across all homes, it is possible to evaluate whether the occurrence

of increments (or decrements) systematically varied by more than would be expected from

random chance. This is shown for each VOC in figure 3.9, along with a marker to indicate
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whether the deviation from chance is statistically significant. As discussed earlier, the tests

completed to yield figure 3.9 used matched mean values, rather than median values. Most

VOCs that showed an increment in concentration with the diffuser switched on by this simple

binary metric were NMHCs C2 to C6, and only eucalyptol from the fragrance species showed a

statistically significant probability of being higher in a home with the diffuser on. Changes to

all the other fragrance VOCs, other than γ-terpinene which showed a statistically significant

decrease in probability of being higher in a home with the diffuser on, did not deviate by

more than would be expected via random chance, however any changes seen in figure 3.9,

whether of significance or otherwise, cannot be satisfactorily assessed to originate through

diffuser use alone. Given the highly changeable nature of indoor air seen in this study, there

may be background fluctuations which could influence the sampled concentration of a VOC.

As such, changes of significance should not be presumed to arise through diffuser use alone.
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Figure 3.9: The percentage chance a VOC showing any increase in concentration when the
diffuser was turned on. A fully random outcome (half the homes higher, half lower) would
occur at 50%. Only those coloured green deviate from random chance by a statistically
significant amount. * denotes a species which was included in the fragrance formulation.

117



Figure 3.10: The relationship between CO2

and TVOC. All measured values are included
in the graphic and were included in the linear
regression calculation. Diffuser off regression
statistics: R = 0.74, p = 0.0093. Diffuser on
regression statistics: R = 0.58, p = 0.014.

Figure 3.11: Boxplots showing the change
in fragrance TVOC concentration when the
diffuser was turned on for the houses with
the poorest ventilation, the quartile with
the highest baseline TVOC value. Outliers
above 50 µg m-3 were removed from the
graphic to aid presentation, but were in-
cluded in the calculation of quartiles and me-
dian concentration values.

3.5.2 Influence of CO2/ventilation on VOC exposure

72 hour time-integrated CO2 mole fraction was quantified from a sub-set of houses (n = 28)

in the second cohort, ranging from 482 ppm to 2019 ppm. CO2 mole fraction was compared

against TVOC values from the same sample, shown in figure 3.10. Lines of regression were

calculated using a linear model, with R and p values being calculated using Pearson’s R. A

positive correlation between CO2 fraction and TVOC concentration is seen in both ‘diffuser

off’ and ‘diffuser on’ samples. However, in the ‘diffuser on’ subset there was one outlier with

a CO2 fraction of 2019 ppm and a TVOC concentration of 3084 µg m-3, which deviates the

regression line for ‘diffuser on’ samples away from ‘diffuser off’ samples. While the use of

CO2-emitting products such as candles during this sampling window was not extraordinary, it

should be noted that ambient outdoor temperatures in locality to the sampling cohort were

lower than previous or following weeks. Indeed, most higher CO2 fractions were recorded

during this sampling period. This may have resulted in lower ventilation rates due to closing

of windows and internal doors, or more-than-normal use of appliances such as gas fires.
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Figure 3.12: A repeat of figure 3.10, however with the outlier at CO2 fraction 2019 ppm and
TVOC concentration 3084 µg m-3 in the ’diffuser on’ subset removed, with linear regression
statistics re-run. Diffuser off regression statistics: R = 0.74, p = 0.0093. Diffuser on regression
statistics: R = 0.86, p = 0.000024.

Removal of this outlier still produces a plot which exhibits a positive relationship between

CO2 fraction and TVOC concentration, shown in figure 3.12. Removal of this outlier did not

change the conclusions drawn from the relationship between TVOC and CO2 in this dataset,

and so to maintain transparency the outlier was left in the dataset.

Since CO2 data was only available for a subset of samples, but TVOC concentrations were

available for all samples, quartiles were constructed using baseline TVOC concentration as

an indicator of ACR, based on the relationship seen in figure 3.10 and with CO2 used as the

ACR proxy. Only baseline data were used to infer ACR to remove any potential circular

influence of the diffuser itself. To construct the quantiles, samples were ranked from highest

to lowest baseline TVOC: Q1 (highest 25% baseline TVOC concentrations) to Q4 (lowest

25% baseline TVOC concentrations). The change in fragrance TVOC concentration when

the diffuser was turned on for Q1, the 25% of homes with notionally the lowest ACR are

shown in figure 3.11. For homes in the lowest ACR quantile, the sum of fragrance VOCs

doubled for ‘diffuser on’ samples, a statistically significant increase (p-value < 0.02), and

more pronounced than when evaluated for all homes. A statistically significant increase in

α-pinene concentration was also seen for homes in this quantile (p-value < 0.02). For the

other quartiles however, the differences between diffuser on and off reduced as baseline TVOC
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values lowered, in line with figure 3.5.

3.5.3 Participant effects and product use data

Each participant self-reported the distance between the diffuser and the sampling canister,

specific to each sample taken. To observe how well the fragrance diffused into the airspace in

the room, the sum of VOCs was plotted against the distance between the sampling canister

and the diffuser, shown in figure 3.13. Distances between sampling canister and diffuser

ranged from between 0.5 m to 6 m. No relationship was observed with proximity of sampler

to diffuser, implying the diffuser emission was well mixed in the room.

Figure 3.13: The relationship between the sum of fragrance VOCs and the distance between
the sampling canister and the fragrance diffuser. Regression statistics were calculated using
Pearson’s R. Diffuser off regression statistics: R = -0.012, p = 0.89. Diffuser on regression
statistics: R = 0.057, p = 0.055
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Figure 3.14: The sum of all mea-
sured VOCs (‘TVOC’) against to-
tal product use frequency from all
houses. Pearson’s R = -0.015, p
= 0.81. Regression statistics cal-
culated using a linear model.

Figure 3.15: The frequency of product use in each home
over each three-day sampling period, differentiated by
diffuser status.

Cumulative product use statistics, limited to product type and number of uses within the 72

hour period, were self-reported by occupants. These values were then plotted against TVOC

concentration shown in figure 3.14. Figure 3.15 shows individual product use data for the

three-day sampling period, with deodorants being the most used VOC-containing product.

To test for any relationship between the frequency of use of particular VOC-containing prod-

ucts and variability observed in individual VOCs, covariance matrices were produced with

the four most abundant contributors to TVOC (propane, n-butane, iso-butane and ethanol)

along with three fragrance species, α-pinene, β-pinene and eucalyptol. α-Pinene contributed

the most to the fragrance formulation; β-pinene is typically used in other fragranced products

along with α-pinene, and eucalyptol was included owing to its relatively low concentrations

found in the baseline samples. Deodorant, cleaning sprays and aftershave were chosen as

the products for comparison since they were the most frequently used. Plug-in diffuser was

included as it was known that the use value for this product use increased by exactly 1 per

day during the ‘diffuser on’ sampling period. The matrices produced are seen in figure 3.16
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for the diffuser off matrix, and figure 3.17 for the diffuser on matrix. It is clear that few sig-

nificant relationships exist between frequency of usage of individual products and variability

in specific VOC concentrations indoors.

Figure 3.16: Covariance matrix between se-
lected VOC species and products for all
homes when the diffuser was off.

Figure 3.17: Covariance matrix between se-
lected VOC species and products for all
homes when the diffuser was turned on.

Product use statistics and species concentrations were rescaled on a 0 to 1 scale prior to
covariance calculations being completed. Covariance values were then rescaled from 0 to 100.

3.5.4 Bottom-up estimates of increments in concentration

Diffusers were chosen for this study because their emission rates are well controlled and are

not affected by user behaviour. By weighing each diffuser before and after use the mass of

fragrance and VOC emitted can be quantified. If a constant rate of loss is assumed, then

this can be converted into an emission rate in units of µg h-1. An assumption is made that

the profile of VOCs emitted from the diffuser does not substantially change over the 72

hour period (or indeed over the study period). Industry norms of technical performance for

products of this type would aim to meet this expectation in order to deliver a consistent

fragrance to consumers.

Using weight loss data for each diffuser along with the fragrance formulation, the emission

rate for each fragrance VOC could be calculated. Additionally, for samples with known CO2

mole fractions, ACR was calculated as an expression of air changes per hour (ACH). To

calculate this metric, some conservative assumptions were made: where the volume of the

room the sample was obtained from was not reported by the homeowner, a room volume of

30 m3 was used derived from data available from the Royal Institution of British Architects

(RIBA) that the room experienced air exchange only with (cleaner) outdoor air and not the
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rest of the house; external CO2 mole fractions were assumed to be 450 ppm for all samples;

natural CO2 generation was estimated to be 0.46 L per min per person, as per the work of

Batterman (2017),[28] and the recorded number of occupants in the house were present in

the room being sampled. ACR was calculated using a one-compartment box model. This

was justified as figure 3.13 indicated that there appeared to be no ‘personal cloud’ of higher

fragrance concentrations in the immediate proximity to the diffuser. ACR was calculated

according to equation 3.1:

ACR =
6 × 104nGp

V (Cin− Cex)
(3.1)

where n is the number of room occupants, Gp is natural CO2 generation per person (L min-1),

V is room volume (m3), Cin is the internal CO2 mole fraction within the room being sampled

(ppm), and Cex is the external CO2 mole fraction (ppm). Once AH was calculated, this then

allowed for the calculation of the contribution the diffuser had to elevating a fragrance VOC

concentration in a model room. This can be calculated using equation 3.2:

C =

(
q

AHV (1 − e−AH t)

)
106 (3.2)

where C is concentration of the species (µg m-3), and q is the emission rate of the species

(g hr-1). All other variables remain the same as previously stated. However, as t approaches

infinity, the calculation can be simplified, shown in equation 3.3:

C =

(
q

AHV

)
106 (3.3)

Fragrance VOC emission rates are shown in table 3.3. Equation 3.3 was used in the calcu-

lation of fragrance VOC concentration increase within the modelled room. The bottom-up

estimated increment in concentrations shown in table 3.4 fall broadly within the range of ob-

served α-pinene concentration increments, shown as the third boxplot in figure 3.5. It should

be recognised that these increment values do not account for simultaneous removal through

oxidative reaction pathways or any surface loss of fragrance species into VOC reservoirs or

sinks.
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Table 3.3: Median, 5th and 95th percentile and standard deviation values for fragrance VOC
emission rates, expressed in µg hr-1.

Species Median 5th Percentile 95th Percentile Standard deviation

α-pinene 1270 680 1830 360

β-pinene 24.5 13.2 35.4 6.96

benzaldehyde 39.6 21.2 57.2 11.2

p-cymene 5.42 2.91 7.83 1.54

eucalyptol 71.6 38.4 103 20.3

γ-terpinene 2.83 1.52 4.08 0.803

Table 3.4: Median, 5th and 95th percentile and standard deviation values for fragrance VOC
increment concentration, expressed in µg m-3.

Species Median 5th Percentile 95th Percentile Standard deviation

α-pinene 4.69 1.10 17.40 7.15

β-pinene 0.0907 0.0213 0.336 0.138

benzaldehyde 0.265 0.0624 0.982 0.404

p-cymene 0.0201 0.004 72 0.0743 0.0306

eucalyptol 0.146 0.0345 0.543 0.224

γ-terpinene 0.0105 0.002 46 0.0388 0.016

3.5.5 Diffuser increment estimates

Using a variety of room volumes and ventilation rates, as well as a constant diffuser output

rate based on values from this study, a spread of diffuser increments in VOC concentrations

can be calculated for all combinations of room volume and ACR. Plotting these values with

room volume on the x -axis, ventilation rate on the y-axis, and with a colour gradient of

species concentration as a z -axis variable, a contour plot can be produced for any species

included in the diffuser formulation. The contour plot of increments in α-pinene from a

single diffuser are shown in figure 3.18. Ventilation rates and room volumes were capped at

20 hr-1 and 50 m3 respectively, with the vast majority of physically plausible combinations

of ACR and room sizes experiencing a predicted increment of no more than 100 µg m-3.

Whilst this model cannot replicate exactly homes tested in the real world, the bottom-up

calculation is helpful in demonstrating that the modest increases in VOCs such as α-pinene

that were measured when a single diffuser was used are of the same order of magnitude
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as would be predicted using a bottom-up methodology. For reference the α-pinene 1 day

exposure limit was recommended at 4500 µg m-3 by PHE; this does not however necessarily

constitute a long-term exposure recommendation. A single diffuser used in a typical domestic

room volume of 30 m3 (RIBA average room and house sizes for south-east England) and a

recommended minimum ACR of 6 hr-1 would be predicted to give rise to a room increment

of around 10 µg m-3 in α-pinene, again broadly in line with the observations. We note that

the loss of VOC from a room is assumed to be solely from ventilation and dilution and that

oxidation or deposition are ignored, hence figure 3.18 is likely to represent an upper bound

of increment. We additionally note that the recommended minimum ACR of 6 hr-1 is high

compared to the commonly found residential ACRs of roughly between 0.5 hr-1 to 2 hr-1. This

recommended minimum likely incorporates occupational environments, which often require

high ACRs, which may skew this recommended minimum value.
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3.5.6 Generation of secondary oxidation products from diffuser

use

Carslaw and Shaw (2019) described an operational metric to indicate the potential of a VOC

to undergo further reactions within indoor airspaces and create secondary products, named

the secondary product creation potential (SPCP).[39] The SPCP is defined as the sum of a

range of secondary products created from degradation of a VOC, divided by the mixing ratio

of the primary species added, in units of ppb of secondary products per ppb of VOC. It is

of relevance for health since secondary products derived from VOC oxidation can play a role

in the formation of secondary aerosols[40] and include other more directly harmful products

such as formaldehyde.[41–43] It is useful to apply the metric here since indoor air in the

homes studied were often dominated in mass terms by relatively unreactive species such as

propane and butane that have low SPCP multipliers. Monoterpenes are known to have higher

reactivities and SPCP, hence use of this metric ensures that the potential wider effects of

increments in by-products are also evaluated. Similar to figures 3.4 and 3.5, calculated SPCP

values were differentiated by the diffuser status for TVOC and for the sum of the fragrance

VOCs where there is SPCP data (α-pinene, β-pinene and benzaldehyde). This is shown in

figures 3.19 and 3.20. There was no discernible change for SPCP - mole fraction product in

figure 3.19, but a slightly larger increase in SPCP - mole fraction product for fragrance species

in figure 3.20. Noteworthy, however, is the increase in relative contribution of fragrance

species data to the overall SPCP values, when compared to their mass contributions, reflecting

a higher potential for monoterpene species to lead secondary products compared to high mass

contributors such as propane, i-butane, n-butane and ethanol.

3.6 Conclusions

The use of room fragrance products such as plug-in diffusers undoubtedly impacts on the

airspace composition within the area the product is used. Clearly using any VOC-containing

products in poorly ventilated spaces will result in a higher VOC concentration and higher

exposure to the user than would occur in a well-ventilated space. In this study virtually

all participants reported that they could detect the presence of fragrance when the diffusers

were switched on indicating that in a purely functional sense the devices were working as

intended by the manufacturer. However quantitatively determining by how much VOCs

were incrementally raised by using the diffuser was not straightforward since the diffuser

emitted VOCs into an already highly congested indoor atmosphere containing many VOCs

at higher concentrations, including some species that were also in fragrance formulation.
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Figure 3.19: Calculated total SPCP values
differentiated by diffuser status. Outliers
below -4 and above +4 were removed from
the graphic to aid presentation, but were in-
cluded in the calculation of quartiles and me-
dian values.

Figure 3.20: Calculated SPCP from fra-
grance species, where data was available.
Outliers above 1 were removed from the
graphic to aid presentation, but were in-
cluded in the calculation of quartiles and me-
dian values.

The SPCP × mole fraction product is given in units of ppb.
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Future inclusion of appliance use data in surveys may prove insightful, as the frequency

of use of appliances such as gas fires may help with interpreting the presence of high CO2

fractions that may not be from respiration.

When the study homes were segmented by air exchange rate, inferred from concurrent CO2

measurements acting as a proxy, then a small increment in diffuser-originating VOCs could

be detected. For homes in the lowest ventilation quartile, α-pinene concentrations increased

on average from 9 to 14.5 µg m-3, with the median value increasing from 6 µg m-3 to 14.1 µg

m-3. This increment in α-pinene was set against a background mean TVOC concentration

in that quartile of >3500 µg m-3. By using the weight loss of fragrance from the diffuser, a

bottom up estimate of increment increase in α-pinene was calculated to be around 10 µg m-3,

assuming an ACR of 6 hr-1, a typical room volume of 30 m3 and no oxidative/depositional

losses. In this regard the use of a fragrance diffuser for studies in real-world settings is

helpful since the emission rate is well controlled, formulation is known, and amounts released

are not subject to end-user variability. Using a more targeted metric related to secondary

product creation potential did not lead to any substantial change in conclusions. Whilst

fragrance-related VOCs made up a larger fractional contribution to the SPCP metric there

was no statistically significant increase in calculated SPCP across all homes when diffusers

were used. A bottom-up model for estimating the incremental increases in a VOC when a

single diffuser is used indicated that increments of >450 µg m-3 (a high safety margin of

1/10th the 24 hour exposure recommendation) are physically plausible but would require a

combination of very small room volumes (below 5 m3) and very low air exchange rates. It is

possible that additional user instruction might provide guidance against use in such unusual

situations.
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Chapter 4

An assessment of VOC emissions and

human strength perception of liquid

electric fragrance diffusers
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in the following chapter, with in-text references to these figures edited accordingly. The

flowchart given here in figure 4.1 has been recreated using Tikz to better suit presentation

within this thesis, however otherwise remains unchanged. The original version of this work

remains freely available through the paper’s DOI (see footnote below).
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supported the VOC analytical measurements used in this study, NO, CJ led the olfactory

testing component. TW and ACL undertook the data analysis and subsequent interpretation.
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BX is an employee of Bath & Body Works, Inc. who are industrial suppliers of chemicals

and finished household and personal care products. To support independence, all analytical

work and data analysis was undertaken by University of York with no restrictions placed on

freedoms to publish. While the fragrance oil formulation was known to researchers at the

University of York, the full composition is not disclosed in this work, aside from the identifica-

tion of six detectable VOCs (α-pinene, β-pinene, γ-terpinene, p-cymene, benzaldehyde, and

eucalyptol) and the mass percentage contribution of α-pinene to the total formulation. Other

than the schematic, not-to-scale diagrams shown in figures 4.1 and 4.2, no scale diagrams or

photographs of the emission booths are provided. The fragrance oil is a modified, commer-

cially available product, and the emission booths are housed within a commercially-sensitive

fragrance product development and assessment facility. Due to commercial sensitivities and

confidentiality agreements between researchers and industry partners, both the full formula-

tion and detailed booth specifications remain undisclosed.

4.2 Abstract

Fragrance products are commonplace in everyday life and their air quality effects extensively

studied. In this study the use of multiple plug-in diffusers (liquid electricals/LEs) was assessed

by quantifying VOC concentrations in controlled test rooms (‘toilet booth’ and ‘large booth’)

with up to 5 LEs of known formulation in concurrent use. Olfactive strength tests were

completed under the same conditions in blind assessments. Air samples were analysed using

thermal desorption- (TD) gas chromatography (GC) coupled to flame ionisation (FID) and

mass spectrometry (MS) detectors. Significant positive linearities were found for several

VOCs (e.g α-pinene toilet booth and large booth R = 1 and p = 0.0028, p-cymene toilet

booth R = 0.94 and p = 0.017, large booth R = 0.89 and p = 0.033), with α-pinene presenting

the highest measurable gas-phase concentration (mean 25 µg m-3, toilet booth with 5 LEs

present). All measurable linearities for fragrance species in toilet booths were significant.

However, olfactive intensity assessment showed a plateauing in fragrance perception after the

addition of 2 LEs. Only very volatile fragrance ingredients such as α-pinene and benzaldehyde

could be detected in the gas phase, but at ambient concentrations that were always lower

than literature values for their individual odour detection thresholds. The plateauing of the

perception of fragrance strength may aid in limiting potential off-instruction use, thereby

limiting end-user exposure to potentially high concentrations of emitted VOCs. The drivers

of human fragrance perception here appeared to be lower vapour pressure constituents of

fragrance formulations like sesquiterpenes. Moderation of the concentration of monoterpenes

used in room fragrance formulations may be a practical solution in limiting possible air
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quality impacts of product use, whilst still maintaining end-user fragrance perception.

4.3 Introduction

Fragrances have been used by humans since antiquity and are well-documented in many

different cultures and regions through history, and the use of fragranced products is com-

monplace in 21st century life.[1–4] Common gas phase emissions from fragranced products

include monoterpenes, alcohols and esters.[5,6] Monoterpenes are also emitted from many

other sources indoors including from flowers, fruit, cooking and cleaning.[7–10] Since they are

relatively reactive to oxidation indoors they are potential precursors to the production of

secondary organic aerosols (SOAs).[9,11–13] Monoterpenes are typically included in fragrance

formulations for their individual fragrance notes and are known to be important in the

perception of fragrance.[14,15] Through electroencephalography, common emissions from fra-

grance products such as limonene and terpinolene can be linked to changes in brain function,

including an increased perception of relaxation and pleasure in humans.[16–18]

Monoterpenes are only one of many classes of compound found in fragranced products,[19–21]

however they are often some of the most volatile present and hence generate some of the

highest gas-phase indoor concentrations when a product is used. They are more amenable

to analysis by methods such as thermal desorption gas chromatography-mass spectrometry

(TD-GC-MS) or on-line mass spectrometry such as proton transfer reaction (PTR) and select

ion flow tube (SIFT) MS than less volatile fragrance components such as terpene oxides

and sesquiterpenes. Some monoterpenoids, such as geraniol and borneol, while commonly

described as ‘volatile’, have vapour pressures comparative with sesquiterpenes and as such

are often not easily quantified. There is an understandable attraction in air quality science

for using gas-phase measurements of monoterpenes as a proxy for the presence of fragrance,

despite many non-fragrance sources of these species also existing indoors. Those species

which likely impact substantially on human perception of fragrance are often not detectable

by most analytical methods in ambient air due to very low gas-phase concentrations and

vapour pressures.

Fragrance diffusers belong to a group of home fragrance products that actively emit into an air

space. This is commonly through passive diffusion, e.g. using wooden sticks/reeds to enhance

evaporation, or using an electrically powered element (commonly called ‘plug ins’, referred

to commercially as Liquid Electricals/LEs). LEs can be further differentiated into those that

use a heated wick to actively diffuse fragrance into the airspace, or so-called ‘nebulisers’ which

aerosolises fragrance oil. LEs are designed to deliver a constant rate of emission of volatile
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organic compounds (VOCs) and semi-volatile organic compounds (SVOCs) associated with

the scent.[22] The concentration in air of each VOC/SVOC emitted is dependent on the

fragrance formulation and compound vapour pressure.[10,23] There has been some research

into the differences in VOC emissions arising from passive and plug-in fragrance diffusers;

the formulation of fragrance generally having more influence than the diffuser type.[22,24]

Using a constant-emission fragrance device within an airspace leads to an initial increase in

VOC concentration before reaching a steady state concentration that is determined by the

balance of emission with loss processes including fresh air ventilation rate, surface deposition

and in-room oxidation.[10,23]

Evaluation of the indoor air effects of LE devices has predominantly been conducted in small

laboratory test chambers; these generate gas phase concentrations much higher than are seen

in real-world home settings.[22,25–27] Test chambers allow for greater experimental control, such

as chamber air change rate (ACR) and chemical composition of diluent air.[28] Evaluating

effects of LEs on indoor air quality and in human perception of fragrance is complicated

by pre-existing VOCs from other sources and widely different product use behaviours and

varying air change rates.[26,29–31] Warburton et al. (2023)[26] showed that incremental indoor

VOC increases from using a single LE in real homes were difficult to discern and that air

ventilation and location in the home (and associated properties such as room size) were key

factors.[32–34] Ventilation in homes is highly variable but is generally reducing in residential

properties as they are made more energy efficient. Fragranced products including LEs must

perform well from an environmental and human perception perspective in both old and

new/retrofitted housing stock.

Any solvent-containing product (e.g. paints, glues, aerosols, adhesives) used in a manner

that deviates substantially from its intended method of application has the potential for

health harms.[35–39] This might occur, for example if users do not follow labelling instructions

for frequency/duration of use, quantity/amount of product intended to be used, or venti-

lation requirements. Theoretically high concentrations of fragranced-derived VOCs could

be generated indoors if numerous products (or multiples of the same product) were used

off-instruction, such as in small rooms that had poor ventilation. Fragrance species are one

constituent within a complex matrix of chemicals within product formulations however, and

concentrations of each must be borne in mind while assessing safety of use.

VOCs associated with fragrance possess an odour detection threshold (ODL). This is de-

fined as the minimum concentration required for a human to reliably perceive the presence

of the VOC. Any human-based olfactive assessment has the potential for uncertainties given

person-to-person variability, and as such ODLs can change between studies.[40–42] The ODL
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of a compound depends greatly on its shape, size, vapour pressure, polarity and reactiv-

ity.[43,44] Certain malodours are detectable in low atmospheric mixing ratios, while some

commonly used ingredients such as α-pinene have ODLs orders of magnitude above these

thresholds.[45,46] There has additionally been shown to be some moderate discrepancies in

ODL between younger and older adults, with younger adults tending to have lower VOC-

specific ODLs.[47] While ODLs may differ and vary person-to-person, they provide a useful

benchmark for assessing the impact of VOC-releasing products on user perception. How-

ever, the use of ODLs in comparison to indoor VOC concentrations originating from product

emissions remain relatively understudied.

4.3.1 Objectives

This study aims to uniquely combine the indoor air quality effects arising from using a

well-controlled LE source in realistic but controlled rooms and the olfactive strength of that

source. It remains a possibility that the non-standard, off-instruction and excessive use

of any VOC-containing products may lead to unintentional harm in the home, with the

most significant hazards arising where there is poor or no olfactory detection of the emitted

VOCs. The indoor concentrations of odourless VOCs such propane or butane might reach

many hundreds of parts per million before being perceived. In these worst cases, there is a

risk of fatality with longer-term chronic exposure potentially leading to sub-acute effects.

Fragrance VOCs and SVOCs can be perceived at low ambient concentrations[48,49] , and so

here we assess the VOC emissions from LEs coupled with fragrance strength perception by

trained sensory panellists. It is hypothesised that excessive and/or off-instruction use of

LEs, such as using multiple LEs simultaneously in rooms with low ACRs, is less likely to

occur than for other household VOC-containing products, since usage may be attenuated by

human tolerance of the resulting odours created. This was evaluated using controlled test

booths of different sizes for in-room monitoring of VOC concentrations in addition to human

olfactory testing. A comparison to real world indoor air studies measuring VOC contributions

from LEs was also conducted to assess the ability to apply these artificial room studies as

a model for estimating normal consumer home environments. The combination of indoor

air quality measurements with olfactory evaluation is undocumented in research literature

to our knowledge. Assessing personal responses to VOCs is technically challenging owing

to person-to-person variance in perception and odour detection threshold, different effects

of fragrances to physiological responses, pre-existing expectations of product performance,

and time required in establishing robust methodology to account for these possible person-

to-person discrepancies.[17,50–52] Here we combine state-of-the-art fragrance industry testing
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protocols, a trained sensory panel and indoor air quality measurements to assess strength

perception of a typical fragrance releasing household product.

4.4 Methodology

The following sections give detailed explanations of the methodological processes followed in

this study, while summary flowcharts can be found in Fig. 4.1.

Whole Air Sampling Olfactive Assessment

Canisters evacuated at University of York

Canisters sent to Givaudan

Booth ventilation started, and LE switched on

Canister sampling begins

Canisters sent back to University of York

Canisters analyzed through GC-FID-QMS

Data visualization and statistical analyses

24 hours later

72 hours later

LE turned on prior to assessment
and booth ventilation started

Booth fragrances assessed through
ports by trained panellists

Data visualization and statistical analyses

24 hours later

Scheme 4.1: Flowcharts showing air sampling and olfactive assessment method flows. The
flowchart begins at the top and works methodically through the steps downwards through
to the bottom. Unless specifically stated, the time taken between the steps tended to vary
based on logistics.

4.4.1 Canister preparation

Whole air samplers were used to collect in-room samples using 6 L vacuum-intake stainless

steel canisters internally treated with silica (Entech, CA, USA) using flow-restrictive inlets

(Entech, CA, USA) resulting in samples being drawn over 72 hours, found by Heeley-Hill et al.

to be linear over the first 48 hours with a reducing flow rate over the last 24 hours.[29] Prior to
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deployment, canisters were evacuated to 0.01 Pa, or 29.9 Hg vacuum (gauge). Canister valves

were checked prior to deployment to qualitatively assess valve seal integrity by attaching a

vacuum gauge atop the closed canister valve and leaving for at least 2 hours. Failed valves

were replaced like-for-like, and the evacuation and valve integrity process repeated.

4.4.2 Sample collection and preparation for analysis

Evacuated canisters were placed in one of two laboratory test rooms (‘booths’) at Givaudan

Ltd, Ashford, UK, either designed to mimic a small bathroom (W 1.92 m × D 1.90 m

× H 2.6 m) or a medium-sized living room (W 3.0 m × D 4.45 m × H 2.49 m). These

were mechanically ventilated with outdoor air with an air change rate of 7.5 h-1. Top-

down schematics of the large booth and the toilet booth are given in the Fig. 4.1 and 4.2,

respectively. It is noted that an ACR of 7.5 hr-1 is high, and most residential houses would

expect an ACR range of between 0.5 hr-1 and 2 hr-1. For the booths used here, a proprietary

control panel was used which had no variable settings, and only allowed an ACR of 7.5 hr-1.

Additionally, the booths used here were constructed primarily for panellist fragrance strength

perception training and evaluation, which would require low ambient concentrations to ensure

panellists could detect subtle differences in fragrance composition. Between 1 and 5 identical

LEs of known formulation were placed together in each of the rooms. Canisters for sampling

were placed at identical distances from the LEs. LEs were turned on 24 hours before the

sampling period began to aid equilibration of output and for mixing of the airspace; after 24

hours the canisters would begin sampling. After 72 hours had elapsed, the valves were closed,

and when sampling had finished across all booths, the canisters were returned to University

of York for analysis.

LE emissions were measured through oil mass loss over the sampling period. LEs were

weighed both pre- and post-sampling. Mass loss ranged between 1.80 g and 3.70 g with a

standard deviation of 0.49 g. Mean oil mass loss was 2.66 g, and median oil mass loss was

2.54 g. Commercial comparable LEs draw between 2 and 4 W of power, and the LE used

here drew 2.8 W (UK 230/240 V, AC current with a frequency of 50 Hz).

An equal number of samples were taken for each LE multiple (between 1 and 5). Controls

were taken of empty booths over the same time-period to allow for background (fresh air

ventilation) air composition to be quantified.
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Figure 4.1: Top-down view of the large booth
layout. Numbered elements are as follows: 1
- LE plug location, 2 – Air in flow vent, 3 –
Canister sampling location, 4 – Air out flow
vent, 5 – Access door. The height of the
booth was 2.49 m, giving a final volume of
33.24 m3.

Figure 4.2: Top-down view of the toi-
let booth layout. Numbered elements
are as follows: 1 - LE plug location, 2
– Air in flow vent, 3 – Canister sam-
pling location, 4 – Air out flow vent,
5 – Access door. Ovals at the top
of the schematic represent two toilets
fitted on a plinth. The height of the
booth was 2.6 m, giving a final vol-
ume of 9.48 m3.

The entrance and exit doors of both booths were made of wood and glass, and set within
a glass-panelled internal wall. The remaining three walls in each booth were constructed
from plasterboard with a skim coat of plaster and finished with a white, non-gloss paint. No
internal furnishings were present in either booth at any point during the sampling campaign,
aside from the two permanently installed toilets in the smaller booths. Air inflow fans were
sited in the ceiling for both the large and toilet booths, while the outflow fan was sited in
the ceiling of the large booth, and 30cm from the floor in the toilet booth.
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4.4.3 Sample analysis

Filled canisters were pressurised to 1 bar (gauge) with highly purified air free of VOCs, gener-

ated from a custom-built thermal catalytic oxidiser with compressed ambient air passed over

platinum beads at 400 °C to fully oxidise any VOCs in the compressed air (hereafter referred

to as ‘blank gas’). Samples were analysed following the method detailed in Warburton et

al.[26] In brief, 500 mL of canister air was drawn through a 16-port Valco electrically-actuated

multi-position valve (VICI Valco Instruments Co. Inc., TX, USA) into a custom-built thermal

desorption unit (TDU), comprised of (sequentially) a water trap, a sample pre-concentration

trap and finally a pre-injection focus trap. The first GC column was a 60 m long, 150 µm

internal diameter (ID) VF-WAX column with a film thickness of 0.50 µm (Agilent Technolo-

gies, CA, USA) at a flow rate of 1.6 mL min-1 (carrier gas pressure of 35 psi). The early

eluting unresolved analytes (C2 to C6 hydrocarbons) were passed to an Na2SO4-deactivated

Al2O3 porous-layer open tubular (PLOT) column (50 m × 320 µm ID, with a film thickness

of 5 µm, Agilent Technologies, CA, USA), through a Deans switch (Agilent Technologies,

CA, USA) with detection via flame ionisation detection (FID). After 8.3 minutes, the Deans

switch diverted the analyte flow through a section of fused silica (2 m × 150 µm ID) to both

balance column flows at the Deans switch and split analyte flow between the second FID

and the quadrupole mass spectrometer (QMS) for simultaneous detection, through sections

of 150 µm ID fused silica of length 0.91 m and 2.1 m, respectively. GC elution data was

acquired through MassHunter Qualitative Analysis (Agilent Technologies, CA, USA). The

QMS ionisation was achieved through electron impact (EI) ionisation, with the QMS scan-

ning for ions with an m/z between 30 and 150 units. Ion source temperature was 230 °C and

an electron energy of 70 eV, with a quadrupole temperature of 150 °C.

Sample calibration was achieved by using a thirty-component mix of non-methane hydrocar-

bons (NMHCs) in nitrogen, with each gas at a mole fraction of approximately 4 ppb, provided

by the National Physical Laboratory, Teddington, UK (cylinder number D933515, hereafter

referred to as ‘NPL 30’) for VOCs contained therein, with remaining VOCs calibrated us-

ing equivalent carbon responses (ECN), using n-heptane as the proxy for ECN calculations.

Blank gas was sampled three times after each canister sequence to confirm complete sample

transfer and to allow for any artifacts to be corrected. After the blank gas samples, five NPL

30 calibrations were run, followed by three carrier gas/internal samples (‘no flow blanks’).

The no flow blank method resembled a regular canister sample method, however no sample

was drawn (sample fill volume was set to 0 mL), but the carrier gas flow rate and flow time

remained unchanged, resulting in an equal volume of carrier gas flowing through the TDU,

and subsequently the GC, as would occur in a regular sampling method. Combined, this

143



allowed for canister samples to be corrected for blank gas diluent contamination (none seen)

and carrier gas, or system, contamination (consistently 0.95 µg m-3 benzene only). Canisters

would then be re-evacuated according to the previously described method. Canisters were

randomly selected to check for contamination by filling from fully evacuated to 1 bar (gauge)

with blank gas and run according to the previous method. Instrument limits of detection

(LOD) and quantification (LOQ) for the six fragrance-originating VOCs in this paper are

given in Table 4.1. LODs were calculated using a signal-to-noise ratio (SNR) of 3:1, and

LOQ an SNR of 10:1.

Table 4.1: Instrument limits of detection (LOD) and quantification (LOQ) for the six fra-
grance species α-pinene, β-pinene, γ-terpinene, p-cymene, eucalyptol, and benzaldehyde.

Species LOD (ppt) / LOD (ng m-3) LOQ (ppt) / LOQ (ng m-3)

α-pinene 2.93 / 16.3 9.76 / 54.4

β-pinene 2.93 / 16.3 9.76 / 54.4

γ-terpinene 2.93 / 16.3 9.76 / 54.4

p-cymene 2.93 / 16.1 9.76 / 53.6

eucalyptol 3.16 / 20.0 10.5 / 66.6

benzaldehyde 4.88 / 21.2 16.3 / 70.6

Chromatogram peak integration was completed using GCWerks (GC Soft Inc., CA, USA).

Over 120 VOC species were identified and included in the automated analysis. Only the VOCs

associated with the LE formulation are reported in this paper to simplify the presentation of

results, however the entire VOC dataset is open-access from the Centre for Environmental

Data Analysis (CEDA) repository at https://www.ceda.ac.uk/.

The fragrance formulation was known to the investigation team at University of York, however

the formulation is commercially sensitive information and, beyond what is shown in this work,

therefore cannot be disclosed in its entirety.

4.4.4 Data visualisation and statistical analysis

All data analysis and manipulation were conducted using the R language, through RStudio

software. The tidyverse package was used in all data processing. Data plotting used ggplot2

for all figures except quantile–quantile plots (qq-plots) for data normality which used ggpubr.

Boxplots show values in the order of (from bottom-to-top): lower outliers, 5th percentile,

25th percentile, median value, 75th percentile, 95th percentile, and upper outliers. Regres-

sion statistics were calculated using Spearman’s rho using stat cor from the ggpubr package.
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A confidence interval of 95% (α = 0.05) was used to indicate significance. Diffuser increment

plots were produced using the raster and contour filled functions in ggplot2, with additional

contour lines and contour line labels added using the contour2 and geom text contour func-

tions in the metR package.

For statistical analysis of VOC concentrations difference arising from different numbers of

LE used in each booth, all data were first transformed by natural logarithm. Following this

a Kruskal–Wallis test was completed on the transformed data with a post-hoc Dunn tests for

species which returned a positive result for significance following the initial Kruskal–Wallis

test, indicated by a p-value lower than the α = 0.05 level. Statistical analysis methodology

for the olfactive results is given later.

4.4.5 Olfactory methodology

Human olfactory testing was completed using a group of trained panellists from a sensory

panel at Givaudan, UK. The members of the panel were selected based on their olfactory

sensory acuity and then trained for a period of 4-6 months to enable them to discriminate

between products and score consistently. The sensory panellist training programme at Gi-

vaudan, UK consists of several stages including: (1) discrimination through triangle tests, to

enhance skills for differentiating between different odour types or odour intensities, (2) rank-

ing, to develop skills for comparing the relative strength of sample, (3) scaling, to develop the

ability to quantify differences between samples and (4) scoring against a control, to further

develop the ability to use the scale. The trained panellists assessed the strength of the LEs

from 10 m3 toilet booths, following the same LE usage as with VOC sampling.

Samples were monadically assessed blind and sequentially. Panellists were not aware of the

purpose of the investigation. The trained panellists were asked to rate the overall perceived

intensity of the fragrance inside the 10 m3 toilet booths using a linear 0-100 scale. Sample

orders were randomised using a Latin square design to control experimental error. Replicates

were included within the sample set, and panellists were not told there were replicates within

the assessments. Sampled panellist data was assessed for reliability using published methods

in Talsma (2018).[53] Statistical analysis was completed using analysis of variance (ANOVA)

followed by a Benjamini–Hochberg post-hoc assessment to observe significance between levels.

The ANOVA was additionally used to assess and ensure no significant interaction between

products and replicates. As with sample VOC analysis, a confidence interval of 95% (α =

0.05) was used to indicate significance. Panellists sampled the LE scent through a porthole

from the chamber so as to not interfere with booth airspace composition, and panellists were

unaware of the number of LEs present within the booth.
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4.4.6 VOC metrics and modelling

In this paper, the metric “TVOC” is defined as the sum of all quantifiable VOCs within

a sample, making it an operationally defined term specific to the analytical methods used.

Additionally, we introduce the metric “fragrance TVOC,” which is operationally defined as

the sum of the concentrations of six VOCs: α-pinene, β-pinene, γ-terpinene, benzaldehyde,

p-cymene, and eucalyptol. While this metric does not represent the entire fragrance for-

mulation, it includes all fragrance-origin VOCs that were sampled and resolved using our

methodology. The “fragrance TVOC” metric was adopted for brevity when describing the

behaviour of VOCs originating from the LE fragrance. In specific cases, discussed later, in-

dividual fragrance VOCs were highlighted, particularly when some compounds were missing

from samples or fell below detection limits.

Warburton et al. (2023)[26] reported a simple method for determining a steady-state incre-

ment of a species with a known emission rate, shown in equation 4.1:

AH =
6 × 104nGp

V (Cin − Cex)
(4.1)

where C is the concentration of the species within an airspace (µg m -3), q is the emission

rate of the species (g h-1), AH is the air change rate (h-1) and V is the room volume (m3).

This equation assumes a steady-state airspace in a well-mixed, one-box compartment with

no chemical loss. In this study a more complete model was used which solves the ordinary

differential equation (ODE) given in Carslaw (2007),[54] shown in equation 4.2, with some

term symbols changed to match those used in equation 4.1. For the analysis in this study,

α-pinene was chosen to model concentrations, as it represented a considerable portion of the

volatile fraction within the LE oil itself.

dCs

dt
= −Vd

(
A

Vc

)
Cs + λfCout − λCs +

qs
Vc

+
n∑

j=1

Rij (4.2)

where Cs is the concentration of the species within the airspace (molecule cm-3), t is time (s),

Vd is the deposition velocity of the species (cm s-1), A is the surface area of the room (cm2),

Vc is the volume of the room (cm3), λ is air change rate (h-1), f is the outdoor-to-indoor

penetration factor (dimensionless), qs is the species emission rate (molecule s-1), and Rij is the

rate of reaction between species i and j (molecule cm-3 s-1). In this study, it was assumed there

was no surface deposition, that the outdoor-to-indoor penetration factor was equal to 1 as in

Dimitroulopoulou et al. (2001),[55] and chemical removal was via oxidation reactions with OH

and NO3 radicals, as well as with O3. Reaction rates were calculated for the oxidation of α-
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pinene to form APINAO2, APINBO2, APINCO2, NAPINAO2, NAPINBO2, APINOOA, and

APINOOB, rate constants for which were obtained using the Master Chemical Mechanism

(MCM) via http://www.mcm.york.ac.uk.[56,57] The ozone concentration was originally set

to 2.46 × 1011 molecule cm-3 (10 ppb) to give a model for α-pinene increment expected in

residential homes, but was set to 8.61×1011 molecule cm-3 (35 ppb) to be reflective of the air

make-up within the booths used in this study. OH and NO3 radicals were given maximum

concentrations of 2×106 molecule cm-3 and 9.2×108 molecule cm-3 respectively, in a sinusoidal

circadian rhythm, with OH concentrations peaking at 12 pm and NO3 concentrations peaking

at 2 am. Low concentrations used for OH and NO3 were 1 × 105 molecule cm-3 and 1 ×
106molecule cm-3, respectively. NO3 radicals, while important in VOC oxidation, do not

typically see very high indoor concentrations and are normally not a major consideration

for indoor modelling.[54] However, in this study the booths were supplied with outdoor air

throughout, and additionally were allowed to equilibrate for one day before sampling began.

As such the air makeup in the booths over the sampling period was treated as if it were

outdoor air and subject to circadian outdoor behaviours.

The rooms are based at a large industrial facility in Ashford, UK where similar sensory

science investigations take place and were compared against available data for compara-

ble locations and times of year when samples were obtained, with ozone fractions taken from

http://www.gov.uk/government/statistical-data-sets/env02-air-quality-statistics, OH radical

concentrations were informed from Heard et al. (2004)[58] and Rivett et al. (2003),[59] and

NO3 radical concentrations were informed from Asaf et al. (2009),[60] Abdalmogith and Har-

rison (2006)[61] and Khan et al. (2015).[62] This model, which assumes a well-mixed one-box

compartment, was run for each emission rate with a 5 second resolution over one day of

constant emission and was then iterated over a variety of air change rates and volumes to

give an array of simulations for each LE emission load. As each simulation progressed, the

room concentration of α-pinene reached a constant concentration, indicating the simulation

had reached a steady-state. The simulated steady-state concentrations were then plotted as

a z -axis colour contour against room volume and air change rate.

Using equation 4.2 to model indoor VOC concentrations provided a more comprehensive

prediction than equation 4.1, as it accounted for VOC loss through various pathways, most

importantly oxidation. Monoterpenes and monoterpenoids, which are highly reactive in-

doors, underwent oxidation particularly with ozone, as well as with nitrate and hydroxyl

radicals. This oxidation served as a substantial sink for these compounds. For upper-bound

estimates, equation 4.1 provided a straightforward method for approximating concentrations;

however, for this more detailed analysis of one specific VOC, equation 4.2 yielded a fuller
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representation.

4.5 Results and discussion

4.5.1 TVOC and fragrance species concentrations

Boxplots of fragrance TVOC concentration at discrete levels of LEs (0–5) are shown in Fig.

4.3. As would be expected, the VOC concentrations in the smaller booths were higher than

in the larger room, however both increased linearly as the number of LE devices increased.

Fig. 4.4 shows the change in mean individual species concentrations and linear regression

statistics for the large room as number of LE devices increases, with Fig. 4.5 showing the

same for the small booth. Spearman’s Rho was used in the calculation of regression statistics,

and R and p-values are given on each plot. Significant linearities were found for α-pinene

and p-cymene for the large booth, and all quantifiable species in the toilet booth. The effect

of additional LEs in the large booth was more scattered and at lower concentrations than the

toilet booth. Neither showed any indication of concentration plateauing at a high number of

concurrent LEs. Note that significance in linearity does not reflect significance in the pairwise

comparison of concentrations across LE levels, which is discussed later on. Benzaldehyde

0 LE concentrations in the large booth appeared to be a potential outlier, as this higher-

than-expected concentration skewed the linearity significantly. Ignoring the 0 LE result, LE

additions resulted in a linear and roughly stepwise trend. Replacing this outlier with the 0

LE benzaldehyde concentration from toilet booth data resulted in a significant linearity with

R = 1 and p = 0.0028 (figure 4.6).

It has been previously reported that VOCs with lower vapour pressures tend to have lower

human odour detection limits (ODLs).[63,64] Value-based definitions of VOCs vary, but vapour

pressure-based definitions separating VOCs from lower-vapour pressure species is generally

between 0.075 mmHg and 0.1 mmHg.[65,66] Tamas et al. (2006)[67] demonstrated a plateauing

of perception of limonene (vapour pressure/Vp = 1.5 mmHg) within test chambers up to 115

ppb, or approximately 641 µg m-3. The same study also reported an ODL for limonene of

around 40 ppb, or approximately 220 µg m-3. Yoshio et al. (2003)[46] reported a limonene

ODL of approximately 40 ppb also, and an α-pinene (Vp = 4.75 mmHg) ODL of 18 ppb,

or roughly 101 µg m-3, with a β-pinene (Vp = 2.93 mmHg) ODL of approximately 33 ppb,

or roughly 184 µg m-3. Yoshio et al. (2003)[46] also report the ODL for the sesquiterpenoid

geosmin (Vp = 0.003 mmHg) at 6.5 ppt, or 0.05 µg m-3, and Schoenauer and Schieberle

(2016)[68] reporting an ODL for grapefruit mercaptan (Vp = 0.1 mmHg) of 0.0049 ppt,

or approximately 0.000034 µg m-3. All vapour pressure values were obtained from The
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Figure 4.3: Boxplots of the spread of fragrance TVOC concentrations in the large booth (left
panel) and toilet booth (right panel). From bottom to top, each boxplot shows 5th percentile,
25th percentile, 50th percentile/median, 75th percentile, 95th percentile. Any outliers are
given as single dots above or below the 5th/95th whisker.
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Figure 4.4: Scatter plot showing median con-
centration results for fragrance species at
each LE level (0 to 5) for the large booth. Re-
gression statistics for each species: α-pinene
R = 1, p = 0.0028; γ-terpinene R = 0.83,
p = 0.058; p-cymene R = 0.94, p = 0.017;
eucalyptol R = -0.6, p = 0.24; benzaldehyde
R = 0.66, p = 0.18

Figure 4.5: Scatter plot showing median con-
centration results for fragrance species at
each LE level (0 to 5) for the toilet booth.
Regression statistics for each species: α-
pinene R = 1, p = 0.0028; γ-terpinene R
= 0.94, p = 0.017; p-cymene R = 0.89, p =
0.033; benzaldehyde R = 1, p = 0.0028.

Concentrations are given in µg m-3. Regression statistics were calculated using Spearman’s
Rho. Note - β-pinene plots are missing from both figures 4.4 and 4.5 as all values were below
the LOQ for β-pinene. Eucalyptol is missing from figure 4.5 due to only having values above
LOQ for LE levels 5 and 6, resulting in an incomplete plot.
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Figure 4.6: Re-plot large booth benzaldehyde linearity, using the 0 LE concentration from
the toilet booth to attempt to de-skew the regression caused by the outlaying 0 LE large
booth benzaldehyde concentration. The resulting linearity was of significance. Regression
statistics(R = 1, p = 0.0028)the were calculated using Spearman’s Rho.

Good Scents Company (http://www.thegoodscentscompany.com/). As described in later

sections of this paper, toilet booths were perceived by sensory panellists to have detectable

fragrance odour when any number of LEs (1–5) were present, however the ‘measurable’ VOC

component of the fragrance (monoterpenes and other higher vapour pressure species) were

at concentrations below their individually reported ODLs, suggesting that the detectable

odour arose from less volatile species from the fragrance formulation such as γ-undecalactone

and β-caryophyllene – likely present at ppt and sub-ppt mixing ratios and below measurable

limits.

4.5.2 Comparison of LE emission rates

LEs were weighed before and after sample collection to determine oil mass loss over the

sampling period. Median diffuser mass loss was 2.54 g, average mass loss was 2.67 g, with a

standard deviation of 0.50 g. Using mean mass loss, this resulted in an overall LE oil emission

rate of 0.028 g h-1. Using the known fragrance formulation this gave an α-pinene emission

rate of 1.60 × 10−3 g h-1. The LE emission rate was compared against available literature,

shown in Table 1. There was little literature available which disclosed LE emission rates

directly or contained data from which an emission rate could be calculated. Values were

taken from Warburton et al. (2023),[26] Angulo-Milhem et al. (2023)[24] and Angulo-Milhem
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Table 4.2: Comparison of LE emission rates and booth properties between this study and
several other studies available in literature.

This study
Warburton
et al. (2023)[26]

Angulo-Milhem
et al. (2023)[24]

Angulo-Milhem
et al. (2021)[23]

Diffuser emission
rate (g hr-1)

0.028 0.024 0.053 0.044

Chamber volume
(m3)

33.73 (large booth)
- 40 1

9.49 (toilet booth)
Air change
rate/ACR (hr-1)

7.5 - 0.3 ±0.1 0.3 ±0.05

et al. (2021).[23] In Angulo-Milhem et al. (2021)[23] it was noted the LE was placed on a

medium intensity, resulting in an emission rate of 0.044 g h-1. It is common for commercial

LE devices to have both variable and fixed output settings, however the LE used in this study

had a fixed output. Given the lack of available emission rate statistics of LEs in literature,

it was not possible to contextualise these emission rates, however the impact of a higher oil

emission rate would be seen in both elevated concentrations of emitted VOCs, as well as

increased fragrance perception. Section 3.4 discusses the estimation of indoor concentrations

from known emission rates and sources.

4.5.3 Perceived intensity of LEs

Trained sensory panellists were asked to give an overall perceived intensity rating from 0

to 100 for the toilet booths, containing between 0 and 5 LEs. Panellists were blind to the

number of LEs present in the room during each assessment. Fig. 4.7 gives mean results from

the difference in perceived fragrance intensity as pairwise values. A stepwise increase in LE

number, i.e. from 1 to 2 to 3 etc., resulted in increasing small perceived differences in odour

intensity once the first LE was added. The most marked increase in step-wise perception of

change in fragrance odour was between rooms containing 0 and 1 LE. Testers identified limited

differences in their perception of the fragrance intensity between 2 and 3 or more devices. For

olfactive results, pairwise analysis was completed on difference in perceived intensity using

an Analysis of Variation (ANOVA) test, with a Benjamini–Hochberg post-hoc assessment,

p-values for which are shown as a matrix in Fig. 4.8. These results confirmed a step-wise

incremental increase in significance for the addition of LEs up to 2, after which the significance

of the difference in perceived intensity drops and did not give rise to further significant

increase in perceived fragrance intensity. Fragrance TVOC concentrations were assessed

across LE levels using a Kruskal-Wallis test, which returned a positive stochastic result for

significance. All samples were used in this assessment, and the data were transformed by
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Figure 4.7: A matrix which shows the mean change in perceived fragrance intensity at each
combination of LE level from a scale of 0 to 100, 0 being the lowest/no change in perceived
intensity and 100 being the highest.
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Figure 4.8: Matrix showing p-value results
for each LE level pair following ANOVA
and Benjamini–Hochberg post-hoc analysis
for fragrance perception.

Figure 4.9: Matrix which shows p-value
results for each LE level pair following
Kruskal–Wallis and Dunn post-hoc analysis
for fragrance TVOC concentrations.

Insignificant results are given in white, and results of significance graduate from red (p =
0.05) to blue (p → 0).
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natural logarithm prior to Kruskal–Wallis analysis. A post-hoc Dunn test was then performed,

which gave the p-value results shown in Fig. 4.9. Pairwise analysis of fragrance TVOC

concentrations yielded insignificant results when comparing a stepwise increase in LE number,

with significant pairwise increases in fragrance TVOC concentration only found when multiple

LEs were added into the airspace at once.

The lack of significance in perception of change in intensity may lead to a real-world conse-

quence where the use of LEs in a single room is to a degree self-limiting because of limited

perception of further benefit to the user if additional LEs are added. We however note that

other factors such as user tolerance and fragrance acceptability will also contribute to end-

user-based limitation of LE use, and future work would be required to identify whether LE

use could be labelled as self-limiting. In the larger room and with the maximum of 5 LEs

operating, a median α-pinene concentration of 5 µg m-3 and an upper α-pinene concentra-

tion of 7 µg m-3 was generated. This is a surprisingly low concentration given the number of

LEs present. The concentration of α-pinene in the larger room was typical of concentrations

(within the 50th percentile) found in real-world homes with comparable room sizes in the

work of Heeley-Hill et al. (2021)[29] and within the 60th percentile of homes in Warburton et

al. (2023).[26] Monoterpene emissions are undoubtedly associated with the use of fragranced

products and are often species with the higher emission fractions within product formulations

such as in air fresheners, surface cleaners and shampoos.[69,70] However even in an exaggerated

product perturbation experiment the concentrations of monoterpenes generated in realisti-

cally sized and ventilated rooms are low, hence their presence or absence may not be a good

indicator for whether a room would have perceptible fragrance odour.

4.5.4 Modelling α-pinene increments

Fig. 4.10 shows the resulting contour plot for the increment of α-pinene from the use of one

diffuser. As the increment increases, the colour of the contour graduates from blue through

to red. This model shows that plausibly high concentrations are possible in very small rooms

combined with low ACRs. Spaces in homes with this combination of low volume and low

ACR are likely to be rooms where occupancy is incidental and episodic however, rather than

over longer periods of time, such as under-the-stairs cloakrooms or porch cupboards. The

short-term (30 min) exposure limit for α-pinene in indoor settings in the UK is 45000 µg

m-3,[71] which may give rise to noticeable effects to the consumer’s comfort. Using 1 LE

with the lowest feasible model combination of room volume and ACR in the above model

(V = 0.5 m3, AH = 0.5 h-1) gave an α-pinene increment of 3700 µg m-3, more than an order

of magnitude lower than the short-term exposure limit, and also lower than the long-term
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exposure limit (1 day of constant exposure) of 4500 µg m-3.[71] However, spaces in homes with

this combination of room volume and ACR are likely small cupboards (kitchen cupboards,

under-the-stairs storage cupboards) where VOC exposure would be incidental, and LE use

is unlikely. A comparison of sampled concentrations from this study, along with exposure

thresholds are given in Table 4.3.
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4.5.5 Comparison with real-world analogues

Chambers or booths are used extensively to measure emissions of VOCs from household

products and also have applications in sensory sciences.[72–74] Chambers for VOC analysis are

typically of stainless steel construction with glass panels and sampling ports, and while they

can range in sizes, they are typically smaller volumes for ease of use and space in laboratories.

While smaller testing chambers allow for potentially better analysis of emitted VOCs through

product use for instruments with higher detection limits, they do not necessarily replicate

the same conditions found in real-world analogues. In this study, two sizes of booths were

used, a smaller booth of approximately 10 m3 and a larger booth of approximately 30 m3,

representing the size of a bathroom and living room, respectively. The booths used in this

study additionally had more real-world representative surfaces within the volume, such as

painted walls and wooden doors.

Fig. 4.11 shows a comparison of the concentrations of samples from this study compared

with real-world concentrations of VOCs through LE use found in Warburton et al. (2023).[26]

The same LE device and liquid formulation was used across both studies. It should be noted

that the rooms used in Warburton et al. (2023)[26] were the main living area of the house

and ranged from between 20 m3 and 50 m3 in volume. Whilst the data showed incremental

fragrance VOC increases in the booth plot (especially so for the more confined space of the

toilet booth), comparison with a cohort of real-world homes from Warburton et al. (2023)[26]

showed little difference in both the overall VOC concentrations found, and in the concentra-

tions of individual fragrance VOCs between the two studies. This may, of course, arise from

the differences in ACR levels between homes and the test booths, although comparative data

for one LE in both situations shows little difference in concentrations reported. From a con-

sumer perspective, the concentrations generated in the large booths when multiple devices

were used did not lead to elevated fragrance VOC concentrations above those seen typically

in homes, remaining well below the short-term and long-term exposure limit (1 day of con-

stant exposure) as outlined by UK indoor exposure thresholds available from Public Health

England (Table 4.3).[71] Although assessing potential health impacts is beyond the scope of

this study, modelling indicated that high VOC concentrations approaching exposure limit

thresholds could occur only in rooms with an unrealistic combination of low ACRs and small

volumes. Typically, product packaging provides user guidance on proper usage, including

recommendations for adequate ventilation and suitable room size. Using the device in small,

poorly ventilated spaces would therefore be considered off-label use.
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Comparisons between chamber-based studies and real-world studies are complex by nature.

In real-world scenarios, there is more than likely no one single point emission source of VOCs

throughout the sampling period, and air makeup is highly changeable between samples.[75]

Additionally, in booths there are typically in-flows and out-flows to create air exchange,

which may interfere with VOC release and mixing into the volume. Such molecular-level

disturbances may be difficult to detect through typical means such as the use of anemometers.

However, in this study, the booths were made to be as reflective of real-world conditions as

possible, given the sensory science-based nature of the regular use of the booths used in this

study.

4.6 Conclusions

In this study the olfactive perception and VOC concentrations arising from fragrance LE use

in controlled but realistically sized and ventilated test rooms were assessed. As the number

of LEs deployed in a room increased, concentrations of VOCs increased linearly, although

individual VOC concentrations lower than 10 µg m-3 were generated in the larger room.

Based on intensity feedback reported by trained panelists, the perception of the intensity

change arising from incrementally adding LEs into a room was not of significance above 2

LEs in the 10 m3 toilet booths. The potential exists for multiple devices to be added to a

single room space. In these cases, there was limited difference in fragrance intensity when 2

or more LEs were added concurrently. The lack of human perception of increased fragranced

intensity with the use of multiple LEs within an airspace may however limit the potential

for such off-instruction use, since little end user benefit is likely to be detected or where the

consumer felt that 1 LE was performing adequately.

When 5 LEs were used in test rooms, concentrations of volatile monoterpenes remained

relatively low despite testers reporting intense fragrance. α-pinene concentrations generated

in the test rooms using 5 LEs were comparable to typical concentrations found ordinarily in

residential homes, with upper α-pinene concentrations comparing between the 50th to 60th

percentile of real-home data in available literature. The in-room concentrations of α-pinene

were below the literature reported individual ODL.

Analysis between this study and a real-world study using an LE showed generally comparable

VOC release and in-room concentrations across both studies. The use of controlled but

realistic booths and chambers could be a reasonable substitute to predict VOC exposure for

regular LE consumer uses.

There are broader implications however for indoor air quality. Reactive VOCs can impact
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indoor air quality through atmospheric reactions that generate by-products such as formalde-

hyde, acetaldehyde and secondary organic particulate matter. Ultimately, the contribution

that a fragranced-derived compound will make to increasing secondary pollutants indoors

will be a combination of the amount emitted and available for oxidation in air, the available

oxidants (e.g. O3, Cl, NO3, OH), and the bimolecular rate coefficients. It is clear that some

components of the LE fragrance tested here create strong perceptible odours for humans but

generate only very low concentrations in the gas phase. These were not detectable by the

sampling and TD-GC-QMS methods used here, and it can be hypothesised that concentra-

tions are likely to be in the low part per trillion range or below, rather than part per billion

which was typical of more volatile species such as monoterpenes.

Much literature discussion of the possible indoor impacts of fragranced products considers

the ultimate fate of the emissions following gas phase oxidation reactions. If a fragrance

contains monoterpenes and the use of the product generates in-room increments in the order

of tens of µg m-3 in indoor air, that in turn has the potential to create comparable µg m-3

increments of formaldehyde (having a VOC to HCHO yield in the region 5–10%).[76]

In this study whilst monoterpenes were a substantial component of the fragrance formulation

and the major type of VOC generated indoors from the use of LE products, they did not

appear to be a major contributor to the perception of fragrance by human testers. Often

concentrations were below their reported ODL. Reduction of monoterpene content from raw

materials might be a means to reduce possible indoor air pollution in low-ventilation homes

without necessarily substantially changing human-perceived product performance.

4.6.1 Future work

Future work aimed at identifying the olfactive intensity of fragrances in controlled settings

should consider assessments under variable ACRs, as this could illuminate perception gradi-

ents by varying the concentration of LE-emitted VOCs. A challenge in such studies would

be the pairing of air sampling and analytical methods to resolve both the highly volatile

fractions of fragrance formulations, as achieved in this study, and the less volatile fractions,

which are likely present at ≤ppt gas-phase mixing ratios. However, the use of sensitive on-

line analytical techniques, such as proton transfer reaction (PTR) or selected ion flow tube

(SIFT) mass spectrometry, could enable assessments of the emitted concentrations of these

lower volatility species, as well as offer a time series of emissions and decays of LE-originating

VOCs.
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4.6.2 Limitations and considerations

In this study, the booths were supplied with a fixed ventilation rate, resulting in an ACR of

7.5 hr-1. This is significantly higher than typical values for most residential settings, unless

mechanical ventilation is actively running. However, this higher ACR for the toilet booths

was more consistent with conditions expected in a residential bathroom with extraction

ventilation in operation. To improve the relevance of findings to residential environments,

future experiments should be conducted under a range of ACRs to assess potential perception

gradients and evaluate how ventilation affects perceived fragrance strength.

Because this study combined VOC emission analysis with human olfactive strength assess-

ments, it was essential that the booth atmosphere remained undisturbed aside from the

controlled air exchange. Opening the main booth door would have caused a rapid influx of

air, diluting the VOCs and compromising both the integrity of the olfactive assessments and

the time-integrated air sampling. As a result, the experiment could not be conducted under

conditions of variable occupancy during the LE emission period. Future studies incorporat-

ing either actual or simulated occupancy, without undermining experimental rigour, could

provide further insight. Simulated occupancy could be achieved by introducing a controlled

emission of a blend of biogenically-derived VOCs over time to mimic human presence in the

space.

All booths were controlled for relative humidity and temperature in this study. For olfactive

assessments, these variables must be controlled. However to ensure relevance in real residen-

tial settings, repeated assessments with varying temperatures and relative humidities would

offer further insight into potential strength perception gradients.
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Chapter 5

Yearlong study of indoor VOC

variability: Insights into spatial,

temporal, and contextual dynamics of

indoor VOC exposure
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5.2 Abstract

Volatile organic compounds (VOCs) are released from many sources indoors, with ingress

of outdoor air being an additional source of these species indoors. We report indoor VOC

concentrations for 124 homes in Bradford in the UK, collected between March 2023 and April

2024. Whole air samples were collected over 72-hours in the main living area of the home.

Total VOC (TVOC) concentrations in the homes were highly variable, ranging from 100 µg

m-3 to > 8000µg m-3 (median concentration ≈ 1000µg m-3). Acetaldehyde and 1,3-butadiene

concentrations in > 75% of homes were found to be in exceedance of the 1 in 1,000,000 lifetime

cancer risk threshold. Higher concentrations of benzene, toluene, ethylbenzene and xylene

(BTEX) as well as trimethylbenzenes were found in urban houses (summed xylene median

2.35 µg m-3) compared to rural homes (summed xylene median 1.22 µg m-3, p-value = 0.02),

driven by ingress of elevated outdoor BTEX and trimethylbenzenes (outdoor urban BTEX

median 1.69 µg m-3, outdoor rural BTEX median 0.78 µg m-3). Inferred air change rate

(ACR) exhibited a degree of seasonality, with average ACR varying between median values

of 1.2 hr-1 in the summer and 0.70 hr-1 in winter. Time-averaged emission rate data provided

additional insight compared to measured concentrations, such as seasonal variability, with

highest total VOC time-averaged emission rates occurring in summer months (median 51,953

µg hr-1), potentially a product of both increased occupancy times during school holidays as

well as off-gassing of VOCs from surfaces. This comprehensive analysis underscores the

critical role of seasonal, spatial, and contextual factors in shaping indoor VOC exposure, as

well as potential health risks associated with consistently elevated concentrations of specific

VOCs.

5.3 Introduction

Volatile organic compounds (VOC) are a class of air pollutants that are found both indoors

and outdoors.[1–3] Activities indoors such as cooking, using personal care products (PCPs),

cleaning products and building and furnishing materials can all lead to VOC emissions;

if these occur in poorly ventilated spaces then markedly elevated indoor VOC concentra-

tions can result.[4–7] The same sources can also lead to the emission of semi-volatile organic

compounds (SVOCs) which can undergo gas-to-particle phase partitioning, or produce new

products following oxidation, as with VOCs. Both processes influence the total mass of par-

ticulate matter indoors, and hence the ability to cause harm to human health.[8,9] As up to
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90% of time is spent indoors,[10] quantification of both VOC emissions and concentrations is

an essential precursor to effective indoor air quality management.

Whilst acute VOC exposure has been associated with serious medical conditions, such as

breathing difficulties and cardiac arrhythmia,[11,12] the effects of long-term exposure to lower

concentrations of VOCs remains relatively understudied. Ambient indoor concentrations of

VOCs in typical UK settings are generally not high enough to give rise to acute health effects.

Indoor measurements rarely show concentrations that exceed guidelines for acute effects, e.g.

as in Shrubsole et al. (2019) and adopted by Public Health England as “UK guidelines for

volatile organic compounds in indoor spaces”.[3,13–15] However, as of yet, there are no long-

term data sets that allow for assessments of the health effects of exposure to VOCs with

confidence.

Incidental release of VOCs through activities such as cooking and cleaning gives rise to

sudden and often large increases in associated VOC concentrations. Concentrations decrease

once the activity has concluded, dependent on variables such as room volume, air exchange

rate, gas-surface partitioning of VOCs, and oxidation, and can take several hours.[6,16–19]

VOCs with the highest measured indoor concentrations in the UK are typically propane,

butane and ethanol.[3,14] A common source of propane and butane is from the use of aerosol

products where they are propellants, including as home care and PCPs. Propane and butane

concentrations greater than 3000µg m-3 have previously been reported in homes.[3,14] Ethanol

is used as an ingredient in some personal care products such as hairspray, but also arises from

fragrance and disinfectant use, as well as from cooking.[20–24] Increasing ventilation rates and

controlling source emissions can aid in mitigating high VOC concentrations indoors.[25,26]

Air change rate (ACR) is defined as the number of air changes within a volume over a time

period, usually per hour. ACR is inherently difficult to accurately determine in residential

settings, and is usually calculated/inferred through tracer or decay methods and models.[27,28]

Low ACRs have been shown to give rise to an increase in indoor VOC concentrations and

hence exposure.[14,29,30] Residential ACRs are typically around 0.5 hr-1 to 2 hr-1, however,

ACRs in general can vary greatly depending on whether the space is in a residential or

commercial setting, the time of year, the air permeability of the building envelope, and

human behaviour, among other factors.[31–33]

Ambient temperature can impact indoor VOC exposure through increased material off-

gassing of surface-bound VOCs.[34,35] This process is uneven however,[36] with newer building

materials having generally higher off-gassing VOC emission rates than older materials re-

gardless of temperature effects.
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Indoor-outdoor (IO) ratios of VOCs can be used to highlight those VOCs which have large in-

door concentrations; reactive species such as monoterpenes and other double-bond-containing

hydrocarbons often have higher indoor concentrations compared to outdoors.[3,13,37,38] These

compounds are noteworthy because of the potential for secondary product formation when

they are oxidised, such as secondary organic aerosols (SOAs).[39–41] Chronic exposure to SOAs

is potentially linked to an increase in mortality.[42,43]

Datasets on indoor VOC concentrations in UK homes remain sparse, particularly for lower-

income households. Limited measurements have been conducted across the broader range of

VOCs present in the UK.[3,13,14] This paper reports on VOC concentrations observed in 124

occupied homes as part of the INGENIOUS (UnderstandING the sourcEs, traNsformations

and fates of IndOor air pollUtantS) project.[44] It quantifies the concentrations and time-

averaged emission rates of indoor VOCs, and how these are influenced by seasonal effects of

ACR.

5.4 Experimental and methodology

5.4.1 Study area

Bradford is a city in the West Yorkshire Combined Authority in the North of England, in

the UK. With a population of 560,000,[45] Bradford encompasses a large geographic envelope,

with rural and urban areas often within short distances. Bradford is located east of the

Pennine hills, and the city centre sits in a bowl-like position, flanked by inclines on almost

all sides. A Clean Air Zone (CAZ) was introduced to Bradford within the outer ring road

and extending up to Shipley in North Bradford in late-September 2022, currently the largest

of its type in England outside of Greater London, covering 9.35 square miles. The Bradford

CAZ applies to all vehicles other than private cars and motorbikes in an effort to reduce

vehicle-related emissions within the Bradford area, such as NOx. While it may be too

soon to definitively identify the effects on outdoor air pollution of the introduction of the

Bradford CAZ, preliminary results show a potential reduction in vehicle emissions since the

introduction of the Bradford CAZ.[46] More established CAZs, such as the Greater London

Low Emission Zone (LEZ) and the Ultra-low Emission Zone (ULEZ), have been shown to

reduce vehicle-related pollution levels more so than nearby CAZ-free areas.[47,48] Given the

potential for outdoor air penetration indoors, this could have a potential impact on indoor

air quality in CAZ-enveloped areas.

Bradford’s history is mainly industrial, being a centre of wool-based production and trade

in the 1800s.[49] Following the collapse of industrialisation in the UK, Bradford saw a decline
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in living standards, along with several other Northern English and other post-industrial

cities across Europe.[50–52] In the 21st century, Bradford has higher-than-average levels of

socioeconomic disadvantage, as well as disproportionately lower life expectancy and health

prospects when compared to the rest of England.[53–56] Bradford is a highly diverse city with

high levels of ethnic diversity.[57]

Studies have previously linked areas with higher deprivation levels with worse outdoor air

quality across the entire UK and within countries and regions which make up the UK, es-

pecially so in comparable post-industrial cities.[58–61] Outdoor air pollution in Bradford has

been monitored continuously since 1999, with one continuous automatically-reporting mon-

itoring site located on Mayo Avenue, Bradford measuring NO and NO2, as well as wind

direction, speed and ambient temperature, forming part of the Defra national monitoring

network.[62] Despite over 20 years of continuous outdoor air pollution data collection, there

are no reported datasets on indoor VOC concentrations for Bradford, or similar cities with

high degrees of socioeconomic and ethnic diversity.

5.4.2 Participant selection and questionnaires

The methodology for participant selection and sampling regime, more broadly including the

development and analysis of questionnaires, are detailed in Ikeda et al. (2023).[63] In brief, 310

homes were monitored for indoor air pollutants using low-cost sensors.[44] A subset of sampled

homes participated in VOC analysis where a whole air canister was deployed and a time-

integrated sample (up to 72 hours) was collected. The participants in this study were part of

the Born in Bradford (BiB) birth cohort study.[64] Homeowners were asked to complete home,

health and behaviour surveys during sampling. This captured a large quantity of information

that could be linked with each air sample. From these questionnaires, daily statistics of

aerosol product and fragrance product use was taken for analysis in this study and summed

for a total product use over the canister sampling period. A building audit was completed

by BiB research assistants, capturing information about the different microenvironments in

which samples were taken, of which the room volume was of specific interest to this study for

the calculation of ACR (explained in section 5.4.5). The full questionnaires are available in

the supplementary information in Ikeda et al. (2023).[63] Of the targeted 150 homes, a total

of 124 homes had usable whole air samples taken for VOC analysis. All the samples had

home, health, behaviour and building survey responses available. However, response rates

to individual questions within the surveys were sometimes < 100% (min 41%, max 100%,

median 90%).

177



5.4.3 Sample preparation, collection and preparation for analysis

Whole air samples inside each home were collected using 6 L vacuum-intake stainless steel

canisters treated internally with a proprietary silica-based ceramic (Entech, CA, USA). Flow-

restrictive inlets (Entech, CA, USA) were used to time-integrate samples up to 72 hours

(sampling flow rates through low surface area sapphire orifice restrictors varied between 1.4

and 1.9 mL min-1). Canisters were evacuated to 0.01 Pa (29.9 ” Hg vacuum gauge, 99.99%

vacuum) prior to use. Canister valves were assessed for seal integrity using a vacuum gauge

fitted to the sealed canister valve.

Canisters and flow-restrictive inlets, which remained paired throughout the study, were de-

ployed in homes across Bradford from March 2023 to April 2024, with each sample collected

over a 72-hour period. Canisters were consistently placed in the main living area, which was

not always a designated ‘living room’ and often included open-plan spaces such as combined

living, kitchen, and dining areas. Consequently, some canisters may have been exposed to

episodic VOC emissions from activities like cooking and food preparation. Canisters were

positioned within the living area, no higher than 1 m above ground level and, where feasible,

away from doorways. After sampling, the canisters were returned to the University of York

for analysis.

5.4.4 Sample analysis

Samples were analysed following the method detailed in Warburton et al. (2023).[56] Briefly,

canister samples were initially diluted to 1 bar (gauge) with 6 L of humidified highly purified

air free of VOCs (hereafter ‘blank gas’), produced by flowing compressed ambient air through

a bed of platinum beads at >375 °C. 500 mL of diluted canister air was then drawn through

a 16-port solenoid-actuated pneumatic valve manifold (Swagelok Company, OH, USA) at

15 mL min-1 into a custom-built thermal desorption unit (TDU), sequentially comprising a

water trap, pre-concentration trap and finally a pre-injection focus trap. The water trap was

held at -40 °C during sample intake, while the pre-concentration and focus traps were held

at the lowest achievable temperature, always below -110 °C.

Following flash heating from the focus trap, dried, pre-concentrated and focused samples were

injected into a two-column gas chromatograph (GC, Agilent 7890A, Agilent Technologies,

CA, USA) fitted with flame ionisation detectors (FIDs) and a quadrupole mass spectrometer

(QMS, Agilent 5977A, Agilent Technologies, CA, USA). Samples were first separated on a

60 m, 150 µm internal diameter (ID) VF-WAX column with a film thickness of 0.50 µm

(Agilent Technologies, CA, USA) at 1.6 mL min-1 (helium carrier gas pressure of 35 psi).

178



This resulted in a long elution of unresolved C2 to C6 hydrocarbons from the VF-WAX

column, which were passed through a Deans switch (Agilent Technologies, CA, USA) to a 50

m, 320 µm ID Na2SO4-deactivated Al2O3 porous-layer open tubular (PLOT) column with

a wall coating thickness of 5 µm (Agilent Technologies, CA, USA). Eluent from the PLOT

column directly flowed through to an FID. Once the unresolved species had finished eluting

through the VF-WAX column (at 8.3 minutes) the Deans switch diverted the analyte flow

through a section of fused silica (2 m x 150 µm ID) to both balance column flows at the

Deans switch and split analyte flow between a second FID and the QMS for simultaneous

detection, through sections of 150 µm ID fused silica of length 0.91 m and 2.1 m, respectively.

A thirty-component mix of non-methane hydrocarbons (NMHCs) in nitrogen was used for

sample calibration. Each VOC was at a mixing ratio of approximately 4 ppb, provided

by the National Physical Laboratory, Teddington, UK (cylinder number D933515, hereafter

referred to as ‘NPL 30’). Sampled VOCs contained within the NPL 30 mix were directly

calibrated, with remaining VOCs calibrated using equivalent carbon responses. Table 5.1

gives the identify of the thirty directly-calibrated species. Following each canister batch,

blank gas was sampled three times, followed by five NPL 30 calibrations and finally three

carrier gas/internal samples (‘no flow blanks’). A no flow blank method involved the TDU

operating with the sample volume set to 0 mL and the sample time set to 33.3 minutes,

the time a regular 500 mL sample would take to be drawn. This process resulted in only

carrier gas flowing through the TDU traps over the sampling period, resulting in canister

sample correction for both blank gas diluent impurities (none found) and wider carrier gas

and system impurities (consistently 0.95 µg m-3 benzene only). Following analysis, canisters

were re-evacuated according to the previous method. Evacuated canisters were spot checked

for impurities by filling from evacuated to 1 bar (gauge) with humidified blank gas and run

on a regular canister sampling method.

Following GC analysis, a subset of n = 90 samples was further processed for greenhouse gas

analysis, by flowing the canister samples at 600 mL min-1 into a laser absorption spectrom-

eter (Ultraportable Greenhouse Gas Analyser, Los Gatos Research Inc., CA, USA). This

additional analysis allowed carbon dioxide mixing ratios to be quantified.

Chromatograms for each sample were initially qualitatively analysed using MassHunter (Ag-

ilent Technologies, CA, USA) to assess the quality of chromatographic separation and reso-

lution. Chromatograms were then integrated using GCWerks (GC Soft Inc., CA, USA). FID

data was mostly used for peak integration and concentration data analysis. However, QMS

data was required to deconvolve benzene, monoterpenes, chlorinated species and cyclosilox-

anes. Over 120 VOC species were identified and included in the analysis. Instrument limits
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Table 5.1: A table of the 30 VOCs contained within the 30-component NPL30 calibration
standard used in this study.

1,2,3-trimethylbenzene ethane n-heptane
1,2,4-trimethylbenzene ethene n-octane
1,3,5-trimethylbenzene ethylbenzene n-pentane
1,3-butadiene hexane o-xylene
1-butene isobutane propane
2-methylpentane isooctane propene
acetylene isopentane p-xylene
benzene isoprene toluene
cis-2-butene m-xylene trans-2-butene
cis-2-pentene n-butane trans-2-pentene

of detection (LOD) and limits of quantification (LOQ) were calculated using a signal-to-noise

ratio of 3:1 and 10:1 respectively, and are shown in Table 5.2 for all VOCs measured by the

instrument (including some otherwise not explicitly mentioned in this paper).

The entire VOC dataset is open-access and available at https://doi.org/10.15124/24fd1762-

0e98-4773-a74c-7dd87ef59aa8.

5.4.5 Calculation of ACR

Several methods exist to calculate and infer ACR. A common method is to use real-time

CO2 mixing ratios (or another tracer gas) and monitor decay rates.[65,66] The work presented

here used assumptions about the natural generation of CO2 by home occupants (adjusted

for time spent in the main living area assessed through available data on room occupancy

statistics[67,68]), the room volume, and the difference between internal and external CO2

mixing ratios. Within the wider scope of the INGENIOUS project, real-time CO2 mixing

ratios were measured by low-cost sensors and used to calculate ACR, and these results will

form the basis of a future paper.

Here, ACR was inferred according to an adapted method identified in Warburton et al.

(2023),[14] which itself used methods described by Batterman (2017),[69] shown in eqn 5.1:

ACR =
[(nA ·Gp,A) + (nC ·Gp,C)]6 × 104

V · (Cin − Cout)
(5.1)

Where ACR is the inferred air change rate (hr-1), nA and nC is the number of adult and

child occupants respectively, Gp,A and Gp,C are the natural generation rate of CO2 (L min-1

for adults and children respectively, V is the volume of the room the sample was taken in
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Table 5.2: Limits of detection (LOD) and quantification (LOQ) for VOCs resolved by the
GC analysis. LODs were calculated by a signal-to-noise (SNR) ratio of 3:1, and LOQ using
an SNR of 10:1.

VOC name
LOD
µg m-3

LOQ
µg m-3 VOC name

LOD
µg m-3

LOQ
µg m-3

1,2,3-TMB 0.0217 0.0724 γ-terpinene 0.0227 0.0755
1,2,4-TMB 0.0222 0.0741 hexane 0.0239 0.0796
1,3,5-TMB 0.0222 0.0741 isobutane 0.0242 0.0806
2-carene 0.0227 0.0755 isoprene 0.0227 0.0755
2-chloropropane 0.0436 0.145 isopropanol 0.0444 0.148
3-carene 0.0227 0.0755 levomenthol 0.0281 0.0937
4-carene 0.0227 0.0755 limonene 0.0227 0.0755
acetaldehyde 0.0733 0.244 methanol 0.0711 0.237
acetone 0.0483 0.161 methylenechloride 0.141 0.471
acetonitrile 0.0455 0.152 n-butane 0.0242 0.0806
α-phellandrene 0.0227 0.0755 n-pentane 0.024 0.08
α-pinene 0.0227 0.0755 o-cymene 0.0223 0.0744
α-terpinene 0.0227 0.0755 p-cymene 0.0223 0.0744
β-myrcene 0.0227 0.0755 propan-1-ol 0.04 0.133
β-phellandrene 0.0227 0.0755 propanal 0.0483 0.161
β-terpinene 0.0227 0.0755 propane 0.0245 0.0815
β-thujene 0.0227 0.0755 styrene 0.0217 0.0722
camphene 0.0227 0.0755 tert-butyl-benzene 0.0223 0.0744
camphor 0.0281 0.0938 1,1-dichloroethene 0.101 0.336
carbondisulfide 0.127 0.422 cyanogenchloride 0.128 0.426
δ-terpinene 0.0227 0.0755 carbontetrachloride 1.02 3.41
ethanol 0.0511 0.17 chloroform 0.496 1.65
ethylbenzene 0.0221 0.0736 benzene 0.0217 0.0722
toluene 0.0219 0.073 xylene 0.0221 0.0736
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(m3), and Cin and Cex are respectively the internal and external CO2 mixing ratios (ppm).

The total room volume was calculated from measured room lengths, widths and heights.

Volume was then reduced by 7% to account for volume occupied by internal furnishings,

as in Manuja (2019),[70] transforming the V term to be representative of available diluent

volume. Here, Cex was assumed to be 450 ppm. Gp,A and Gp,C used in this study were 0.312

L min-1 for an adult and 0.174 L min-1 for a child.[71] Calculation by this method assumes

the occupants were all present over the entire sampling period, which is unrealistic for up

to 72-hour time-integrated sampling. Therefore, using available data on typical times spent

in main living areas in the home, which was inclusive of time spent in other rooms in the

home and working/school patterns, occupancy was adjusted to 20% to account for time not

spent in the main living area.[67,68] Clearly, assumptions have had to be made about external

CO2 mixing ratios, occupancy patterns and CO2 generation rates in this approach, but the

assumptions have been applied consistently across the data set based on knowledge of the

number of occupants in each of our sampled houses.

5.4.6 VOC metrics and manipulation

For VOC analysis, a total of n = 124 samples were used. For each sample a metric of total

VOC (”TVOC”) concentration was defined as the sum of all quantified VOC concentrations

for each sample. This would often be a subset of the total number of VOCs quantified in

this study, owing to variation in sample composition. Therefore, TVOC presented here is an

operational air quality metric specific to this study and analytical method.

5.4.6.1 Modified Z-score calculation

Modified Z-scores were calculated for VOCs for the analysis contained within Section 5.5.1.2.

A ‘regular’ Z-score measures a value’s deviation from the mean of the group it belongs to.

In this study, it reflects how a VOC concentration deviates from the mean of all measured

values for that VOC. A modified Z-score is similar but relies on the group median instead of

the mean, making it less susceptible to skewing by outliers.

Indoor VOC sources such as paints and other decorating products can emit BTEX species

(benzene, toluene, ethylbenzene, and xylene) and trimethylbenzenes (TMB) in intense but

episodic bursts, especially immediately following the use of paints,[72] potentially producing

extreme outliers that distort data and statistical analyses. However, given the inherently

variable nature of indoor air, a data treatment approach was needed that could accommodate

natural variations while mitigating the impact of extreme values. Modified Z-scores were
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therefore calculated for indoor BTEX and TMB according to eqn 5.2:

mzi =
0.6745 · (xi − imed)

MAD
(5.2)

where mzi is the modified Z-score, xi is the value the modified Z-score is being calculated for

(the VOC concentration for BTEX and TMB), imed is the median of the group i to which

xi belongs (the median of all concentrations for the given BTEX or TMB VOC), and MAD

is the median absolute deviation. Here, 0.6745 (1⁄1.4826) acts to scale the modified Z-score to

compare against ‘regular’ Z-scores. MAD itself is the median value of the absolute deviation

of each data point in group i from the median of group i, and can be calculated according

to eqn 5.3:

MAD = median (|xi − imed|) (5.3)

In this context, mzi may be used analogously to a standard Z-score for evaluating deviations

from the central tendency. However, because mzi is based on group median and MAD, it

is more resistant to the effects of outliers. Typically, if a value has an absolute mzi greater

than 3.5, it is said to be an outlier, and this threshold was used here.[73]

To address skewing by the largest outliers and reduce the number of false positives when iden-

tifying outliers through the mzi calculation, the data were first logarithmically transformed.

Outliers were then identified by calculating according to eqn 5.2, with datapoints grouped

by VOC having an mzi higher than 3.5 being filtered out. The typical lower threshold of

-3.5 was not necessary in this case as the lowest modified Z-score for this analysis was -3.46.

Finally, the data were transformed back to the original concentration values by applying an

exponential to the filtered dataset.

5.4.6.2 Time-averaged emission rate calculation

Time-averaged emission rates of VOCs from each sample were estimated by using measured

indoor and outdoor concentrations, the room volume the sample was taken in, and the

inferred ACR for each sample. Time-averaged emission rates were calculated using a simple

model adapted from Warburton et al. (2023),[14] shown in eqn 5.4:

q =
(Cin − Cout)

106
· ACR · V (5.4)

Where q is the VOC time-averaged emission rate (g hr-1), and Cin and Cout are the measured

indoor and outdoor concentrations of the VOC respectively (µg m-3). In using eqn 5.4, it

is assumed that the concentrations of the VOC are reflective of a steady-state value, and
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that VOC removal is a function solely of ventilation. The volume term (V ) here reflected

the 7% reduction of total room volume set out in Section 5.4.5. Equation 5.4 does not

give an instantaneous emission rate, rather a time-averaged emission rate of a VOC over the

sampling period. While high VOC emission events will be captured by this methodology, they

are smoothed given the low sampling flow rates. The method for emission rate calculation

here is mathematically equivalent to the methods of Sarwar et al. (2002).[74]

5.4.6.3 Sensitivity analysis

To assess the impact of compounding errors on the emission rate (eqn 5.4), the propagation

of errors formula can be used:

σ2
q =

(
∂q

∂Cin

· σCin

)2

+

(
∂q

∂Cout

· σCout

)2

+

(
∂q

∂V
· σV

)2

+

(
∂q

∂ACR
· σACR

)2

(5.5)

Where ∂q
∂x

is the partial derivative of the emission rate q with respect to variable x, and σx is

the absolute error of variable x. The partial derivatives can be calculated using the product

rule as such:
∂q

∂Cin

= V · ACR (5.6)

∂q

∂Cout

= −V · ACR (5.7)

∂q

∂V
= (Cin − Cout) · ACR (5.8)

∂q

∂ACR
= (Cin − Cout) · V (5.9)

Substituting eqns 5.6 to 5.9 into eqn 5.5 gives the following:

σq =
√

(V · ACR · σCin
)2 + (−V · ACR · σCout)

2 + [(Cin − Cout) · ACR · σV ]2 + [(Cin − Cout) · V · σACR]2

(5.10)

The errors of Cin and Cout are 0.1%, which itself was determined through constructing cali-

bration curves of a target gas of increasing concentration. As conservative estimates, errors

in V and ACR were assigned as 10% and 20%, respectively. This resulted in an average 22%

uncertainty in the calculated emission rate. However, this likely represents a ‘worst case’

scenario as the volume and air change rate uncertainties are likely upper-bound estimates of

the actual uncertainties. Assigning errors in V and ACR of 10% for both gives an average

14% uncertainty in the calculated emission rate.
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5.4.7 IRIS benchmark calculations

In this study, benzene exhibited a significantly lower median indoor concentration (0.70

µg m-3) compared to substances such as ethanol (median 320 µg m-3). Despite this, the

health risks associated with chronic benzene overexposure are well-documented, with safe

exposure thresholds set at notably low levels. Consequently, evaluating indoor concentrations

against established exposure benchmarks offers additional insight into the potential long-

term impacts of VOC exposure. Inhalation unit risks (IURs), defined as ‘the upper-bound

excess lifetime cancer risk estimated to result from continuous exposure to an agent at a

concentration of 1 µg m-3 in air for a lifetime’,[75] for lifetime cancer risk (LCR) assessments

and reference concentrations for hazard quotient (HQ) calculations were sourced from the

Integrated Risk Information System (IRIS) database.[76]

Calculation of both LCR and HQ for homeowners follow methods established by both the

United States Environmental Protection Agency (US EPA)[75,76] and the Agency for Toxic

Substances and Disease Registry (ATSDR),[77] also using freely available data on UK working

patterns obtained from the Office for National Statistics (ONS)[78] to better inform assump-

tions made.

5.4.7.1 Lifetime cancer risk calculation

Lifetime cancer risk (LCR) can be calculated according to the following:

LCR = CA,C · IUR (5.11)

Where CA,C is the exposure factor-adjusted indoor concentration (µg m-3), TY is the res-

idential time per lifetime (years), and TL is the life expectancy (years), and IUR is the

inhalation unit risk [µg m-3-1]. Cancer IURs were identified for 6 VOCs in this study, and

were obtained from the IRIS database, shown in Table 5.3, hosted by the US EPA.[76] The

exposure factor-adjusted indoor concentration was calculated using eqn 5.12:

CA,C = CI · Ef,C (5.12)

Where CI is the measured indoor concentration obtained from whole air samples (µg m-3),

and Ef,C is the atmospheric exposure factor for the LCR calculation (dimensionless). The

atmospheric exposure factor serves to adjust the measured indoor concentrations into an

‘effective’ concentration to account for time not spent within the setting CI was measured

in.
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Table 5.3: Measured VOCs used for LCR analysis using inhalation unit risk data available
from IRIS.

Species name
Inhalation unit risk
(per µg m-3)

1,3-butadiene 0.0003
Chloroform 0.000 023
Carbon tetrachloride 0.000 006
Acetaldehyde 0.000 002 2
Benzene 0.000 002 2
Methylene chloride 0.000 000 08

Ef,C was calculated according to the following:

Ef,C =
TR · 7 days

week
· 52.14weeks

year
· TY

24hours
day

· 7 days
week

· 52.14weeks
year

· TL

(5.13)

Where TR is the residential time per day (hours), TY is the residential time per lifetime

(years), and TL is the life expectancy (years). Average UK work hours (obtained from

the Office for National Statistics[78]) were subtracted from 24 to give TR=16.72. Values of

TY =33 and TL=78 were obtained from available guidance provided by the Agency for Toxic

Substances and Disease Registry (ATSDR).[77] This gave a calculated Ef,C of 0.30, reflecting

that for this calculation it is assumed that 30% of an individual’s lifetime is spent in the

residential environment studied here.

5.4.7.2 Hazard quotient calculation

The calculation of a hazard quotient (HQ) for a VOC concentration starts similarly to the

estimation of LCR in the calculation of an exposure factor, shown in eqn 5.14:

Ef,NC =
TR · 7 days

week
· 52.14weeks

year

24hours
day

· 7 days
week

· 52.14weeks
year

(5.14)

Where Ef,NC is the atmospheric exposure factor for non-cancer hazard quotient calculation

(dimensionless). Ef,NC in this study was calculated to be 0.70. The exposure factor-adjusted

concentration of VOCs for non-cancer hazard quotient calculation, CA,NC was calculated as

in eqn 5.12. Finally, hazard quotients were calculated as in eqn 5.15:

HQ =
CA,NC

RfC
(5.15)
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Where HQ is the hazard quotient for non-cancer related risk (dimensionless), and RfC is

the reference concentration for each VOC (µg m-3). RfC values were gathered from the

IRIS database, and are shown in Table 5.4.[76] The preceding equations follow guidance from

the EPA and the ATSDR. Cancer IURs were calculated using specific exposure pathways,

as inhalation risks increase through defined routes. In contrast, RfC values consider total

indoor time, reflecting broader exposure patterns in the calculation of exposure factors.

Table 5.4: Measured VOCs used for HQ analysis using reference concentration data available
from IRIS.

Species name
Reference concentration
(µg m-3)

1,3-butadiene 2
Propanal 8
Acetaldehyde 9
Benzene 30
1,2,3-trimethylbenzene 60
1,2,4-trimethylbenzene 60
1,3,5-trimethylbenzene 60
Acetonitrile 60
m-xylene 100
o-xylene 100
p-xylene 100
Methylenechloride 600
Carbondisulfide 700
Hexane 700
1,3-dichlorobenzene 800
Ethylbenzene 1000
Styrene 1000
t-butyl-benzene 5000
Toluene 5000
Methanol 20 000
Carbon tetrachloride 100
Cyclohexane 6000
Naphthalene 3
t-butyl-alcohol 5000

5.4.8 Data visualisation and statistical analysis

All data analysis and manipulation were conducted through RStudio software. The tidyverse

package was used in all data processing. Data plotting used ggplot2 for all figures. Box-

plots show values in the order of (from bottom-to-top): lower outliers, 5th percentile, 25th
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percentile, median value, 75th percentile, 95th percentile, and upper outliers. Error bars on

plots represent 95% confidence intervals, calculated using 1,000 bootstrap resamples of the

data.

Multiple statistical testing methods were employed in this study. Data normality was first

assessed using QQ plots, which indicated that all VOCs followed non-normal distributions. To

evaluate stochastic dominance within data subsets, Brunner-Munzel tests (also known as the

”generalized Wilcoxon test”) were conducted, grouping samples based on a binary variable.

The Brunner-Munzel test was chosen over the more commonly used Mann-Whitney U test

(Wilcoxon rank-sum test) because it does not assume equal variances or a location shift

between groups, unlike the Mann-Whitney U test. Given the variability of indoor air due

to personal behaviours, these assumptions could not be reliably made, necessitating a more

robust testing method. For datasets with multiple levels within groupings (e.g., seasons),

an initial Kruskal-Wallis test was performed to assess overall differences across the primary

binary grouping variable. Post-hoc Dunn tests were then used to identify pairwise differences

and determine specific levels exhibiting stochastic dominance.

All p-values were adjusted using Holm’s correction for multiple comparisons. A significance

level of α = 0.05 (95% confidence interval) was applied throughout the analysis, with p-values

below this threshold indicating statistical significance.

5.5 Results and discussion

5.5.1 Indoor VOC concentrations

5.5.1.1 Indoor concentrations of select VOCs

Fig. 5.1 displays a logarithmic plot of TVOC and a selected group of VOCs found in indoor

air samples in this study. The VOCs displayed in Fig. 5.1 were picked either due to their

mass contribution to TVOC (methanol, ethanol, isopropanol, butane and propane), their

inclusion as common ingredients in fragranced products (α-pinene and limonene), or being

of note due to potential health concerns (benzene, ethylbenzene). On average across the 124

homes, ethanol, n-butane, methanol, propane and i-butane represented 11-93 wt% of the

most abundant VOCs, with a median value of 68 wt%.

Indoor sources of butane and propane were dominated by emissions from compressed aerosol

products such as deodorants, cleaning aerosols, hairsprays and other aerosolised personal care

products (PCPs), where they act as propellants.[5] Methanol is a commonly found emission

from cooking, but also originates as an endogenous human breath emission, as well as in small
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Figure 5.1: Measured indoor concentrations of a select group of VOCs measured in the
INGENIOUS homes. Boxplots show values in the order of (from bottom-to-top): lower
outliers, 5th percentile, 25th percentile, median value, 75th percentile, 95th percentile, and
upper outliers. The y-axis has been logarithmically transformed to aid presentation.
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amounts in some household products and, more rarely, PCPs.[16,79,80] Ethanol is commonly

found indoors, arising from multiple sources such as household products and PCPs, alcohol

consumption and cooking.[3,16,79]

5.5.1.2 Effect of geography on indoor VOC concentrations

Boxplots for indoor aromatic concentrations (once treated to account for extreme outliers)

across rural and urban homes are shown in Fig. 5.2. The increase in indoor xylene concentra-

tions between rural and urban homes was of significance (p-value = 0.02). There were modest

but insignificant increases in median concentrations for 1,2,4- and 1,2,3-trimethylbenzene and

toluene between rural and urban samples. There were minor increases in median benzene

and ethylbenzene concentrations between rural and urban houses. Notably, urban homes

exhibited a greater frequency of extreme concentration values compared to rural homes, fur-

ther highlighting the trend that urban environments generally had higher concentrations of

these species relative to rural settings. A similar analysis was applied to indoor-outdoor (IO)

ratios for these species (Fig. 5.3), which were generally lower in urban compared to rural

households, indicating that outdoor sources of these species were generally more prevalent

in urban areas than in rural areas. An increase in indoor aromatic VOC concentrations in

houses in urban areas, appeared to be driven by higher outdoor concentrations of aromatics.

5.5.1.3 Lifetime cancer risk estimates

Boxplots showing the spread of calculated LCRs for samples in this study are given in Fig.

5.4. A dashed horizontal line is shown at y = 1 × 10−6, which indicates a lifetime cancer

risk of 1 in 1,000,000. Median values for acetaldehyde, carbon tetrachloride, chloroform

and 1,3-butadiene were above the 1 in 1,000,000 threshold. Indeed, >60% of homes had

concentrations of these four species above this threshold, with values sometimes exceeding

1 in 100,000, comparable to LCRs derived from chronic exposure to second- and third-hand

smoke.[81,82] However, LCRs in this study were highly variable and in general appeared to

be somewhat lower than LCRs for chronic exposure to indoor airborne particulates and

outdoor airborne nitrosamines.[82–85] Carbon tetrachloride has been phased out of publicly

available products since the Montreal Protocol came into effect, as well as being a potent

hepatotoxic suspected human carcinogen. Given the variability in calculated LCRs and

indoor concentrations, it is clear that there was at least one indoor source of emission of

carbon tetrachloride in this study, likely arising as a secondary by-product of atmospheric

reactions rather than as a primary emission from the product formulation itself. Carbon
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Figure 5.2: Indoor concentrations of aromatic VOCs, treated through modified Z-score anal-
ysis, and separated by rural or urban status. Boxplots show values in the order of (from
bottom-to-top): lower outliers, 5th percentile, 25th percentile, median value, 75th percentile,
95th percentile, and upper outliers. The y-axis has been logarithmically transformed to aid
presentation. TMB = trimethylbenzene, BTEX = benzene, toluene, ethylbenzene and xy-
lene. * denotes a change of significance (p-value¡0.05).
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Figure 5.3: Boxplots indoor-outdoor ratios of aromatic VOCs, separated by rural or urban
status. Indoor-outdoor ratios were split into Boxplots show values in the order of (from
bottom-to-top): lower outliers, 5th percentile, 25th percentile, median value, 75th percentile,
95th percentile, and upper outliers. TMB = trimethylbenzene. Here, individual xylene
isomers have been grouped for consistency with the main text.
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Figure 5.4: Calculated lifetime cancer risks (LCRs) for six VOCs. A horizontal dotted
line is placed at the 0.000001 mark, representing the 1 in 1,000,000 chance threshold of
developing cancer through a lifetime exposure to the exposure factor-adjusted concentration
of the displayed VOC. Boxplots show values in the order of (from bottom-to-top): lower
outliers, 5th percentile, 25th percentile, median value, 75th percentile, 95th percentile, and
upper outliers. The y-axis has been logarithmically transformed to aid presentation.

tetrachloride, as well as other halogenated hydrocarbons have been shown to be emitted

from the use of chlorinated bleach indoors.[86,87] The use of chlorinated products indoors may

have been a potential source of indoor carbon tetrachloride secondary emissions here.

5.5.1.4 Hazard quotients

Hazard quotients for all available VOCs are shown in Fig. 5.5. A dashed line was added

at HQ = 1, as any value above this threshold is identified as exceeding the non-cancer

health guidelines established by IRIS, defined as the threshold concentration above which a

lifetime exposure risk not associated with cancer but other health outcomes is significantly

possible.[76] Fig. 5.5 shows that concentrations for nine of the twenty-one analysed VOCs did

not rise above the HQ = 1 threshold in any home. The highest number of total instances

above LCR = 1 × 10−6 and HQ = 1 thresholds were for acetaldehyde and 1,3-butadiene.

Most notable is the number of outlier observations in which 1,3-butadiene was markedly

raised above LCR = 1×10−6 (n = 98 out of 124 total observations). Both acetaldehyde and

1,3-butadiene originate from, among other sources, wood products, combustion and use of

cigarettes and e-cigarettes.[88–90] Mean concentrations of acetaldehyde and 1,3-butadiene in

this study were 22.2 µg m-3 and 3.6 µg m-3, respectively, placing mean indoor concentrations
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in Bradford homes for both species markedly higher than those found in literature.[3,14,88,91]
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Figure 5.6: The inferred air change rates (hr-1) by season. Boxplots show values in the order
of (from bottom-to-top): lower outliers, 5th percentile, 25th percentile, median value, 75th
percentile, 95th percentile, and upper outliers. The green diamonds indicate seasonal mean
ACR. Error bars are calculated as 95% confidence intervals for the mean value using 1000
bootstrap resamples of the data.

5.5.2 Air change rates

Fig. 5.6 illustrates inferred ACR across the four seasons: winter (December, January, Febru-

ary), spring (March, April, May), summer (June, July, August), and autumn (September,

October, November). The data reveal two distinct phases: an increase in ACR during spring

and summer, followed by a decline in autumn and winter. Meteorological data gathered

from UK Met Office (Fig. 5.7 and Fig. 5.8) shows that autumn had higher mean maximum

(14.6 °C) and minimum (8.4 °C) temperatures in Bradford compared to spring (max mean

13.1 °C, min mean 5.2 °C). The gradual warming in spring, following the extended winter

cold, likely heightened sensitivity to rising temperatures, prompting increased ventilation via

open windows. Additionally, spring had more sunshine hours (mean 139.6 hrs month-1) than

autumn (mean 91.1 hrs month-1), potentially leading to higher solar heating of buildings

and warmer indoor temperatures, which may have contributed to the higher ACR in spring

through windows and doors potentially being opened for longer. Meteorological data for

June 2023 indicated Bradford’s highest mean temperature of the year (21.6 °C), while sum-

mer saw the most sunshine (mean 177 hrs months-1). These meteorological patterns likely

explain the elevated ACR observed in spring, which remained high throughout the summer

as outdoor temperatures rose. The wider error bars for the mean summer ACR in Fig. 5.6

reflect greater variability in ACR during the summer months.
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Figure 5.7: Meteorological data gathered from UK Met Office for Bradford over 2023 and
2024, taken from a weather station at 53°48’46.8”N 1°46’19.2”W. Values were taken for each
month. Data was collected for maximum and minimum mean temperature (°C), ground frost
days per month, total rainfall (mm) and total sunshine hours per month.

5.5.3 Seasonality in VOC emissions

Indoor VOC concentrations are primarily influenced by VOC emission rates, diluent room

volume, and ACR. However, the observed seasonality in ACR suggested that raw indoor

concentrations may not have fully captured the dynamics of indoor VOC exposure. Since

VOC exposure is unique to the occupants of each sampled house, normalising concentrations

by room volume and inferred ACR to calculate VOC time-averaged emission rates enables

more robust comparisons across the cohort.

Figs. 5.9 and 5.10 shows a comparison between the seasonal TVOC concentrations and

seasonal total VOC time-averaged emission rates, respectively. There were no patterns in

indoor TVOC concentration over the seasons (Fig. 5.9), but clear seasonality in total indoor

VOC emissions (Fig. 5.10). Seasonality for individual VOC emissions is shown in Fig. 5.11.

In general, time-averaged emission rates were at a minimum in winter and a maximum in

summer, as seen in total time-averaged emission rates in Fig. 5.10.

Total monoterpene time-averaged emission rates displayed the opposite seasonality however

(Fig. 5.11), with a low in summer and autumn months (median 492 µg hr-1 and 380 µg

hr-1 respectively), and a high in winter and spring months (median 731 µg hr-1 and 966

µg hr-1 respectively). This was most likely driven by heightened emission rates of limonene

in winter months, which was the single biggest contributor to the total monoterpene time-
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Figure 5.8: Meteorological data gathered from UK Met Office for Bradford over 2023 and
2024, taken from a weather station at 53°48’46.8”N 1°46’19.2”W. Values were taken for each
month. Data was collected for maximum and minimum mean temperature (°C), ground frost
days per month, total rainfall (mm) and total sunshine hours per month. Values were taken
for each month, with each month then being grouped into four seasons: winter (December,
January, February), spring (March, April, May), summer (June, July, August), and autumn
(September, October, November), and mean values for each meteorological measurement
taken for each season.
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Figure 5.9: Indoor TVOC concentrations by
season.

Figure 5.10: Total indoor VOC emission
rates by season.

Boxplots show values in the order of (from bottom-to-top): lower outliers, 5th percentile,
25th percentile, median value, 75th percentile, 95th percentile, and upper outliers.

averaged emission rate metric. The reported elevated median use of fragrance products in

winter months (Fig. 5.12) is a likely source of elevated limonene emission rates in winter. A

similar winter-high, summer-low pattern was seen in isopropanol, indicating the potential for

common emission sources. However, emission sources are complex with variable dynamics,

such as building materials which have variable rates of VOC off-gassing.[36,92] As with indoor

concentrations, indoor time-averaged emission rates were dominated by ethanol, butane and

propane (Fig. 5.11). However, the seasonality in time-averaged emission rates for these

species does not match with the product use patterns (Fig. 5.12). It is noted that in a small

subset of homes (n = 13), portable space heaters were used including those using bottled

gas, which could be a non-typical source of indoor butane and propane. The use of bottled

gas for cooking stoves is not common in the UK and was not found in this study. We further

note that product use behaviours were consolidated in the questionnaires. For example,

daily usage statistics of room fragrance products, such as air fresheners, electric diffusers and

candles were grouped together. As a result, the grouping of product use behaviours provided

a broader overview of behaviour, rather than allowing a highly specific breakdown of each

product type.

Time-averaged emission rates of ethanol were markedly higher in summer months compared

to others, with the summer median time-averaged emission rate (30,510 µg hr-1) being more
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Figure 5.11: Calculated individual VOC emission rates over the seasons. Outliers above 10
mg hr-1 were removed from ethane and sum BTEX plots, and outliers above 1 mg hr-1 were
removed from 1,3-butadiene and sum TMB plots to aid presentation, but did not affect the
calculation of quartiles for boxplots. Boxplots show values in the order of (from bottom-
to-top): lower outliers, 5th percentile, 25th percentile, median value, 75th percentile, 95th
percentile, and upper outliers. The y-axis has been logarithmically transformed to aid pre-
sentation. TMB = trimethylbenzene, BTEX = benzene, toluene, ethylbenzene and xylene.
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Figure 5.12: (a) Total fragrance product use, (b) total aerosol product use and (c) the sum
of fragrance and aerosol product use. Statistics were gathered daily and then added together
over the 72-hour sampling period. Boxplots show values in the order of (from bottom-to-top):
lower outliers, 5th percentile, 25th percentile, median value, 75th percentile, 95th percentile,
and upper outliers.

than three times the next highest median time-averaged emission rate in spring (9698 µg

hr-1). While inferred ACRs were higher in summer, there does not appear to be a significant

seasonality in ethanol concentrations outdoors, and so higher outdoor air exchange in summer

is unlikely to be the source of this trend.[93]

To account for single dominant time-averaged emission rates such as ethanol, propane and

butane, VOC time-averaged emission rates were normalised on a scale of 0 to 1 using equa-

tion 5.16, where X ′
a is the normalised time-averaged emission rate value of VOC a, Xa is the

original time-averaged emission rate of VOC a (g hr-1), and Xa,max and Xa,min are the maxi-

mum and minimum time-averaged emission rates of VOC a (g hr-1), respectively. Normalised

values were then summed together, as shown in Fig. 5.13, along with summed normalised

monoterpene time-averaged emission rates in Fig. 5.14 .

X ′
a =

Xa −Xa,min

Xa,max −Xa,min

(5.16)

Total normalised VOC time-averaged emission rates were at their highest in summer and

lowest in autumn. While Kruskal-Wallis testing on the non-normalised time-averaged emis-

sion rate data set indicated no significant change in total VOC time-averaged emission rates

across the seasons, significance in total normalised VOC time-averaged emission rate and to-
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Figure 5.13: Seasonality in the summed nor-
malised total VOC emissions.

Figure 5.14: Seasonality in the summed nor-
malised monoterpene emissions.

Boxplots show values in the order of (from bottom-to-top): lower outliers, 5th percentile,
25th percentile, median value, 75th percentile, 95th percentile, and upper outliers.

tal normalised monoterpene time-averaged emission rate seasonality was observed. Post-hoc

Dunn tests revealed significant differences between autumn - summer and autumn - spring

for both total normalised time-averaged emission rates and normalised monoterpene time-

averaged emission rates. p-values for the post-hoc Dunn tests are displayed as a matrix in

Fig. 5.15. Normalised data analysis highlighted that dominance from specific VOC emissions

could potentially skew results when comparing raw time-averaged emission rates. Among the

possible sources of increased time-averaged emission rates in this study, two emerged as likely

causes. Firstly, during the summer months, especially in late-July and August, children are

at home more due to school holidays and as such, parents are likely to be at home more

too. This could result in an increase in VOC emission rates. Secondly, it has been noted

in other studies that emission rates of surface-partitioned VOCs increase with an increase in

temperature.[17,94] Over colder months, it has been suggested that there may be a cumula-

tive increase in surface-bound VOC concentrations, which resulted in increased off-gassing

as temperatures increase in warmer seasons.
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Figure 5.15: Matrices of p-values following post-hoc Dunn tests for seasonality in (a) summed
normalised VOC emission rates and (b) summed normalised monoterpene emission rates. A
white coloured matrix cell indicates the p-value for the pairwise comparison was not of
significance. Significant values (p-value ≤0.05) graduate from red (p-value = 0.05) to blue
(p-value → 0).

5.6 Conclusions

The time-integrated concentrations of >120 VOCs were measured in the main living area of

124 homes in Bradford, UK. It was found, as in other studies,[3,14,95] that indoor concentra-

tions rarely showed any associations with factors such as product use. However, evaluation

and estimation of personal VOC exposure using simple indoor concentrations against LCR

benchmarks showed exceedances for all measured species against the US EPA 1 in 1,000,000

threshold, with exceedances in >75% of homes for acetaldehyde, carbon tetrachloride and

1,3-butadiene. HQ assessment showed an exceedance above an HQ of 1 in 75% of homes

for acetaldehyde, and there were measured exceedances in HQ for propanal, 1,3-butadiene,

trimethylbenzenes, benzene and xylenes. While not the aim of this paper to make direct

claims regarding the health prospects of the participants of this study, there was a clear

pattern of elevated concentrations of VOCs that have been shown to be harmful to health.

Of particular interest is carbon tetrachloride. As an ozone-depleting substance, as well as a

hepatotoxic suspected human carcinogen, the inclusion of this VOC in any product has been

phased out in many countries including the UK through the Montreal Protocol. However, the

variation seen in this study (min 4.83 µg m-3, max 81 µg m-3, median 15.5 µg m-3) suggests

that carbon tetrachloride has at least one secondary emission source indoors, likely as an

atmospheric by-product of bleach or other chlorinated-product use. Previous studies have
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shown that carbon tetrachloride is a measurable emission from the use of bleach or other

chlorinated-product use indoors.[86,87] Further investigation into indoor production of carbon

tetrachloride, other halogenated hydrocarbons and other VOCs from the use of household

products would therefore be warranted.[44]

Once the effects of short-term emissions of BTEX species from painting and decorating had

been accounted for, indoor BTEX species had higher median concentrations in urban homes

than in rural homes, with xylene concentrations being significantly higher in urban homes

(rural median concentration 1.22 µg m-3, urban median concentration 2.35 µg m-3). Addi-

tionally, there was a generally lower I/O ratio in urban houses for BTEX species compared

with rural houses, indicating generally higher concentrations of BTEX species in urban out-

door areas. Indoor concentrations appeared to be impacted by outdoor concentrations with

higher indoor concentrations for BTEX seen in urban homes compared to rural.

ACR was inferred using an adjusted method from Warburton et al. (2023)[14] through CO2

exchange and room diluent volume. ACR was at a high in summer with a median ACR of

1.2 hr-1 and at a low in winter with a median ACR of 0.7 hr-1. ACR itself was most variable

in summer, and presented a study-wide range of between 0.41 hr-1 and 3.05 hr-1.

Once seasonal changes in inferred ACR and individual room sizes were accounted for through

the calculation of time-averaged emission rates, then highest VOC time-averaged emission

rates were found for the summer months. Summer had the highest median total VOC time-

averaged emission rate (51,950 µg hr-1), while autumn had the lowest median total VOC

time-averaged emission rate (22,760 µg hr-1), closely followed by winter (26,161 µg hr-1).

Additionally, the variability in total VOC time-averaged emission rates rose to a maximum

in summer (min 9472 µg hr-1, max 249,300 µg hr-1). This trend could not be attributed

solely to any seasonality in product use in this study. This was likely a product of increased

surface-adsorbed VOCs off-gassing as ambient temperature increased, as well as increased

occupancy times over the summer months with parents and children spending more time in

the homes.

5.6.1 Limitations and strengths

5.6.1.1 Limitations

In this study, CO2 mixing ratios were used to infer an ACR. This clearly can have limitations

since there may be unaccounted for sources of CO2 within indoor environments. While the

samples from this study were time integrated thus smoothing short-term effects, this may

have impacted the calculated value. In calculating time-averaged emission rates, only indoor
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and outdoor VOC concentrations, ACR and total room volume was considered. VOC loss

through oxidation or surface losses may also have occurred, however accounting for these

factors is not possible in a model given the state of knowledge of these processes at this time,

and difficulties in estimating individual surface area-to-volume ratios and indoor oxidant

concentrations for the large number of houses sampled here. Additionally, there remains

little information available on surface deposition rates for many of the VOCs assessed here.

Sensitivity analysis of the implications of assumptions based on ACR and room volume were

completed and are included within the supplementary information.

In calculating LCRs and HQs for indoor VOCs, assumptions must be made regarding ex-

pected lifetimes, residential times as well as a greater assumption that the sampled concen-

tration of VOC is indicative of the concentration an occupant will always be exposed to. By

nature, these calculations must make these assumptions, and the resulting values are only

meant to be regarded as indicative values and not absolute.

Within the scope of the larger INGENIOUS study, participants answered several large ques-

tionnaires gathering information on many aspects of the occupants and their home. As such,

aspects of the questionnaires had to be consolidated, such as product use. The resulting

groupings were therefore relatively coarse.

5.6.1.2 Strengths

A long-term analysis of indoor air quality has provided new insights into the multiple fac-

tors influencing indoor VOC exposure. By examining compounding seasonal effects and

time-averaged emission rates, this study identifies key patterns in VOC variability. Pre-

vious research has shown that raw time-integrated VOC concentration data often fail to

reveal meaningful relationships. However, through the application of transformative ana-

lytical methods, this study uncovers structured patterns in indoor VOC exposure. To our

knowledge, this is one of the longest indoor VOC datasets collected to date.

This study offers a comprehensive dataset of indoor VOC concentrations and time-averaged

emission rates across a large sample of homes (n = 124), serving as a valuable resource for

the air pollution research community. The wide range of VOC species measured provides a

detailed understanding of the factors shaping indoor air quality. By incorporating seasonal

and spatial analyses, this work identifies key drivers of indoor VOC exposure, such as outdoor

air ingress and emission variability throughout the year.

A key strength of this study is its contribution to understanding indoor VOC dynamics. For

instance, the observed increase in ACR during warmer months suggests greater ventilation-
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driven transport of VOCs from indoors to the immediate outdoor environment. When scaled

across millions of homes, this process may represent a significant and largely unaccounted-

for source of outdoor VOC pollution. Currently, most outdoor air pollution models do not

adequately consider indoor VOC emissions, yet this study demonstrates that indoor spaces

could play a major role in shaping outdoor VOC concentrations.

5.6.2 Future work

Further in-home studies should attempt to specify product use as much as possible. The

realities of widely variable product formulation and composition will naturally result in as-

sumptions having to be made when considering source apportionment of VOCs to specific

groups of products, however. Future indoor air analyses should consider the effects of ACR

and diluent room volume on indoor VOC concentrations. While indoor concentrations can be

used to compare against benchmarks, the effects of intra-study ACR and volume variability

on measured concentrations may result in difficulty in drawing conclusions from concentration

data across and within studies. Compounding this with sampling and analytical differences

between studies, transformation of indoor concentrations into emission rates may allow for

better VOC exposure comparison between studies. Additional consideration of the potential

for increased VOC-surface partitioning in colder months and increased off-gassing of surface-

bound VOCs in warmer months would provide additional insight into population exposure

to VOCs.

Future studies should also consider the impact indoor air pollution may have on outdoor

air pollution. As is evident from this study, indoor VOC concentrations can be orders of

magnitude higher than outdoor concentrations, and activities such as cooking and cleaning

are known to give rise to substantial VOC emissions. Indoor reactions appear capable of

producing halocarbons of significance to stratospheric ozone depletion such as carbon tetra-

chloride, species that are not used as raw ingredients in product formulation, but may still

be emitted due to unaccounted for indoor chemistry. Mitigating indoor VOC exposure by

increased ventilation will directly lead to elevated outdoor VOC concentrations in the im-

mediate surroundings of the indoor area, and the magnitude of this effect should be further

studied and quantified.
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Chapter 6

Speciation and contaminant analysis

of personal and home care aerosol

products

While the primary aim of this thesis was to evaluate population exposure to indoor VOCs,

an emerging area of indoor air analysis is the contribution of product use to IAQ. Product

emission assessments can present considerable difficulties for sampling by sensitive methods

for analysis of potential trace contaminants. Generated concentrations of VOCs from produce

use emissions can exceed several ppm. An area of current confusion due to lack of standard

procedures is the sampling of these products.

The work presented in this chapter forms part of the methodology for another study, the

manuscript of which is currently under consideration in Scientific Reports Household Air

Pollution special issue.† JRH and SJA devised the original GC-based instrument setup and

methods. TW, JRH, and SJA developed the updated GC-based methods applied here. TW

and NKS conducted the experimental benzene analysis and visualised the resulting data,

while TW performed the general speciation experiments described subsequently. TW also

designed the experimental sampling methodology detailed in this chapter and carried out

further method development. In the scope of the entire study, including details not presented

here, AMY, TW, and ACL designed the original experiments. AMY, TW, and NS performed

the laboratory experiments. SJA, MS, and JRH provided technical support, with MS and

JRH also contributing substantive revisions. AMY and TW analysed the data, and AMY

†Yeoman AM,Warburton T, Sidhu NK, Andrews SJ, Shaw M, Hopkins JR, Lewis AC. Updated speciation
of VOCs emitted from European-market aerosol dispenser consumer products. Unpublished.
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Figure 6.1: Pie chart showing the contribution of individual propellant types to the total
2012 propellant budget. HAP = hydrocarbon aerosol propellant; DME = dimethyl ether.
Reproduced from Yeoman and Lewis (2021).[1]

and ACL interpreted the results. All authors contributed to the writing of the manuscript

and the development of its conclusions.

6.1 Background

Most products used in everyday life have an aerosolised option, such as deodorants, hair care

products, sunscreen, boot polish, air fragrance products and furniture polish. Each of these

products have a more manual (’un-aerosolised’) alternative, such as wax sticks for deodorant,

wax for furniture polish, and topical cream for sun care. However, aerosolised products (APs)

can provide a faster and less manual application of the same products, and as such are often

the more pervasive delivery method for products.

APs have varied formulations, however all APs require propellants and solvents (and active

ingredients). The role of the propellant is to dispense the product from the canister, while the

solvent simply acts to dissolve the active ingredient(s) within the formulation. Hydrocarbon

aerosol propellants (HAPs), a blend of propane, n- and i-butane and sometimes n- and i-

pentane, are the most common propellants used in APs, accounting for over 80% of the total

propellant budget.[1] Combined with roughly 9% of the propellant budget originating from

dimethyl ether, roughly 93% of the propellant budget originates from VOCs, shown in figure

6.1.[1] The active ingredient(s) is/are the components within the formulation intended for

application.
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There are several methods by which contaminants could be introduced into product formu-

lations. For example, HAPs such as propane originate from the refinement of natural gas

and crude oil.[2] Crude oil is typically refined through fractional distillation within a crude oil

distillation unit (CDU). Simplified, a CDU can be thought of as a large tank into which the

crude oil is introduced at the bottom and is heated to around 398 °C. C1 to C4 hydrocarbons

(with some C5 hydrocarbons) separate as a gaseous fraction, with heavier hydrocarbons sep-

arating as either liquid or solid fractions. While distillation itself is a purification process, the

potential for azeotropic distillation exists, and has been demonstrated.[3–5] Manufacturers of

APs rely on the purity of their feedstocks to give an assurance of purity in the final product.

At the time of writing, there has been no standardised method written for broad VOC

speciation in compressed APs. There have been several studies which have aimed to speciate

VOC emissions from personal or home care products, including compressed aerosols, typically

using headspace GC-MS or dispensing a dose of the product into a small chamber and then

using on-line methodologies such as selective ion flow tube (SIFT) MS or proton transfer

reaction (PTR) MS.[6–8]

On-line methodologies such as SIFT-MS and PTR-MS allow for a VOC evolution profile to

be constructed, from which mixing rates, emission rates and emission factors can then be

calculated. Rather than reporting on specific separated species, results are given separated by

m/z channel. This can give difficulties on the reporting on species whose molecular formula

is used to define their grouping, for example monoterpenes, which are defined as any chemical

with the molecular formula C10H16. In this specific case, monoterpenes evaluated through

SIFT-MS or PTR-MS are often reported in totality as ’total monoterpenes’, or sometimes

reported as the main monoterpene ingredient in the product formulation. Without carefully

monitoring results, this could result in erroneous or misleading reporting. It would be a rare

occurrence for only one resulting analyte ion to be reported on an m/z channel. GC-MS

can provide the separative resolution which on-line methodologies may not be able to, but

inherently only provide a ’snapshot’ of composition at the time the sample was drawn. GC-

MS method lengths give additional time resolution implications. A combination of the two

types of methodology may therefore be beneficial for the analysis of trace components, both

through reporting in depth speciation as well as species emission and decay patterns.

6.1.1 Contextualising previous work

In 2021, American independent laboratory Valisure LLC reported benzene detection in many

sunscreen and after-sun products, and filed a citizen petition calling for the recall of the

identified products reportedly found to contain benzene.[7] Reported ratios of benzene found
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were up to 2 ppm. This was clearly an alarming find, and as such led to several voluntary

recalls of indicated products. Valisure LLC additionally found the suspected carcinogen N-

Nitrosodimethylamine (NDMA) in ranitidine (trade name Zantac) tablets which resulted in

recalls and an eventual settlement of over $2 billion,[9–11] as well as finding benzene in benzoyl

peroxide-containing products.[12,13]

The presence of any contaminant in personal and home care products is of concern. While

potentially not defined as a cosmetic according to the UK Cosmetic Products Enforcement

Regulations (regulation 2009/1223), which defines a cosmetic as a product which makes

purposeful contact with external parts of the human body, many of these products will make

unavoidable, incidental contact with external parts of human bodies. For instance, using

an aerosolised air freshener will inevitably result in the dispersion of fine aerosols, which

will make incidental contact with skin. The presence of potentially harmful contaminants is

therefore a crucial concern of such products, and so a robust sampling methodology must be

developed to analyse potential trace contaminants.

6.2 Methodology

The methodology set out hereafter was developed in two phases to allow for the analysis of

trace VOC contaminants in commercially available aerosol sprays: quantification of potential

benzene, and then a broad VOC speciation. This requirement for a method to be developed

was as a result of reported presence of benzene in APs, including suncream and dry sham-

poo.[7] While some untargeted analysis has been completed on APs, generally analysis of APs

is targeted to specific species, or literature reviews of listed ingredients.[14–17] Naturally, tar-

geted analysis is better when quantifying specific VOCs, however it may miss other potential

contaminants. Additionally, reviews of listed ingredients will give insight into the frequency

of use of specific ingredients, but will also miss potential contaminants. A requirement of this

methodology was to give a broad speciation of the VOC content of a panel of APs, insodoing

giving insight into the emissions an end-user may be exposed to. It was therefore decided to

dispense an amount of the spray (dose measured through canister mass differential) into an

emission chamber which was connected to the gas chromatograph (GC) through a sample

line.
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Figure 6.2: Diagram of the chamber used in the aerosol speciation study (not to scale).
Reproduced from Yeoman et al. (Unpublished).

6.2.1 Aerosol dispensing and sampling

6.2.1.1 Emission chamber

This work was completed at the Wolfson Atmospheric Chemistry Laboratories, at the Univer-

sity of York. In the laboratory, the emission chamber used in this work was a 2 m3 chamber

constructed with aluminium extrusion profiling with tempered glass panels, shown in figure

6.2. The chamber was roughly 5 m displaced from the GC instrument, so a sample line

was therefore required. Whole air sampling canisters were initially used for trial sampling,

however this was not deemed suitable. Primarily, a substantial number of canisters would

be needed for the analysis and the canister evacuation and preparation methods would cause

large time constraints on the analysis, given this work was completed in the context of a busy

laboratory with several other projects running simultaneously. Additionally, it was known

the mixing ratios of VOCs emitted from the aerosols would be in the order of potentially

several hundred parts per million in totality, and there were concerns that such high mixing

ratios could cause canister contamination. Samples would therefore need to be pumped to

the GC.
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6.2.1.2 Sample line

A sample line was constructed to facilitate analysis through GC. The sample line construction

is given in figure 6.3. Following the conclusion the metal bellows pump would not contribute

to quantifiable contaminations in samples (discussed in section 6.2.1.3, the pump was placed

upstream of the GC, resulting in a pressurised flow of chamber gas passing the GC. Typically,

pumps would be placed downstream of the GC, resulting in a negative-pressure flow of gas

passing the GC and the GC then sub-sampling this flow. However in this case, the GC

sucking pump was not sufficient to draw against the negative pressure caused by the sample

line pump suction, and so a positive pressure was required. An additional requirement was

not to artificially increase the air exchange rate of the chamber by simply venting the pumped

gas to the atmosphere - to counter this, the sample line was routed to flow back into the

sampling chamber. As such, there had to be confidence that there would be no contamination

introduced into the chamber through the bellows of the pump itself.

6.2.1.3 Metal bellows pump

A metal bellows pump was used throughout the sampling campaign. The operating principle

for such a pump is that gas movement occurs through the expansion and contraction of

stainless steel bellows, controlled through a drive shaft attached to an eccentric shaft, with

gas inlets and outlets fitted with check (directional) valves. Through the movement of the

drive shaft and the expansion and contraction of gases, the bellows heat up to temperatures

reaching 70 °C. Such a temperature would not be hot enough to thermally decompose any

of the VOCs quantified in this study, and additionally would keep any of the more ’sticky’

VOCs, such as benzene, toluene, xylene and trimethylbenzene, to stay in the gas-phase and

not deposit onto the bellows. To preserve the integrity of the bellows, a 7 µm filter was added

inline to the pump inlet.

The pump was assessed as a potential source of VOC contamination by filling a fully evac-

uated 45 L canister with blank gas to 1.5 bar (gauge), and attaching the pump inlet and

outlet to either side of the canister through short lengths of PFA tubing. Before attaching the

tubing to the pump and canister, each end of the tubing was fitted with a lever ball valve, the

valves opened and blank gas flowed through the tubing for 10 seconds. The valves were then

closed to encapsulate the blank gas within the tubing, and was then directly attached to the

canister and pump, thus clearing as much ambient air from the system as possible. Before

circulating the canister blank gas through the pump, the canister was directly attached to

the GC (bypassing the pump, so as to not draw the sample through the pump bellows) and a

500 mL sample was drawn and analysed in the same methods as in previous chapters. Once
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Figure 6.3: Schematic diagram of the AP sample line used for benzene analysis. During
the main sampling campaign, the main line mass-flow controller, Nafion MD-070-96 and
associated parts were removed, with all other components remaining. Symbols used within
the diagram are as prescribed by the Piping and Instrument Diagrams (P&ID) standards.
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Figure 6.4: PLOT chromatogram for 500 mL
sample of blank gas drawn through the sam-
pling manifold used to process the canister
and pump blank samples.

Figure 6.5: WAX chromatogram for 500 mL
sample of blank gas drawn through the sam-
pling manifold used to process the canister
and pump blank samples.

the sample had been drawn, the canister was then disconnected from the GC, topped up

with blank gas back to a pressure of 1.5 bar (gauge) to replace the volume sampled. The

blank gas-containing tubing was then attached between the canister and the pump inlets and

outlets. The canister valves and pump valves were opened and the pump switched on. The

pump was allowed to run for a full day. Once this time had elapsed, the canister valves were

closed and the pump taken out of line. The canister was then directly attached to the GC

for another sample. The purpose of this was not to quantitatively account for any potential

contributions from the pump, but to assess whether there was any potential contamination

from the use of the pump, and the impact this might have on aerosol sample reporting. A

blank gas sample was also analysed through the same sampling manifold as for the canister

and pump samples, to assess any potential impurities through the sampling manifold.

During analysis, it became clear the sampling manifold itself had considerable sources of

contamination, as shown in figures 6.4 and 6.5. As the bulk aerosol sampling campaign did

not involve this sampling manifold, this was not of concern for the integrity of the aerosol

samples. However here, canister and pump blank samples would need to be corrected for this

contamination. Incidentally, this contamination was found to be mostly breakdown products

of siloxanes, large concentrations of which had been sampled through this sampling mani-

fold previous to this analysis. Following replacement of pneumatic valves on the manifold,

the contaminations were cleared. No samples of indoor air used throughout this thesis, in-

deed in any published work, were included in any analyses during this period of siloxane

contamination.
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Figure 6.6: Plot showing PLOT channel in-
tensities following canister blank intensities
being subtracted from the pump blank.

Figure 6.7: Plot showing WAX channel in-
tensities following canister blank intensities
being subtracted from the pump blank.

Chromatographic intensities from canister and pump blank samples were analysed, with

canister blank intensities being subtracted from those of pump blanks to isolate the relevant

differences, with the resulting intensities shown in figures 6.6 and 6.7. Naturally some negative

numbers were introduced during the variable regions of noise, ranging from -300 to -1, and so

any negative intensities were set to 0. This did not impact the identification of any identifiable

contamination through the use of the pump.

There were no pump contaminations found from the PLOT elutions (figure 6.6. There were

two spikes in intensity at ≈ 4 min and ≈ 17.5 min, however these were due to electrical

noise within the system and were not due to chemical elution from the PLOT column. There

were four larger elutions from the WAX column, the largest being at ≈ 11 min. The three

other notable elutions were at ≈ 15 min, ≈ 35 min and ≈ 40 min, along with a very small

elution at ≈ 23 min. In order from the first elution to last, the species were identified

as acetone, a cyclosiloxane (likely D4/octamethylcyclotetrasiloxane), styrene, benzaldehyde

and naphthalene. Through the subtraction process, the acetone peak split into two separate

peaks, however this was likely due to the peak tailing in the canister blank not subtracting

totally due to the slightly different retention times of acetone across the two samples (shown

in figures 6.8 and 6.9). These differences in retention time likely account for the presence of

acetone in the subtraction process itself and therefore an artifact of the canister. There is no

realistic mechanism by which acetone would be preferentially created in the pumping process

in the total absence of common precursor species, and as such was not of concern for aerosol

sampling.
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Figure 6.8: Plot showing the difference be-
tween canister and pump blank samples,
zoomed in to the acetone peak, here show-
ing splitting of the peak due to differences
between acetone retention time between the
canister and pump blank sample runs.

Figure 6.9: Original pump blank sample
showing the acetone peak, with significant
peak tailing, indicating there was band
broadening due to high quantities of acetone
in the volume sampled.

The cyclosiloxane was not properly identified as the mass spectrometer (MS) scan range

used in this analysis ran between 30 and 150 units m/z units. The mass spectrum for the

elution showed substantial peaks at (highest to lowest) 133, 73 and 125 m/z units in a ratio

of 1:0.6:0.3. It was suspected that this cyclosiloxane was D4/octamethylcyclotetrasiloxane,

the ’real’ base peak of which fell out the MS m/z scan range at 281 m/z units. To confirm

this, a 1 µL injection of D4 liquid was injected into a 3 L Tedlar bag through a septum, and

then diluted to 3 L with blank gas. The resulting suspected D4 elution is shown in figure

6.10, alongside the mass spectrum for the suspected D4 elution (figure 6.11). The suspected

D4 elution at ≈ 16 min in figure 6.7 is shown in figure 6.12, the mass spectrum of which is

shown in figure 6.13.
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Given the significant overlap between mass spectra for the suspected cyclosiloxane and the

D4 injection, it was determined that the cyclosiloxane present at ≈ 16 min in figure 6.7 was

D4/octamethylcyclotetrasiloxane.

After 24 hours of continuous use, the pump appeared to contribute small levels of octamethyl-

cyclotetrasiloxane, styrene, benzaldehyde and naphthalene. Of these species, only benzalde-

hyde was included in speciation. The mixing ratio of benzaldehyde present in the pumped

blank sample was 79 ppt, ≈ 0.34 µg m−3. However during the sampling campaign, the

pumped chamber sample flowed directly back into the chamber itself, meaning any contam-

ination produced was diluted into 2000 L of air, and the chamber itself was vented regularly

between samples. As such, the contaminants produced likely had no quantifiable effect on

the quantified aerosol samples.

6.2.2 Benzene analysis

A particular feature of the instrument used throughout this thesis was the co-elution of

ethanol and benzene, shown in figure 6.14. Under normal conditions, reporting of benzene

by using flame ionisation detection (FID) data would only be possible in the total absence

of ethanol. As for indoor air ethanol is a considerable mass contributor to the summed total

of analysed VOCs in any given study, and given the usual presence of substantial quantities

of ethanol in APs, benzene would have to be quantified using quadrupole mass spectrometry

(QMS) data to deconvolve the coeluted peak. While this would usually be acceptable for

general characterisation of indoor air samples, this would not be sufficient for the specific

analysis of benzene as a possible trace contaminant in a product formulation.
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6.2.2.1 Sample drying

Ethanol would therefore have to be removed from the AP sample in order to properly quan-

tify benzene using FID data. To achieve this, ethanol was chemically separated from the raw

sample gas flow using Nafion, which was originally discussed in section 2.1.2.2. In summary,

Nafion, being a trademarked name for a fluoropolymer-copolymer, acts as a chemical mem-

brane through which susceptible species are chemically transformed and pass through the

membrane into a purge gas flow, shown previously in figure 2.5. At this point, up to 90% of

the ethanol contained within the sample gas was removed. However, as shown in figure 6.14,

this could leave detectable quantities of ethanol remaining within the gas flow given the large

quantities of ethanol in the original aerosol sample.

6.2.2.2 GC heartcutting

On a standard sample run (shown as a flowchart in figure 3.1), the dried, preconcentrated

and focused sample would flow from the focus trap straight through the VF-WAX column,

and (after 8.3 min) through a Deans switch and then through a split to both an FID and

the QMS detector. However for benzene analysis here, immediately prior to the ethanol and

benzene co-elution at 14.3min, the Deans switch was actuated to divert the elution flow to

the PLOT column. At 15.5 min once the co-elution had finished eluting, the Deans switch

was once again switched off to proceed through the standard flow pathway. This is a process

known as heartcutting. Ethanol was destroyed by the PLOT column used here through the

dehydration of ethanol into ethylene and water. This was not a viable long-term solution as

the produced water could bind to the alumina and degrade the sodium sulphate coating as

well as cause an interference with ethylene analysis, however as a short-term assessment, it

proved beneficial in removing the remaining traces of ethanol. In heartcutting the ethanol

onto the PLOT column, this provided a final route by which ethanol was totally destroyed,

leaving only benzene as a PLOT column elution quantifiable by flame ionisation detectors.

Standard GC elutions of the 30 component standard mix are shown in figures 6.15 and 6.16

for both PLOT and WAX column elutions, respectively. Here, the absence and presence

(respectively) of benzene peaks in the chromatograms has been identified. Figures 6.17 and

6.18 show the PLOT and WAX elutions respectively of the same 30 component standard,

however with benzene heartcut from the WAX column to the PLOT column. Comparing

relative intensities between benzene peaks for WAX and heartcut-PLOT elutions (figures

6.16 and 6.17 respectively), it appeared there was an increase in benzene response between

FID detectors. This was to be expected however, as in a normal sample run as in figure 6.16,

WAX elution flow was split after 8.3 minutes between a flame ionisation detector and a mass
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spectrometer, resulting in reduced flow to the WAX FID.
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6.3 Conclusions

This chapter presented the development and validation of a sampling system for the charac-

terisation of VOC emissions from personal and home care APs. A custom emission chamber

setup incorporating a metal bellows pump, Nafion dryer for benzene analysis, and inert sam-

pling lines enabled controlled, repeatable sampling of AP emissions and subsequent analysis

via GCMS.

Key methodological elements, including rigorous blank testing, and sample drying and GC

heartcutting for benzene analysis, were found to be critical in achieving sufficient analytical

clarity for complex product matrices. Differences between pump and canister blanks demon-

strated that careful choice of pumps allows for the positive pressurising of AP air samples

without quantifiable contaminant introduction. The GC heartcutting method was successful

in resolving co-elution issues, particularly for benzene FID quantification amidst high ethanol

background.

Overall, this work underscores the importance of methodological transparency and repro-

ducibility in VOC product testing. The modular nature of the sampling system and the

detailed documentation of its operation provide a robust foundation for future testing cam-

paigns. In a field often limited by too-selective and often inappropriate protocols and irre-

producible conditions, the ability to generate and verify reliable emission data is a necessary

step toward standardised indoor air exposure assessments.
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Chapter 7

Conclusions

Indoor environments are now widely recognised as the primary exposure setting for most

people, particularly in residential spaces where time spent indoors continues to increase.

Volatile organic compounds (VOCs), emitted from a diverse array of sources such as consumer

products, building materials, and occupant activities, can accumulate to concentrations far

exceeding those typically found outdoors. The extent of this accumulation is governed by

multiple factors including emission strength, product usage behaviours, and the ventilation

characteristics of the space. While ventilation can provide an effective means of mitiga-

tion, the trend toward increasingly airtight, energy-efficient homes complicates this dynamic.

Within this context, a detailed understanding of real-world VOC sources and usage patterns -

particularly from personal and home care products such as deodorants and fragrance diffusers

- is critical to advancing indoor air quality science.

The work presented in this thesis addresses these challenges through a series of interlinked

studies combining detailed fieldwork, analytical rigour, and novel methodological approaches.

Drawing from over 180 homes, controlled test booths, and consumer aerosol product testing,

it offers a contemporary perspective on the key drivers of indoor VOC exposure in residential

environments, with a particular emphasis on ventilation behaviours, product emissions, and

seasonal variation.

7.1 Synthesis of Key Findings

Across the three core studies, a number of consistent themes emerged. Chief among them was

the central influence of air change rate (ACR) on VOC concentrations indoors. In poorly ven-

tilated environments, even moderate emissions from everyday products like liquid electrical
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(LE) fragrance diffusers could lead to disproportionately higher exposure levels. Conversely,

increased ventilation was repeatedly shown to dilute VOC concentrations, underscoring the

importance of effective air movement in mitigating indoor air quality risks.

The work demonstrated that fragranced products, particularly those containing monoter-

penes, could contribute meaningfully to indoor VOC burdens. However, perceived fragrance

intensity plateaued when multiple LEs were used concurrently, suggesting a potential self-

limiting behaviour that might reduce the likelihood of excessive exposure. Nevertheless,

real-world observations from product use statistics from the studies in Chapters 3 and 5

indicated that fragranced products were often used in high quantities, raising important

questions about consumer awareness and behavioural norms. These findings emphasise not

only the chemical potential of fragranced products but also the importance of understanding

consumer behaviour in shaping VOC exposure outcomes. Interestingly, the compounds most

responsible for VOC load from LE emissions (e.g. monoterpenes) were not always those

driving fragrance perception, suggesting opportunities for reformulation to reduce emissions

and potential secondary product creation without affecting consumer experience.

The longitudinal study conducted in Bradford provided a broader context for indoor VOC

exposure, revealing clear spatial and seasonal patterns in emissions. Urban homes exhib-

ited elevated background levels of traffic-related pollutants such as BTEX compounds, while

warmer seasons were associated with increased VOC emission rates. By applying a trans-

formational method to convert concentration data into generalised emission rates, effectively

normalising for the changeable ACRs and room volumes found within the study, further

patterns emerged in temporal and seasonal VOC emissions. The potential for VOCs to per-

sist indoors - through sorption to surfaces or recirculation via limited ventilation - further

underscores the complexity of managing indoor air quality over time.

7.2 Methodological Contributions

In addition to advancing substantive knowledge, this thesis developed and deployed several

methodological innovations. High-sensitivity gas chromatography–mass spectrometry (GC-

MS) with thermal desorption allowed for VOC quantification at sub-ppb levels in real-world

settings. The use of sampling canisters, coupled with robust data correction techniques,

strengthened the reliability of results. The work also introduced a reliable protocol for as-

sessing VOC emissions from aerosol products, offering a scalable approach for future product

testing and regulatory assessment.

These methodological contributions are relevant not only to future academic studies, but also
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to the development of standardised VOC testing procedures for consumer products.

Throughout the real-home studies presented in Chapters 3 and 5, it became clear that raw

concentration data rarely yielded meaningful results. While comparisons against benchmarks

were informative, variations in ACR and room volume, as well as the presence of skewing

outliers, often obscured clear conclusions. Stratifying households into ACR quantiles and

normalising for ACR and room volume enabled deeper insights to be drawn from the data.

The method developed for calculating generalised emission rates in Chapter 5 facilitates

reliable inter- and intra-study comparisons, and supports more robust conclusions regarding

indoor VOC exposure.

7.3 Implications for Indoor Air Quality and Policy

Findings from this thesis have several implications for indoor air quality research and regula-

tion. First, they support the inclusion of real-world behavioural data and housing character-

istics in exposure models. Current modelling frameworks often assume idealised or averaged

conditions, which might significantly underestimate exposure in low-ventilation homes.

Secondly, the work underscores the need for clear communication regarding the importance

of ventilation and air exchange in relation to product use. Both experimental findings and

modelled analyses showed the potential for significantly increased VOC exposure in poorly

ventilated rooms through unintentional overuse of VOC-containing products. Transparency

on the correct use of such products would aid in mitigating such circumstances.

Finally, this research suggests that any future public health guidance on indoor environments

must grapple with the tension between consumer preferences, housing stock constraints, and

the need for clean air indoors; a challenge likely to grow in importance as homes become

more airtight in pursuit of energy efficiency.

7.4 Limitations

While this work provides a robust and multi-faceted picture of indoor VOC exposure, certain

limitations should be acknowledged. The temporal resolution of the flow-restrictive sampling

approach limited its ability to resolve short-lived episodic events (e.g., cooking, cleaning).

A bias toward the front-end of sampling was observed, and some discrepancies in sampling

duration arose from inherent variability in the sampler’s restrictive orifice. While these issues

were not necessarily large in magnitude, they may have introduced some uncertainty in intra-

study concentration comparisons. Nonetheless, the overall integrity of the dataset remains
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strong, and these limitations primarily reflect areas for refinement in future work.

Additionally, although the home surveys spanned diverse building types, the samples for work

completed in Chapters 3 and 5 were geographically restricted to single UK cities. Broader

regional studies would strengthen generalisability.

In the study presented in Chapter 4, the test booths operated at a fixed air change rate

of 7.5 hr-1, which is relatively high and not fully representative of larger residential spaces

such as living rooms. However, it is broadly consistent with the typical ACR of residential

bathrooms with mechanical extraction, as required in new UK housing. The use of variable

ACRs would have enabled a more nuanced understanding of the emission dynamics of LE

devices.

7.5 Future Research Directions

There are several clear avenues for future research. First, time-resolved instrumentation such

as proton transfer reaction mass spectrometry (PTR-MS) or selected ion flow tube mass

spectrometry (SIFT-MS) would allow for dynamic tracking of VOC fluctuations, capturing

rapid emission events missed by time-integrated sampling.

Second, intervention-based studies—for example, altering ventilation behaviours or reducing

product use—would provide valuable insights into the effectiveness of practical mitigation

strategies. A longer-term goal could be to establish a population-scale VOC exposure dataset,

linking household behaviours, building characteristics, and health outcomes.

Finally, as consumer product formulations evolve and new indoor technologies emerge, on-

going surveillance and method development will be essential to ensure indoor air remains a

priority in environmental health research.

7.6 Final Remarks

Indoor VOC exposure is shaped by many interrelated aspects of daily life. Personal be-

haviours, such as the frequency and intensity of product use, and the degree of indoor-outdoor

air exchange, have been shown throughout this thesis to play a critical role in controlling,

and indeed mitigating, exposure levels. Decisions as seemingly minor as opening a window,

selecting a fragranced product, or increasing the number of active diffusers can cumulatively

have significant impacts on the chemical composition of the indoor environment.

This thesis offers a contemporary, evidence-based perspective on the complex drivers of indoor
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VOC exposure, grounded in both rigorous experimental work and the development of novel

methodological approaches. Through a combination of detailed field campaigns, controlled

laboratory experiments, and product-specific emission assessments, it brings to light the

often-underappreciated role that consumer products, ventilation practices, and behavioural

norms play in shaping the air we breathe at home.

As the indoor environment increasingly becomes the primary exposure setting for most pop-

ulations—particularly in the context of energy-efficient, airtight buildings—understanding

the chemical consequences of everyday choices grows ever more important. The findings

presented here provide not only a scientific foundation for future indoor air quality research

but also a practical roadmap for interventions aimed at safeguarding health. Continued

research, public engagement, and policy innovation will be essential to ensure that as our

built environments evolve, the quality of the air within them does not become an unintended

casualty.
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