
Understanding the Sources, Composition, and
Health Risks of PM2.5 in Indoor Environments

Athina Ruangkanit

PhD

University of York
Chemistry

October 2025



Abstract

Humans spend the majority of their time indoors, yet research into inhalable exposures has largely
focused on outdoor or occupational settings. Comparatively little monitoring has been conducted
in indoor residential environments. This thesis investigates the composition and concentrations of
particulate matter in residential indoor environments, with particular focus on compounds of known
toxicological relevance, including phthalates and polycyclic aromatic hydrocarbons (PAHs).

A PM2.5 sampling method was developed for use in occupied real-home environments without dis-
rupting occupant activity. This approach enabled realistic measurement of indoor particle compo-
sition while maintaining the natural conditions of the sampling environment. Collected samples
were analysed to quantify target analytes, compare chemical composition, and assess toxicity using
toxic equivalency approaches. Results showed substantial variability between households, influenced
by occupant behaviour, location, and socioeconomic factors. Benzo[a]pyrene-equivalent analysis of
PAHs indicated that all households exceeded WHO guideline values. Phthalates, particularly dibutyl
phthalate and bis(2-ethylhexyl) phthalate (DEHP), were detected in nearly all homes, with DEHP
contributing most to overall toxicity potential. These findings highlight that while mass concentra-
tion is a useful exposure indicator, chemical composition is critical in understanding associated health
risks.

To complement residential sampling, controlled cooking experiments were conducted in a controlled
kitchen environment. These experiments examined PM2.5 and volatile organic compound (VOC)
emissions from common household cooking activities. GC×GC-ToFMS analysis showed that meat-
containing dishes tended to emit higher concentrations of lipid-derived compounds, while vegetarian
dishes containing dairy-derived products showed higher emissions of unsaturated fatty aldehydes.
Lipid-derived compounds such as fatty acids and sterols are less volatile and tend to partition into the
particulate phase, contributing to elevated PM2.5 levels following cooking. In contrast, unsaturated
fatty aldehydes are formed through thermal oxidation of fatty acids, are more chemically reactive,
and have been linked to respiratory irritation.

Importantly, these compounds are not exclusive to either meat or vegetarian cooking. Their formation
depends largely on ingredient composition, particularly fat type and content, as well as cooking
conditions. Differences between recipes were greater than differences between meat and vegetarian
versions of the same dish, suggesting that ingredient composition plays a more significant role than
meal type in emission profiles and associated health risks.

This work contributes to a broader understanding of indoor particulate matter composition, vari-
ability, and potential health risks, highlighting the need for continued research into indoor emission
sources and improved exposure assessment in residential environments.
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1 Introduction

Humans spend up to 90 percent of their time in indoor environments, but research into in-

halable exposures has largely focused on outdoor urban and industrial sources and settings[1,

2]. Comparatively little monitoring has occurred in indoor, residential environments[1]. This

is not to say that indoor pollutants will inherently cause more adverse health e�ects, but

further investigation into this �eld must be completed in order to have a more accurate es-

timation of individuals' exposures over their lifetimes. In addition, many of the regulations

relating to pollutant exposure are based on ambient outdoor concentrations; as individuals

spend most of their time indoors in residential, school, or o�ce settings, this may lead to

overexposure to certain pollutants, some of which can be higher indoors than at ambient

levels[3]. Despite the proportion of time that humans spend indoors, there are only a few

countries (Finland, Portugal, Slovenia, Lithuania) which regulate indoor air quality outside

of industrial settings[4].

The concentration of an indoor pollutant is dependent upon the relationship between the

volume of air in the enclosed space, the generation or release rate of the particular pollutant,

the removal rate (i.e. via settling or reaction), the rate of air exchange with the outdoor envi-

ronment, and the concentration of pollutants in the outdoor environment [3]. Actual levels of

exposure to humans is more di�cult to quantify as exposure is heavily impacted by personal

behaviours [5, 6]. Studies undertaken by the US Environmental Protection Agency (EPA)

have shown that personal exposures to many pollutants can exceed measurements taken at

ambient levels when high particle-emitting events take place [7]. Particle-emitting events

may be continuous (in�ltration from outdoors, heating systems), or intermittent (cleaning,

cooking, burning wood or candles).

A number of problems arise when attempting to sample in indoor environments as many

of the instruments developed for outdoor use are not suitable for indoor use[3]. This is due

to the cost, size, noise, and the amount of air that these instruments displace. In addition,

many of these instruments intended for indoor use are designed to take long term measure-

ments over several hours or days. This provides good estimates for long term exposures, but

may prevent the identi�cation of short-term, acute exposures[3]. This review will focus on

particulate matter as an indoor pollutant. Particulate matter consists of liquid droplets and

solid particles suspended in the air.
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1.1 Existing Policies and Regulations

Ambient air pollution is subject to regulations in many countries; these include legally en-

forceable standards for particulate matter, nitrogen dioxide, ozone, and other pollutants.

However, indoor air is often regulated only indirectly through building codes, ventilation

requirements, or occupational exposure standards. In the United Kingdom, the 2019 Clean

Air Strategy acknowledges indoor air pollution as a public health concern and encourages

e�orts to reduce emissions from domestic sources; however, it does not establish speci�c

concentration limits for pollutants in residential environments[8].

It is important to distinguish between residential or public indoor environments and occu-

pational or industrial settings. In industrial and workplace environments, indoor air quality

is subject to extensive monitoring and regulation through occupational health and safety

legislation. As an example, the UK's Control of Substances Hazardous to Health (COSHH)

Regulations and the US Occupational Safety and Health Administration (OSHA) standards

specify occupational exposure limits (OELs) for a wide range of inhalable pollutants[9, 10].

These regulations require employers to monitor workplace environments, assess risks to em-

ployees, and implement mitigation measures such as ventilation, substitution, or the use of

personal protective equipment when concentrations exceed prescribed limits. Similar poli-

cies exist in the European Union, where workplace exposure limits (WELs) are implemented

through directives such as the EU Chemical Agents Directive (98/24/EC) and the Carcino-

gens, Mutagens and Reprotoxic Substances Directive (2004/37/EC)[11, 12].

In contrast, the majority of non-industrial indoor environments lack such enforced stan-

dards. The UK Air Quality Expert Group (AQEG) has emphasized that despite individuals

spending approximately 80�90% of their time indoors, systematic monitoring and regulation

of indoor air quality remains limited [13]. Further guidance from UK-speci�c bodies reinforces

the importance of considering indoor exposures. The Committee on the Medical E�ects of

Air Pollutants (COMEAP) has estimated that long-term exposure to PM2:5 contributes to

tens of thousands of attributable deaths annually in the UK, primarily through cardiovascu-

lar and respiratory disease pathways [14]. While these estimates are based largely on ambient

concentrations, they are highly relevant to indoor environments given that the majority of

exposure occurs indoors. Unlike outdoor air, where pollutant concentrations are routinely

measured through national networks, there is no equivalent framework for residential or pub-

lic indoor environments[4]. The absence of monitoring contributes to knowledge gaps and

does not allow for the accurate assessment of human exposure across indoor environments.
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The World Health Organization (WHO) has issued several guidance documents aimed

at closing this gap. The WHO Guidelines for Indoor Air Quality: Selected Pollutants and

the WHO Global Air Quality Guidelines provide reference concentrations for key pollutants,

including particulate matter (PM 2:5 and PM10), nitrogen dioxide, carbon monoxide, and

formaldehyde, among others[15, 16]. Although these values are not legally binding, they serve

as benchmarks for policymakers to develop or revise national indoor air quality standards.

In practice, indoor pollutant concentrations are in�uenced by a combination of both

indoor and outdoor sources. Activities such as cooking, heating, and cleaning contribute

to elevated pollutant levels indoors, often exceeding outdoor concentrations, particularly

in energy-e�cient, airtight buildings where ventilation is limited[3]. As a result, usage of

outdoor air quality metrics may underestimate total human exposure, given that the majority

of exposure occurs indoors. Vulnerable populations, including children, the elderly, and

individuals with chronic respiratory or cardiovascular conditions, are especially susceptible

to the e�ects of elevated indoor pollutant concentrations[17].

As understanding of indoor emission sources grows, the development of future policies

will likely depend on improved monitoring technologies, standardized exposure metrics, and

closer collaboration between environmental, health, and occupational safety agencies.

1.2 Particle Size and Lung Deposition

Airborne particles can be separated into three di�erent size modes: nucleation, accumulation,

and coarse[18]. Nucleation, which is the smallest size mode, includes particles formed through

source condensation processes or via atmospheric chemical reactions. When these particles

coagulate or condensate, they form the accumulation mode, where they have the potential to

remain in the atmosphere for a long time[18]. When particles have a diameter of >2.5 �m,

they are part of the coarse mode[19]. These are often formed through mechanical processes,

and can be emitted directly from a source (primary emissions) or formed via secondary

reactions in the atmosphere[19].

In atmospheric chemistry, it is accepted that in terms of number concentration, the ma-

jority of airborne particles fall within the ultra�ne range, with diameters of less than 100 nm.

In contrast, larger particles make up the greatest proportion of total particle mass[20]. The

behaviour of particles (both in the air and once inhaled) is largely dependent upon their

physical characteristics, of which size is one of the most signi�cant[21]. Particle size deter-
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mines how long particles remain airborne, how they are transported within the respiratory

tract, and where they are ultimately deposited[21].

Fine particulate matter (PM2:5, particles with an aerodynamic diameter of less than

2.5 µm) can penetrate deeply into the respiratory system, depositing in the alveoli and in

some cases entering the bloodstream via the pulmonary epithelium[22]. In contrast, coarse

particles (PM10, 2.5�10 µm) are primarily deposited in the upper airways and tracheo-

bronchial regions, while ultra�ne particles (PM0:1, <100 nm) have the greatest potential for

intrusion into other systems within the body, including access to the cardiovascular and cen-

tral nervous systems[22]. Figure 1 depicts this phenomenon. This size-dependent deposition

behaviour highlights why PM2:5 and smaller fractions are often the focus of epidemiological

and toxicological studies.

Figure 1: A �gure showing the lung deposition of particles of varying size. Source: Sierra-Vargas
et.al, Air pollution: Impact and prevention[23]

The deposition of inhaled particles occurs through several physical mechanisms, including

inertial impaction, sedimentation, and di�usion[24]. Inertial impaction is dominant for larger,

coarse particles, which tend to deviate from air�ow streamlines and deposit in the nasal cavity

and pharynx. Gravitational settling (sedimentation) a�ects mid-sized particles, typically in

the tracheobronchial region, while Brownian di�usion allows ultra�ne particles to reach and

deposit within the alveolar regions[24].

Beyond physical deposition, the toxicological impact of particulate matter depends on its

chemical composition and surface area. Particles can cause adverse health e�ects through
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several mechanisms, primarily involving oxidative stress and in�ammation[25]. Following

deposition in the respiratory tract, reactive components such as transition metals, PAHs,

and organic carbon species can result in the generation of reactive oxygen species[25]. This

can lead to oxidative damage to cellular membranes, DNA, and proteins. Persistent oxidative

stress may contribute to the development of chronic respiratory and cardiovascular diseases

as well as carcinogenesis[25].

Ultra�ne particles, due to their high surface area�to�mass ratio, exhibit enhanced reactiv-

ity compared to larger particles[26]. Their surfaces can adsorb toxic chemicals and biological

agents, acting as carriers that facilitate transport into deeper lung tissue and potentially into

systemic circulation[26]. These particles can thus provoke in�ammatory responses beyond

the lungs, including endothelial dysfunction and oxidative damage in the cardiovascular sys-

tem[26]. These mechanisms, when combined with chronic exposure, may explain the strong

epidemiological links observed between �ne particulate matter and increased rates of mor-

bidity and mortality.

Some research suggests that improving residential and indoor environments represents

one of the most cost-e�ective approaches for reducing the overall population exposure burden

[27]. Annual costs of environmentally attributable childhood illness including asthma, cancer,

and lead poisoning are estimated to be 54.9 billion USD per annum. While not all of this is

attributable to indoor environmental exposures, their contribution is thought to be signi�cant

[28]. However, more detailed investigations are required, particularly for indoor settings

such as schools, elderly care facilities, and workplaces, where individuals spend substantial

portions of their time and where exposure to ultra�ne and �ne particulate matter may be

prolonged[27].

1.3 Chemical and Biological Components of Particulate Matter

Particulate matter (PM) is a mixture of solid and liquid particles suspended in air, comprising

a wide range of chemical and biological components originating from both indoor and outdoor

sources. The composition of PM2:5 is highly variable, and understanding the chemical and

biological constituents of PM is essential for interpreting exposure pathways and associated

health e�ects [3].

Chemically, PM2:5 typically consists of organic compounds, inorganic ions, trace metals,

and elemental carbon. Organic matter can account for a substantial fraction of �ne particu-

late mass and includes a wide variety of compounds such as PAHs, oxygenated organics, and
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semi-volatile organic compounds (SVOCs). Many of these compounds are produced through

incomplete combustion processes, including cooking, smoking, and outdoor vehicular emis-

sions that in�ltrate indoor environments [3, 29]. Inorganic components, such as sulfates,

nitrates, and ammonium, are often derived from secondary atmospheric processes outdoors

but can contribute signi�cantly to indoor PM through in�ltration [30]. Trace metals, includ-

ing iron, zinc, and lead, may originate from both outdoor sources (e.g. tra�c emissions) and

indoor activities such as cooking and abrasion of building materials [31].

Biological components of indoor particulate matter include bacteria, fungal spores, pollen,

endotoxins, and fragments of biological origin. Biological particles can be emitted directly

from occupants (e.g., skin cells), pets, or resuspended dust, and are strongly in�uenced by

occupancy, ventilation, and hygiene practices [32].

The relative contribution of these components varies depending on indoor activities and

external in�uences. Cooking has been identi�ed as one of the dominant indoor sources of

PM2:5, generating both organic aerosols and ultra�ne particles, with smoking as the other

dominant source of indoor PM [33]. In addition, cleaning activities and occupant movement

within the home can resuspend settled dust, increasing concentrations of both inorganic and

biological particles [34].

In�ltration of ambient air introduces particles from tra�c emissions, industrial activities,

and pollution events, which also contribute to the composition of indoor PM [35].

Table 1 summarises the major chemical and biological components of indoor particulate

matter, along with their primary sources and typical associated activities.

Table 1: Major components of indoor particulate matter and their sources

Component Type Examples Sources/Activities

Organic compounds PAHs, VOCs Cooking, smoking, combustion

Inorganic ions Sulfate, nitrate, ammonium Outdoor in�ltration, secondary aerosols

Trace metals Iron, zinc, lead Tra�c emissions, cooking, dust

Elemental carbon Soot Combustion, outdoor pollution

Biological particles Bacteria, spores, pollen Occupants, pets, resuspension

Dust/resuspended particles Dead skin cells Cleaning, movement, air�ow
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Overall, the composition of indoor PM re�ects a dynamic balance between indoor emis-

sions, occupant behaviour, and intrusion from outdoors. This complexity presents challenges

for both measurement and source attribution, necessitating advanced analytical techniques

capable of resolving a wide range of chemical species.

1.4 Sources and Composition

The composition of outdoor particulate matter is well-characterised, with combustion-related

activities such as vehicle emissions and industrial processes being the main sources of PM2:5

in outdoor environments[22]. In contrast, in indoor environments, many studies have found

cooking and smoking to be the largest contributors to indoor particulate matter concentra-

tions, while the use of cleaning products has a comparatively lesser e�ect[33].

1.4.1 Indoor Sources

Several studies have identi�ed cooking activity as the one of the most signi�cant sources of

particulate pollution in indoor environments[36]. As cooking and eating meals are an impor-

tant aspect of human cultural and societal norms, the majority of humans will be exposed to

cooking-related respiratory risk. Studies of cooking emissions have been conducted in both

real-world and controlled environments[36]. In studies carried out in a controlled environ-

ments, cooking emissions are largely determined by the fuel type used and the ingredients

being cooked[37, 38]. In real-world settings, emissions are also in�uenced by factors such as

room and kitchen arrangement, building materials, outdoor/indoor air exchange, and cooking

methodology[39].

Real-world emissions are further a�ected by kitchen layout, building ventilation, window

opening, and air exchange with adjacent spaces[40]. For example, in a survey of Canadian

homes, Sun et al. found that many occupants used ventilation inconsistently; fewer than

two-thirds used any ventilation device during cooking episodes[40].

Particle emissions vary by cooking method (e.g. frying, roasting, grilling, boiling, steam-

ing), ingredient composition, fuel types, temperatures, and the presence of ventilation and/or

extraction fans. Frying was found to increase total particle concentration by a factor of 6-

10 when compared to other cooking methods[41]. See and Balasubramaniam's controlled

environment studies found that oil-based methods such as pan-frying, stir-frying, and deep-

frying resulted in an increase in particles concentrations by a factor of 2-24 when compared

to water-based methods such as steaming and boiling, with cooking temperature and food
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amount and type being kept constant across the di�erent cooking types[42]. Amongst these

methods, deep frying produced the greatest particle concentrations. The di�erence in particle

concentrations can be attributed to the high-temperature heating of cooking oil, which gen-

erates fatty acids[42]. The increased emission is attributed to high-temperature breakdown

of lipids and volatilization of organic compounds[42].

Ventilation is among the most e�ective measures for reducing exposure to cooking emis-

sions, but its e�cacy is highly dependent on system design, location, and user behavior[40].

There are two main types of mechanical ventilation systems: vented and unvented. Vented

range hoods extract air to outside the home, while unvented range hoods pull air through a

�lter before recirculating it into the home. Opening a window or door can also be a method

of ventilation. In a study by Sun et al., it was found that two thirds of participants did not

utilise any methods of ventilation while cooking[40]. In another by Nagda et al., only 38

percent of participants used the range hood frequently at dinner, 14 percent at lunch, and

19 percent at breakfast[43].

Routine cleaning activities such as vacuuming, mopping, dusting, or spraying of cleaning

products can lead to resuspension of settled particles or the formation of secondary par-

ticles[44]. For example, the use of bleach or terpene-based cleaning agents may generate

secondary aerosols; Wang et. al. observed particle formation from terpenes and bleach emis-

sions, and Wong et. al. observed increases in chlorine particles after bleach cleaning[44,

45].

Building materials (and �ame retardants contained within building materials) are another

important source of particulates in indoor environments. A large number of chemicals found

indoors are present due to paints, wood preservatives, varnishes, and solvents[46]. Berglund

(1997) provides discussion of how indoor furnishings and building components serve as low-

level emission sources[46]. As these materials deteriorate, emissions may increase. Addition-

ally, human activities such as sitting on furniture, walking around, drawing curtains, etc. can

also lead to the resuspension of particles into indoor air[47].

Changes in building design over the past few decades to improve energy e�ciency have

led to the construction of more airtight homes; widespread use of synthetic materials have

reduced air leakage but increased the potential for pollutant accumulation indoors. While

these changes have led to reduced energy prices and greater comfort, they have also resulted in

environments where particulate matter is often more readily produced and built up to higher
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concentrations. With the enhanced airtightness of residential buildings, indoor concentrations

can exceed outdoor levels if internal sources are present[3, 30]. As such, changes in building

design are not a source of indoor particulate matter per se, but nevertheless can result in

elevated levels of indoor particulate matter as a consequence.

Cigarette smoking is a signi�cant source of indoor particulate matter and pollution. The

prevalence of cigarette smoking has decreased in recent decades; nevertheless, it remains

a large contributor of adverse health e�ects associated with indoor environments[48]. More

recently, vaping and e-cigarette aerosol emissions are emerging as indoor sources, but because

device composition is highly variable and regulation is nascent, robust data remain scarce.

Personal care products and fragranced candles represent potential sources of �ne particu-

late matter in indoor environments. Candle combustion releases soot and ultra�ne particles,

as well as compounds such as formaldehyde, acrolein, and naphthalene[49].

Additionally, many personal care items (e.g. perfumes, lotions, sunscreen) emit volatile

organic compounds and monoterpenes, which may undergo rapid oxidation indoors and form

secondary aerosols in the �ne-particle range.[50]. Because occupants typically apply these

products and light candles within the home environment, these behaviours contribute to

overall indoor PM2:5 exposure and should therefore be incorporated into source assessments

in real-home settings.

In the UK speci�cally, key indoor sources consistently identi�ed in literature include

cooking, cleaning activities, smoking, and emissions from building materials and consumer

products [3, 30, 51]. Cooking is widely reported as the dominant episodic source of �ne

and ultra�ne particles, particularly during high-temperature processes such as frying, while

cleaning and occupant activities contribute through both primary emissions and resuspension

of settled dust. Outdoor air pollution also makes a signi�cant contribution to indoor PM via

in�ltration and via soil adhering to footwear, then becoming resuspended into the air [52].

However, despite a relatively robust understanding of PM sources, there remains a notable

scarcity of detailed measurements of PM chemical composition in UK residential settings [53].

Existing studies have often focused on mass concentrations (PM2:5 and PM10) rather than

speciated composition. As such, the current state of the science in the UK is well-established

source attribution but comparatively limited data on the detailed chemical composition of

indoor particulate matter.
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1.4.2 Indoor and Outdoor Air Exchange

It is important to distinguish between the sources of indoor particulate matter, because

particles originating outdoors di�er in concentration, composition, toxicity, and mitigation

approaches compared to particles generated indoors[54]. Intrusion of outdoor pollutants is an

important contributor to indoor air pollution; however, with the introduction of measures to

reduce ambient pollution levels, indoor sources are becoming larger contributors to personal

exposures[35].

Beko et. al. found that in a study of 60 non-smoking residents of Copenhagen, indoor

activity accounted for 50 percent of the residents' daily personal exposure; amongst the

indoor environments studied, residences comprised the biggest contribution to exposure and

the associated mortality burden[55]. This underscores that even in areas with good outdoor

air quality, indoor sources can be signi�cant.

1.4.3 PAHs (Polycyclic Aromatic Hydrocarbons)

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds composed of multiple fused

aromatic rings, formed primarily by the incomplete combustion of carbon-containing materi-

als, and are present in both indoor and outdoor environments[56, 57]. Indoors, key emission

sources include cooking (especially frying or grilling), tobacco smoke, incense or candle burn-

ing, heating appliances, and in�ltration from ambient air[56, 58]. Because PAHs span a range

of volatilities, lower molecular-weight PAHs often partition to the gas phase, while higher

molecular-weight PAHs adhere to particles, which a�ects their transport and deposition char-

acteristics[56, 59].

Many PAHs, and especially heavier ones such as benzo[a]pyrene (BaP), have been recog-

nized as carcinogenic in nature[56, 60]. Epidemiological and experimental studies have linked

indoor PAH exposure to DNA adduct formation, oxidative stress, and increased lung cancer

risk[60]. Some assessments suggest that indoor PAH inhalation risks in urban settings may

exceed acceptable cancer risk thresholds (e.g. >1 Ö 10�6 )[59].

Because PAHs are often co-emitted with particulate matter in combustion processes (e.g.,

cooking or smoking), combining PM measurements with PAH speciation strengthens source

apportionment and toxicity assessments. In indoor air studies, BaP is frequently used as a

marker to represent the degree of carcinogenicity of PAH mixtures[56]. Monitoring indoor

PAHs is crucial for understanding chemical exposure and for informing public health policies
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in residential settings.

1.4.4 Phthalates

Phthalates are ubiquitous in many consumer products, and are used to create �exibility and

durability in plastics, electronics, �ooring, toys, and furniture. In addition, they are also

used as solvents and stabilisers in cosmetic and fragrance products[61]. Historically, dibutyl

phthalate (DBP), dimethyl phthalate (DMP) and diethyl phthalate (DEP) were the most

commonly used phthalates used for cosmetic purposes[62]. Based on a 2010 FDA survey of

cosmetics, use of DBP and DMP has fallen dramatically, and DEP is the only phthalate that

is still commonly used for cosmetic purposes[62].

While oral exposure via ingestion remains a primary route for many phthalates, inhalation

exposure may contribute signi�cantly, particularly for volatile or semi-volatile phthalates

and in environments with poor ventilation or high emissions. Toddlers and infants may be

especially vulnerable due to hand-to-mouth behaviors and higher breathing rates relative to

body weight, and prenatal exposure is also a concern[61, 63].

1.5 Indoor Air Quality Measurement Techniques

Many techniques for sampling particulate matter indoors derive from those used outdoors,

but without complications such as precipitation or large �uctuations in temperature and

humidity[64, 65]. Nevertheless, indoor sampling introduces its own set of challenges. Instru-

ments must be quieter, more compact, and less intrusive.

When measuring outdoors, particle mass and particle count are the two standard met-

rics[66]. Other key metrics include size distributions and chemical composition, as smaller

particles can penetrate further into the lungs.

A diverse range of sensors and samplers exist for measuring particulate matter. Gravimet-

ric methods are a widely used standard: �lters are weighed before and after sampling, and the

mass di�erence is used to estimate particulate mass[4]. Active sampling uses pumps to draw

air through �lters, often coupled with size-selective inlets such as cyclones or impactors to

separate particle size classes[4]. Cascade impactors, which cascade through multiple stages of

decreasing cuto�s before a �nal �lter, allow mass measurements of discrete size fractions[67].

In contrast, passive samplers rely on di�usion, deposition, or other passive transport
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mechanisms to collect particles. These are often favored in personal exposure or long-term

deployments because they are quiet and do not require power supply[68]. However, they are

more sensitive to ambient air�ow, particle size, and deposition biases, and typically require

longer sampling durations to accumulate measurable masses[69].

Optical methods estimate particulate concentration via light scattering or absorption. As

particles pass through a laser or light beam, they scatter or absorb light, which is detected

and converted to mass or particle number via calibration[66]. Optical sensors can provide

real-time data and avoid issues like �lter evaporation or bounce. However, they rely on

assumptions about particle size, density, and refractive index, so they cannot measure true

mass without correction[66].

Some researchers argue that particle number may better re�ect health risk than particle

mass, because it emphasizes the smaller particle fraction that reaches deep into the lungs[22].

Mass measurements, in contrast, are often dominated by larger particles or agglomerates.

Optical sensor methods and particle counters are commonly used to obtain number concen-

trations[70]. Particle surface area is another metric for toxicity that is gaining in popularity,

and has shown potential to be a stronger dose metric than particle mass to assess pulmonary

in�ammation caused by nanoparticles in particular[71].

In recent years, low-cost sensors have been investigated as a potential new avenue of

indoor air quality monitoring. Low-cost sensors allow researchers reduce the e�ects of ob-

servational e�ect when investigating residential environments, as occupants are less likely

to be disrupted, either by the researchers or by a larger, noisier sampler. In unoccupied

environments, intrusion by researchers can introduce new contaminants and resuspend PM.

Low-cost sensor deployment also allows for the use of a greater number of sensors, due to the

decrease in cost per unit. Studies have shown that many low-cost sensors perform modestly

well in laboratory or �eld comparisons, but their performance is often variable and dependent

on calibration, humidity, particle type, and environmental conditions[72, 73]. For example, a

one-year evaluation of three low-cost PM2:5 monitors in a non-smoking residence found that

while they tracked trends, absolute concentrations sometimes deviated signi�cantly from

reference instruments[74].

In the UK, DEFRA and other regulatory bodies employ a set of approved instruments

that have been demonstrated to be equivalent to the European PM reference method. These

instruments are expensive, large, and noisy, but allow for a high level of accuracy and preci-
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sion. These methods are the tapered element oscillating microbalance (TEOM), a gravimetric

method which depends upon the changing oscillating frequency of a microbalance with an air

�lter attached; beta ray attenuation (BAM), which uses the beta ray absorption of particles

collected on a �lter to measure particle mass; the FIDAS method, which utilises optical meth-

ods to count particles in varying size ranges, then extrapolates the data to estimate particle

mass; and the Partisol, a gravimetric sampler which draws air through a size-selective inlet

and sequentially size-selecting �lters.[75, 76].

The choice of measurement technique and monitoring equipment will always be an at-

tempt to balance accuracy, temporal resolution, intrusiveness, noise, and cost. In indoor

air studies, combining gravimetric, optical, and number/size metrics often gives the most

comprehensive view of particulate exposures, but this may not always be viable due to cost

and/or space limitations.

1.6 Health Impacts

Indoor air pollution has been estimated to account for approximately 91.5 million disability-

adjusted life years (DALYs) globally, with the heaviest burdens borne by low-income coun-

tries[77]. Exposure to particulate matter has been linked to various illnesses such as but not

limited to cancer, pulmonary in�ammation, cardiovascular disease, and coronary arterioscle-

rosis[30]. Long-term exposure (over years or decades) is associated with increased total,

cardiovascular, and infant mortality. The strongest epidemiological associations have been

found for PM2:5, followed by PM10[78, 79].

The pyramid of adverse e�ects from air pollution illustrates how health impacts are

distributed in a population, and is shown in Figure 2

Figure 2: The pyramid of health e�ects associated with ambient air pollution. Source: World
Health Organization. Health e�ects of air pollution: a general overview[80]
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At the base are subtle health changes such as irritation of airways, reduced lung function,

and in�ammatory responses that a�ect many individuals in a population. Moving up the

pyramid, the number of a�ected individuals shrinks but the severity of the e�ects increase,

e.g. from exacerbation of asthma and cardiovascular symptoms to admission to hospital.

At the apex of the pyramid are the rarest but most severe outcomes, including premature

mortality. The pyramid shows how the human population sits on a continuum of risk due to

exposure, from mild subclinical e�ects to serious illness and death.

PM2:5 is considered of high importance due to its consistently reported associations with

cardiovascular mortality in large cohort studies, as evidenced in the updated American Heart

Association (AHA) statement on particulate air pollution and cardiovascular disease[26]. In

particular, it was concluded that: exposure to particulate matter of diameter <2.5 um over

a few hours to weeks has the potential to trigger cardiovascular related mortality as well

as nonfatal events; exposure to PM2:5 for longer periods of time (i.e. months or years) will

increase these risks; life expectancy of those who are chronically exposed is decreased by

several months to a few years; reductions in overall PM levels were associated with decreases

in cardiovascular mortality; and credible biological mechanisms were identi�ed that lend bio-

logical plausibility to the �ndings[26]. The Air Pollution and Health: A European Approach

(APHEA and APHEA-2) found that PM in air was signi�cantly associated with the number

of deaths from all causes, as well as cardiovascular and respiratory mortality[81]. In all-cause

and cardiovascular mortality, the e�ects were larger on the �rst and second days of an ex-

posure event, but persisted for longer[81]. In contrast, for mortality, the lagged e�ects are

more pronounced and long-lasting[81]. In addition, the International Agency for Research

on Cancer (IARC) has recognised PM2:5 as a Group 1 carcinogen[82].

Recent cohort studies reinforce these links. For example, a large national cohort in China

reported elevated mortality risk from cardio-metabolic, respiratory, and cancer causes per

incremental increase in long-term PM2:5 exposure[83]. Similarly, a study from the United

States found that a 10 µg/m³ increase in average PM2:5 was associated with about a 24%

rise in cerebrovascular mortality, 23% increase in IHD mortality, and 8% increase in incident

myocardial infarction[84].

The incidence of asthma and allergic respiratory illnesses has roughly doubled in developed

countries over the past three decades. Bornehag et. al. have theorised that this increase is

due to declining air quality in residential environments, due to high energy prices and energy

saving campaigns causing individuals to reduce natural ventilation in their homes in an e�ort
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to conserve heat[Bornehag2005].

Due to its small size, PM2:5 has the ability to penetrate more deeply into lung tissue.

Particulate matter deposited in the alveoli can cause local in�ammation, which can in turn

elicit a systemic in�ammatory state[22]. These characteristics are believed to cause many

of the downstream cardiovascular and metabolic health e�ects observed in epidemiological

studies[22].

An individual's susceptibility to adverse health e�ects caused by particulate matter is

reliant upon the concentration of the particulate matter in the air, the individual's personal

sensitivity to that compound, the duration and frequency of their exposure, and the indi-

vidual's personal state of health[85]. Children in particular often experience adverse health

e�ects at lower concentrations due to their smaller stature, though the elderly and those with

chronic illness are also at higher risk. Gender, atopy, and psychological factors have also been

found to a�ect susceptibility[27]. In a follow-up analysis carried out on the Adventist Health

Pollution Study (AHSMOG), it was found that fatal coronary heart disease was signi�cantly

associated with PM2:5 exposure among women but not men [86]. Along with the results found

in the Women's Health Initiative Observational Study and the Nurses' Health Study, this

suggests that women are potentially at special risk due to exposure to particulate matter[26,

86]. However, further study is needed to determine whether this is a recurring pattern.

Studies of particle deposition characteristics have also shown that pulmonary deposition

of inhaled particles may di�er by gender. Overall deposition between men and women is

relatively comparable, or slightly higher in women depending on breathing pattern; however,

deposition was found be more localised within the lung in women[87]. Kim and Hu (1998)

suggest that this comparative increase in regional deposition may result in a greater health

risk in women exposed to PM[88].

A less quanti�able health outcome linked to indoor environments is Sick Building Syn-

drome (SBS). Symptoms include mucosal irritation, headache, fatigue, and respiratory dis-

comfort, which tend to worsen with prolonged occupancy[6]. Epidemiological reviews suggest

that women report SBS symptoms more frequently than men in identical indoor settings[89].

Building-Related Illness (BRI), by contrast, refers to speci�c pathologies (e.g. hypersensitiv-

ity pneumonitis, Legionnaire's disease) tied to known indoor exposures (e.g. mold, VOCs,

formaldehyde)[89].
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Although exposure to PM has been strongly linked to poor health outcomes, there has

more recently been a push to identify the speci�c compounds that are more likely to be a

threat to public health, thereby giving regulators more speci�c sources to target. A review

by Stanek et. al. found that while there was some evidence for links between certain ambient

PM components and speci�c health outcomes, studies di�ered in their conclusions as to which

groups of PM sources lead to which health outcomes[90]. As more studies investigate these

links, it is possible that there will be more agreement in the future within the scienti�c and

health communities.

1.6.1 Vulnerable Populations

Certain groups are more susceptible to the adverse health e�ects associated with particulate

matter exposure, due to physiological, developmental, or behavioural factors[17]. Among

these, children, the elderly, and individuals with pre-existing health conditions represent the

most at-risk populations[17].

Children experience greater vulnerability to airborne pollutants due to the ongoing de-

velopment of their respiratory and immune systems. They also have higher ventilation rates

relative to their body weight and spend more time indoors, increasing their inhalation dose

of �ne and ultra�ne particles[91, 92]. Epidemiological studies have linked chronic exposure

to PM2:5 in children to reduced lung function growth, increased respiratory infections, and

heightened risk of developing asthma[91]. Prenatal exposure to �ne particles has also been

associated with adverse birth outcomes, including low birth weight and preterm birth[93].

Black carbon particles have been found on the fetal side of human placentas, suggesting that

ambient particulates could bebeing transported to the fetus; this may provide evidence for

the deleterious e�ects of exposure to air pollution from early life onwards[94].

Older adults face increased susceptibility due to age-related declines in pulmonary clear-

ance and cardiovascular resilience[26, 95]. Exposure to particulate matter can exacerbate

existing conditions such as chronic obstructive pulmonary disease (COPD), ischemic heart

disease, and hypertension, leading to increased hospital admissions and mortality rates among

this demographic[96]. Systemic in�ammation and oxidative stress are hypothesised to be key

mechanisms linking PM exposure to cardiovascular morbidity in older populations[97].

Individuals with pre-existing respiratory or cardiovascular conditions are particularly sen-

sitive to even small increases in particulate matter concentrations[26]. Short-term exposure

events, such as those caused by cooking or heating, can trigger acute respiratory distress,
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chest tightness, or arrhythmia in these individuals[26, 98]. Similarly, people with metabolic

disorders, including diabetes, have demonstrated heightened in�ammatory responses and

impaired vascular function following exposure to PM2:5[99].

Socioeconomic status also plays a crucial role in exposure inequality. Lower-income house-

holds are often located near major roads or industrial areas and may lack adequate ventilation

or �ltration systems, compounding health disparities[100, 101]. Consequently, environmental

justice perspectives are increasingly being incorporated into air quality research and policy de-

velopment to address disproportionate exposure burdens among vulnerable and marginalised

populations[102].

1.7 Measuring Exposure

The measurement of human exposure to airborne pollutants is a critical step in understand-

ing associated health risks. In indoor environments, exposure is often quanti�ed through the

concentration of particulate matter and the time individuals spend in those environments.

However, the relationship between concentration and exposure is not always straightforward,

as human behaviour, ventilation, and building characteristics in�uence both pollutant accu-

mulation and personal contact rates with contaminated air[103].

Exposure assessments typically combine measurements of ambient concentrations with

estimates of inhalation rates, occupancy patterns, and microenvironmental variability[103].

Indoor monitoring campaigns often use time-resolved PM2:5 data to identify peaks corre-

sponding to activities such as cooking, cleaning, or smoking, while background levels are

recorded to represent quiescent conditions[103]. Integrating these measurements over time

provides a more complete estimate of personal exposure, particularly when combined with

information about occupant movement and duration of stay within each environment.

In residential and occupational settings, exposure can be expressed as an average daily

dose or cumulative lifetime dose. These calculations combine concentration data with physi-

ological factors such as breathing rate, body weight, and duration of exposure. For example,

the U.S. Environmental Protection Agency (EPA) provides standard exposure factors that

are widely used in risk assessments[103]. Such data allow for comparisons across demo-

graphic groups, highlighting vulnerable populations who may experience greater exposures

due to age, occupation, or health status.

In the UK, COMEAP provides independent advice to the government on the health
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impacts of air pollution. COMEAP has highlighted that both short and long term exposure to

particulate matter, particularly PM 2:5, are associated with increased mortality and morbidity,

and emphasises that there is no clear safe threshold for exposure [14].

In addition, the Air Quality Expert Group (AQEG) have recognised that indoor environ-

ments represent a major component of total exposure, particularly in the UK where housing

and ventilation practices di�er from those in North America and Asia. UK homes are often

more airtight due to energy e�ciency measures, which can reduce in�ltration of outdoor air

but also cause the accumulation of indoor generated pollutants [13]. As such, assumptions

from other regions may not fully capture the circumstances of indoor air pollution in UK

residential environments.

Beyond total PM concentration, source apportionment and chemical characterization pro-

vide insights into which speci�c compounds contribute most signi�cantly to human exposure.

Certain compounds, such as phthalates or PAHs, are associated with higher toxicological con-

cern[15, 104]. Their presence in indoor particulate matter may be small compared to the

concentrations of other compounds, but they can dominate health risk assessments due to

their carcinogenic or endocrine-disrupting properties[15, 104].

1.7.1 Measuring the Health Risks of PAH and Phthalate Exposure

Polycyclic aromatic hydrocarbons (PAHs) and phthalates are among the most studied semi-

volatile organic compounds (SVOCs) in indoor environments, due to their ubiquity and

toxicological signi�cance. Both compound groups exist in the gas and particle phases, and

their distribution between these phases depends on temperature, particle composition, and

volatility[15]. In indoor settings, they are typically measured from particulate matter samples

collected on �lters, often using low- or medium-volume air samplers designed for integrated

sampling over several hours to days.

Toxic equivalency factors (TEFs) are a tool used to estimate carcinogenic potential of

exposures. These factors, �rst proposed by Nisbet and LaGoy in 1982, express the toxicity of

each PAH relative to benzo[a]pyrene (BaP), which serves as the reference compound due to its

well-established carcinogenicity[104]. The resulting BaP-equivalent concentration (BaPeq) is

a metric that accounts for di�erences in toxic potency across multiple PAH species, allowing

comparison between samples and between environments[104].

In measuring phthalate exposure, bis (2-ethylhexyl) phthalate (DEHP) is often used as a
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marker compound because of its widespread presence and relatively high toxicological rele-

vance[105]. Its risk assessment commonly relies on the use of reference doses or cancer slope

factors, which translate exposure estimates into quantitative health risk metrics. The DEHP

slope factor of 0.014 (mg kg�1 d�1 )�1 , for instance, is often used to estimate incremental

cancer risk in exposure studies[105].

While absolute concentrations provide an indication of pollutant abundance, toxicity-

weighted measures such as BaPeq for PAHs and cancer slope factor�based doses for phthalates

o�er a more direct link between exposure and health risk.

1.8 Comprehensive Two-Dimensional Gas Chromatography Cou-

pled with Time-of-Flight Mass Spectrometry

Comprehensive two-dimensional gas chromatography coupled with time-of-�ight mass spec-

trometry (GC�GC�ToF-MS) is an analytical technique designed to improve the separation

and identi�cation of complex mixtures of organic compounds. Conventional one-dimensional

gas chromatography (1D-GC) separates compounds using a single capillary column, where

analytes are separated based on their volatility and a�nity with the stationary phase[106].

While this approach is e�ective for simple mixtures, it can struggle when analysing envi-

ronmental samples that contain hundreds or thousands of compounds with similar structural

properties[107]. Co-elution of compounds in 1D-GC can make it di�cult to resolve individual

analytes [108].

GC�GC addresses this limitation by introducing a second separation step that operates

using a column with di�erent chemical selectivity. In this system, analytes �rst pass through

the primary column, where they are separated based on volatility or polarity depending

on the stationary phase used. Fractions of the e�uent are then periodically trapped and

re-injected into a second, shorter column via a modulator [106, 109]. This process occurs

continuously throughout the chromatographic run, producing a two-dimensional separation

in which compounds are separated according to two distinct chemical properties[106]. As

a result, compounds that may co-elute in the �rst column may be separated in the second

dimension, signi�cantly increasing chromatographic resolution. In the setup used throughout

this thesis, the primary column separated analytes based on their volatility, and the second

based on their polarity.

The modulation process is a key component of GC�GC systems. During modulation,
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small portions of the e�uent from the �rst column are transferred into the second column in

narrow pulses via a stop-ang-go system caused by hot and cold jets of air hitting the column

and controlling the rate at which the e�uent reaches the second column [109]. This results in

a series of short, highly concentrated peaks entering the second column, which improves peak

sharpness and enhances sensitivity [106]. The result is a chromatogram where compounds

are organised according to two retention dimensions, visualised as a two-dimensional contour

plot.

Detection in this system is achieved using time-of-�ight mass spectrometry (ToF-MS).

ToF-MS instruments measure the mass-to-charge ratio of ions based on the time it takes for

them to travel through a �ight tube after ionisation. Because all ions are detected simul-

taneously, ToF-MS can achieve rapid spectral acquisition rates [110]. The fast acquisition

speed of ToF-MS allows full mass spectra to be collected across narrow peaks, allowing for

accurate compound identi�cation[110].

The combination of comprehensive two-dimensional separation and high-speed mass spec-

trometric detection makes GC�GC�ToF-MS particularly well suited for the analysis of com-

plex environmental samples such as those collected for this thesis. Indoor air contains a wide

range of organic compounds; GC�GC�ToF-MS enables improved resolution of structurally

similar compounds such as PAHs and their derivatives, which may overlap in conventional

GC analyses. The increased peak capacity and enhanced sensitivity of this technique allow

both targeted and non-targeted analyses to be performed within the same dataset, allowing

for the identi�cation and quantitation of targeted compounds as well as the exploration of

untargeted components of indoor particulate matter.

1.9 Literature Search Strategy

The literature review was conducted using a �exible and exploratory search strategy, whereby

initial searches were carried out using Google Scholar, employing combinations of key terms

including �indoor particulate matter�, �PM 2:5�, �indoor air quality�, �PAHs in indoor envi-

ronments�, �phthalates in indoor environments�, and �cooking emissions�.

Search results were screened based on title and abstract to identify studies relevant to

indoor environments, particulate matter composition, and human exposure. Particular em-

phasis was placed on articles reporting health-related assessments. Where relevant papers

were identi�ed, their reference lists and citing articles were also examined (backward and

forward citation tracking) to identify additional key studies.

21



1 Introduction

Studies were generally included if they investigated indoor particulate matter or indoor air

quality in residential or comparable environments, investigated or quanti�ed health risks due

to exposure to an indoor pollutant, and/or provided information regarding speci�c compound

classes and their toxicity.

Studies were excluded if they focused on volatile compounds as they are not within the

scope of this project, or if they were not accessible through the University of York's journal

subscriptions.

1.10 Conclusions and Project Aims

Although there have been rising numbers of studies focusing on the generation, distribution,

and longevity of indoor particulate matter, it is apparent that it is still a �eld which needs

to be further explored. As most academic focus thus far has been on outdoor environments,

many of the existing monitoring methods will need to be modi�ed for use indoors.

As there is still debate regarding the best metric for estimating toxicity and risk to

human health, further investigation is needed regarding the e�cacy of measuring particle

mass, particle number, and particle surface area. It is possible that these factors, in addition

to composition, combine with each other to form unique toxicity pro�les.

Due to the inherent variation present across indoor environments depending on occupant

number, behaviour, location, and furnishings, there will be signi�cant challenges to building

understanding of particle composition in indoor environments. Many researchers are focusing

on laboratory cooking experiments, as cooking has been found to be the most signi�cant

source of indoor particulate matter; however, these experiments are di�cult to compare due

to di�erent approaches to study design and protocols, and due to the varied nature of cuisines

across cultures. Particle emissions from cleaning supplies are similarly varied, and due to

their relatively low concentrations in indoor environments, are challenging to quantify and

characterise. With advances in technology and research, it is likely that in the years to come,

our knowledge of indoor particulate matter and its risks to human health will expand greatly.

The aim of this study is to investigate the composition, concentrations, and potential

health risks of indoor particulate matter in real home environments, with particular emphasis

on compounds with known health risks such as PAHs and phthalates.
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This project seeks to:

ˆ Quantify concentrations of particulate matter in residential indoor environments under

real-home conditions.

ˆ Characterise the chemical composition of collected particles to aid source identi�cation.

ˆ Evaluate the toxicological signi�cance of observed concentrations of compounds with

known health e�ects.

ˆ Carry out an exploratory non-targeted analysis of cooking emissions in a controlled

environment. This was initially outside the scope of this study, but due to a global he-

lium shortage causing delays in the original study, experiments were added to compare

emissions across di�erent popular recipes and between vegetarian and non-vegetarian

ingredients.

Through these aims, the project intends to contribute to the broader understanding of

human exposure to indoor particulate matter and to identify key factors in�uencing variation

in exposure and health risks. This study is novel in combining detailed chemical character-

isation with real-world residential sampling across multiple homes, providing an integrated

assessment of indoor particulate matter that captures both environmental variability and

human exposure, and using an interdisciplinary approach encompassing environmental mon-

itoring, chemical analysis, and toxicological relevance.

By identifying key sources and measuring exposure to harmful compounds, this study

provides evidence that can inform future research and the development of strategies to reduce

indoor air pollution and its associated health risks.
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2 Development of a method to collect and characterise

particulate matter in occupied indoor homes

2.1 Background

The INGENIOUS (UnderstandING the sourcEs, transformatioNs and fates of IndOor air

pollUtantS) project is a multi-disciplinary collaboration between several universities in the

UK and Born in Bradford (BiB), which conducts a cohort study following the health of

children and families over a period of 30 years. INGENIOUS aims to broaden understanding

of the composition and concentration of indoor air pollutants vary and how this exposure

a�ects people in their homes. It also aims to investigate these unknowns and deliver useful

interventions to limit exposure. Its project structure is outlined in Figure 3

The INGENIOUS team seeks to quantify and identify:

ˆ The composition and concentrations of air pollutants within indoor spaces, such as

those from cooking and cleaning.

ˆ How air pollutants react chemically and transform over time, including when di�erent

air pollutants mix.

ˆ How air pollutants from indoor air sources a�ect outdoor air quality and vice versa.

ˆ How di�erent household behaviours a�ect the production of and exposure to air pollu-

tants, and how this in�uences health outcomes and inequalities.

ˆ Which behaviour change interventions are most e�ective at reducing exposure to indoor

air pollution.

ˆ Which recommendations should be taken forward as policy solutions.

[111]
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Figure 3: Structure of the INGENIOUS project

Work Package 2 of the wider INGENIOUS project was focused on collecting air quality

data from real-home environments. This was done in several phases, whereby several di�erent

samplers were introduced over a two-week period. This project speci�cally was set to come

in at the end of the overall sampling period, and collected samples over the last 72 hours in

participants' homes. Figure 4 shows the deployment breakdown for the di�erent samplers

across WP2 homes. The focus of this thesis is the tip of the pyramid, where the aim was to

obtain speciated particulate matter data.

Figure 4: Number of houses for each sampler type

2.2 Sampler selection and modi�cation

Because the sampling would take place in an indoor, residential environment, there were

three major areas of concern that needed to be considered in the selection of an appropriate

PM sampling instrument:
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ˆ Participant safety: Was it safe to operate over an extended period of time? Was it

stable, and what was the potential for it to cause physical harm to a participant?

ˆ Participant comfort: Will the noise from the instrument be overwhelming or irritating

to participants? If so, this could cause participants to change their behaviour, e.g.

avoiding the kitchen or its proximal areas, leaving the house for prolonged period of

time, etc., which could result in samples that are not representative of the household.

It could also result in the sampler being turned o� prematurely. In addition, there were

concerns about the size of the instrument, as kitchen counter top space was likely to

be limited, and the cost of the instrument to run given the cost-of-living crisis that was

sweeping the UK at the time of the experiment.

ˆ Reliability of the sampler: Will the sampler stay on for the entire 72-hour period, and

will it maintain its set �ow rate throughout the sampling period? Would the instrument

overheat or catch �re?

Before indoor sampling was allowed to commence, NHS ethics approval for the project

needed to be obtained, as the project involved human subjects and access to NHS medical

records. This meant that the sampler and procedure had to meet high standards for the

safety and comfort of the participants. As a consequence, the decision was made to select

an industry-manufactured sampler as opposed to one created in-house, as it would have

undergone extensive safety testing as part of the product development process.

In summary, what was needed was:

ˆ A sampler that could be relied upon to keep to a set �ow rate for 72 hours. The �ow

rate required would vary from instrument to instrument depending on its cutpoint, so

this would be determined after the instrument was selected. The 72-hour sampling

time was pre-determined by the wider INGENIOUS project.

ˆ The selected sampler would use PTFE (polytetra�uoroethylene) and SPE (solid-phase

extraction) �lters, as outlined in the method developed by Stewart et. al. [112].

2.2.1 The Microvol 1100

Initially, the Microvol 1100 (ACOEM) was selected as the sampler to use for this project

as it was advertised as a low-�ow sampler which was designed for both indoor and outdoor

sampling of particulate matter. It was also promoted as having low energy consumption and
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quiet operation. Weighing 3.75 kg and with dimensions of 30 x 17 x 17 cm, it was determined

to be a good weight and size for deployment purposes [113].

Figure 5: The Microvol 1100

However, as testing commenced with this sampler, it became clear that there were several

factors which would make the Microvol 1100 very di�cult to use for the purposes of the study.

The device was fairly unstable and easily toppled. The �lter holder was located near the top

of the sampler, and the �lter holder component was easily detachable from the rest of the

device. It was thought that the shape and design were not particularly rugged and any

attention from children or pets in the household could cause damage to the sampling head,

and its aforementioned instability would have posed a potential safety hazard to participants.

In addition, the buttons which controlled the settings and operation of the device were easily

accessible and there was no way to lock the device; if participants accidentally or purposely

pressed any of the buttons, operation would have been compromised. A cage or cover would

have needed to be constructed to cover the buttons and prevent tampering.

Despite being designed for indoor sampling, the device was still too loud to be placed

within participants' homes for the planned period of time. When operated in a laboratory

environment, its noise emissions were tolerable but in a series of tests conducted in a quiet,
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residential environment, the sound was intolerable to residents of the domiciles. These tests

were carried out by members of the supervisory team, other PhD students, and the author of

this thesis�samplers were to collect samples over the weekend, and all samplers were turned

o� within a few hours of operation. As such, a soundproo�ng enclosure was necessary to

reduce the overall noise emissions. The shape of the Microvol 1100 meant that the sound-

proo�ng enclosure would be complex to produce. Additionally, the sampler caused signi�cant

vibrations on the surface it was placed on. Budgetary constraints limited the amount that

could be spent on custom enclosures. As such, it was determined that other samplers would

be explored.

2.2.2 The Minivol TAS

The Minivol Tactical Air Sampler (TAS) (AirMetrics) is a low-�ow pump designed for both

outdoor and indoor particulate sampling, with programmable �ow rates ranging from 1-10

L/min. It is shown in Figure 6a. It can operate from both AC and DC power sources; when

using DC power, it can draw from an internal battery pack which holds roughly 24 hours'

worth of power. It records the total time it has ever been in operation, in hours, with an

Elapsed Time Totalizer, pictured in Figure 6
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(a) The Minivol TAS
(b) The interior and control panel of the Minivol

TAS

Figure 6: The interior and exterior of the Minivol TAS

It was both heavier (4.5 kg) and bulkier (25.4 x 53.3 x 17.8 cm) than the the Microvol

1100, but much more stable and robust [114]. Most signi�cantly, it produced noise at higher

levels than the Microvol. However, its rectangular shape was deemed more easily built around

for the construction of a soundproo�ng enclosure. The sampler also came with an easy-to-use

transportable case that made deployment of the instrument to homes much simpler. It was

determined that the Minovol TAS would be the sampler of choice for the real-home sampling

of PM2:5 for the INGENIOUS project; following a testing phase, �ve additional devices were

purchased for a total of six samplers to be deployed semi-simultaneously.

2.2.3 Soundproo�ng the Sampler

It was determined that custom soundproo�ng enclosures would need to be built for the

Minivol TAS to make the noise levels emitted bearable to participants. A Class II sound

level meter which complied with IEC 61772-1 was purchased and used to measure the sound

emitted from the instrument. At point-blank range, the sound level was around 60 dBA (deci-

bels, A-weighted), which is equivalent to the sound levels produced by normal conversation
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from 1 metre away.

Electrical housing boxes (Schneider Electric NSYS3D3320P, 300 mm, 300 mm, 200 mm,

IP66) were purchased to form the base of the soundproo�ng enclosure. The size of the boxes

were chosen based on the idea that while soundproo�ng was necessary, it was also vital that

the size of the box would be kept minimal to conserve space in small kitchens. Cutouts

were made by the Chemistry Department Machine Shop to accommodate the �lter holder

and inlet of the device. Soundproo�ng foams of several thicknesses and composition were

purchased, as well as a pad of anti-vibration foam. Di�erent combinations and placements of

the foams were used to line the walls, �oor, and door of the enclosure. Between each version

of placements, sound levels were measured.

It was eventually determined that the Dodo Soundstopper v2 foam by itself was the best

choice to reduce noise while leaving enough room for the sampler within the soundproo�ng

enclosure. This soundproo�ng foam is comprised of two layers of sound absorbing foam

with a layer of soundproo�ng mass coupled vinyl between them, and was designed for use in

vehicles and around pumps or generators. Of the foams purchased, it was also the thinnest

and heaviest.

The foams were glued onto the walls and �oor of the electric box. The door was not able

to be insulated due to lack of space; the door could not close with a layer of insulation glued

to it. Figure 7 shows how the sampler sits within the soundproo�ng enclosure.
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