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ABSTRACT 

Indoor air pollution now ranks as a top environmental health risk globally. Poor indoor 

air quality can detrimentally affect human health and the economy. Volatile organic 

compounds (VOCs) are pervasive indoor air pollutants. The major objectives of this 

research are to evaluate what is known about indoor VOCs, to understand what the typical 

VOCs people are exposed to within indoor environments, and to assess ways to reduce 

exposures and effects of indoor VOCs.  

First, this research systematically evaluates 25 years (1991–2016) of investigations of 

VOCs within indoor environments in Australia. Among 31 papers evaluated, the most 

frequently studied environment was domestic housing (61%), and the most frequently 

quantified compound was formaldehyde (81%). Active sampling techniques were used in 

82% of studies of benzene, toluene, ethylbenzene, and xylene (BTEX), and in 38% of 

studies of formaldehyde and other carbonyls. New homes had the highest VOC levels 

among all studies of domestic housing. For nearly all pollutants, indoor levels were 

several times higher than outdoor levels. Among the most prevalent compounds indoors 

were terpenes, such as d-limonene and α-pinene. All studies were conducted at a regional 

or local level, and no study reported statistically representative indoor VOC data for the 

Australian population. The evaluation revealed a diversity of sampling approaches and 

techniques, pointing to the importance of a standard approach for collecting and reporting 

data. 

Second, this research investigates volatile organic compounds (VOCs) at a large 

Australian university, within locations of campus services, restrooms, renovated offices, 

a green building, meeting areas, and classrooms. Analysis of 41 VOCs across 20 locations 

revealed indoor concentrations higher than outdoor concentrations for 97% of all VOC 

measurements (493 unique comparisons). Hazardous air pollutants (formaldehyde, 

benzene, toluene, and xylenes) were up to an order of magnitude higher indoors than 

outdoors, and at the highest combined geometric mean concentrations in classrooms (51.6 

µg/m3), renovated offices (42.8 µg/m3), and a green building (23.0 µg/m3). Further, d-

limonene, ethanol, hexaldehyde, β-pinene, and isobutane were up to two orders of 
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magnitude higher indoors than outdoors. The most prevalent VOCs (e.g., ethanol, d-

limonene, and formaldehyde) have links with building materials, furnishings, and 

fragranced consumer products such as air fresheners and cleaning supplies. Highest 

indoor to outdoor concentration (I/O) ratios of formaldehyde (27), toluene (9), p-xylene 

(12), and m-xylene (11) were in a green building; highest of benzene (6) in renovated 

offices; and highest of o-xylene (9) in meeting areas. Although indoor concentrations of 

hazardous air pollutants (i.e., benzene, formaldehyde, toluene, xylenes) were higher 

indoors than outdoors, the indoor concentrations are nonetheless lower than applicable 

World Health Organisation guidelines. Results from this study are consistent with 

findings from similar international studies and suggest that university indoor 

environments may be important sources of pollutants. 

Third, this research investigates volatile emissions from six residential dryer vents, with 

a focus on d-limonene. It analyses and compares concentrations of d-limonene during use 

of fragranced and fragrance-free laundry products, as well as changes in switching from 

fragranced to fragrance-free products. In households using fragranced laundry detergent, 

the highest concentration of d-limonene from a dryer vent was 118 µg/m3 (mean 33.34 

µg/m3). By contrast, in households using only fragrance-free detergent, the highest 

concentration of d-limonene from a dryer vent was 0.26 µg/m3 (mean 0.25 µg/m3). After 

households using fragranced detergent switched to using fragrance-free detergent, the 

concentrations of d-limonene in dryer vent emissions were reduced by up to 99.7% (mean 

79.1%). This simple strategy of switching to fragrance-free products significantly and 

almost completely eliminated d-limonene emissions. Results from this study demonstrate 

that changing from fragranced to fragrance-free products can be a straightforward and 

effective approach to reduce ambient air pollution and potential health risks.      

In summary, this research identified primary indoor air pollutants and understudied 

locations. It evaluated indoor air quality at a university and provided evidence that green 

and renovated buildings may not necessarily guarantee improvements for indoor air 

quality. It assessed an approach to reduce VOC emissions in residences and demonstrated 

that significant reductions were possible. In conclusion, this research provides novel 
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scientific findings that can help improve indoor air quality both in Australia and 

internationally.  
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1 INTRODUCTION 

1.1 CONTEXT AND PROBLEM STATEMENT 

In Australia, as in many other countries, most human exposure to volatile organic 

compounds (VOCs) occurs indoors. However, relatively little is known about the air 

quality within these environments. While ambient air is regulated in Australia, indoor air 

is essentially unregulated and unmonitored. Pollutant levels are usually several times 

higher indoors than outdoors, with typical indoor sources of VOCs including consumer 

products and off-gassing of building materials.  

Poor indoor air quality (IAQ) can detrimentally affect human health and the economy. 

For instance, in the USA, Australia, and France, the annual costs due to lost productivity 

and illness from poor IAQ are estimated to be $235, $12, and $32 billion Australian 

dollars respectively (Fisk and Rosenfeld, 1997; Brown, 1998; Boulanger et al., 2017). 

Primary sources of indoor VOCs are fragranced consumer products such as air fresheners, 

cleaning products and laundry supplies. Emissions from fragranced consumer products 

have been associated with adverse effects to humans. For instance, more than one-third 

of Australians report health problems from fragranced consumer products (Steinemann, 

2017).   

1.2 SUMMARY OF THE KNOWLEDGE GAPS 

The literature review showed a need for a systematic evaluation of the Australian 

literature to address a gap in the understanding of indoor VOCs in Australia, and how 

indoor air studies can be improved. There is a need to better understand the variation in 

sampling time and highlight the importance of a standard approach to VOC sampling, 

analysis, and reporting. Furthermore, the literature review revealed a need to conduct 

further research of VOC levels and sources in a range of microenvironments at a 

university as these have been relatively neglected in indoor air quality studies. The review 

also identified the need for systematic intervention studies to better understand 

approaches to reducing VOC exposure from one of the most prevalent indoor pollutants 

- fragranced consumer products. 
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1.3 OBJECTIVES AND SCOPE (RESEARCH AIMS) 

The overall objectives of this research were to evaluate what is known about indoor VOCs 

in Australia, to understand what the typical VOCs people are exposed to within indoor 

environments, and to assess ways to reduce exposures of indoor VOCs. To address these 

objectives, three main studies were undertaken: (1) a quantitative systematic evaluation 

of the Australian VOC studies; (2) an air quality sampling and analysis across 20 locations 

at a large University; and (3) an intervention study and air quality investigation of 

emissions from residential clothes dryers. 

The detailed objectives and scope for each of the three studies are outlined as follows: 

1. The quantitative systematic evaluation of Australian VOC studies examines and 

evaluates the sampling approaches, analytical techniques, and VOC data from 

indoor environments. It compares results with health-based guidelines, where 

possible, and among studies that report similar sampling methods. The prevalence 

and concentrations of formaldehyde and BTEX compounds are a focus due to 

their classification as air toxics. The scope of this research was limited to 

Australian indoor air quality VOC studies conducted between 1991–2016. 

 

2. The air quality sampling and analysis at a large Australian university investigates 

VOCs, including carbonyls, within a variety of indoor environments. It 

determines the concentration and prevalence of pollutants indoors, compares 

indoor to outdoor concentrations, and assesses the potential implications of the 

results. The study includes 41 pollutants, with a focus on hazardous air pollutants 

(i.e., formaldehyde, benzene, toluene, and o, m, p-xylene). 

 

3. The intervention study and air quality investigation of emissions from residential 

clothes dryers involved sampling and analysis of air quality at six households in 

in Melbourne, Australia. It analyses, quantifies, and compares emissions from use 

of fragranced and fragrance-free laundry products. It investigates potential 

reductions in D-limonene by switching from fragranced to fragrance-free 
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products. It also explores a practical and cost-effective approach to improve 

indoor and outdoor air quality and reduce pollutant exposures.   
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1.4 THESIS ORGANISATION (OVERALL APPROACH) 

This thesis is arranged into seven chapters including this introduction. The document is 

structured as follows. Chapter 2 is a literature review that provides the theoretical 

background and context of the research area and identifies the need for the research. 

Chapter 3 states each research question and connects it to the relevant section of the 

literature review. It also describes the approach taken to answer each research question. 

The following three Chapters (i.e., 4-6) are the three journal articles derived from this 

thesis.  

Chapter 4 provides experimental methods, results, discussion, and conclusions from the 

systematic evaluation of the Australian VOC research. This study examined and 

evaluated the sampling approaches, analytical techniques, and VOC data from indoor 

environments in Australia. It offered lessons learned and recommendations that can help 

improve indoor air quality studies in Australia and internationally.  

Chapter 5 provides experimental methods, results, discussion, and conclusions from the 

investigation of indoor VOCs at an Australian University. This study investigated VOCs, 

including carbonyls, within a variety of indoor environments at a large Australian 

university. It determined the concentrations and prevalence of pollutants indoors, 

compared indoor to outdoor concentrations, and assessed the potential significance.  

Chapter 6 provides experimental methodologies, results, discussion, and conclusions 

from the study of emissions from residential dryer vents during use of fragranced and 

fragrance-free laundry products. This study analysed and quantified VOC emissions from 

residential clothes dryer vents, compared emissions from use of fragranced and fragrance-

free laundry products, and evaluated strategies to reduce hazardous VOC emissions and 

indoor air pollutants.  

Chapter 7 provides the conclusions, overarching themes, and wider implications of this 

research. It also suggests areas for possible future research. References and Appendices 

are provided at the end of the thesis.   
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2 BACKGROUND AND MOTIVATION 

This chapter provides the background information that underpins the work carried out in 

this research. It is based on a general narrative review of the literature and sets the context 

for the following chapters. This chapter includes a general description of key topics such 

as indoor air quality, VOCs, and the sources of indoor pollutants. It outlines the topics of 

exposure and health, respiratory effects of VOCs, and current strategies to improve indoor 

air quality. It identifies the three knowledge gaps in the literature that are the basis of the 

research questions and subsequent chapters of this thesis. In addition to the background 

material presented in Chapter 2, additional background material is also provided in each 

of the articles published in Chapters 4, 5, and 6. 

2.1 INDOOR AIR QUALITY 

In many countries around the world, including Australia, people spend over 90% of their 

time indoors, in locations such as the home (i.e., residence, apartment, mobile home or 

caravan), office, public buildings, restaurants, recreational buildings, and within various 

forms of transport (cars, buses, trains) (Australian Government, 2016; Klepeis et al., 

2001).  However, relatively little is known about the quality of air in these environments 

(Australian Government, 2016). In contrast to ambient air, indoor air is essentially 

unregulated and unmonitored, even though pollutant levels are usually several times 

higher indoors than outdoors (Bari et al., 2015; Stocco et al., 2008; Wallace et al., 1987). 

That is, Australian regulations address some VOCs in ambient air (i.e., NEPM, 2004) and 

in certain occupational environments (i.e., SWA, 2018). However, in most other indoor 

environments, such as homes, offices, and schools, VOCs are unmonitored and 

unregulated.  According to the World Health Organisation, indoor air pollution now ranks 

as a top environmental health risk globally, other threats are climate change, adequate 

sanitation, malaria, and urban air quality (WHO, 2019). Poor indoor air quality can 

detrimentally affect human health and the economy (Mudarri, 2014; Levin, 2005).  

Indoor air quality can be defined as the "totality of attributes of indoor air that affect a 

person's health and well-being" (Brown, 1997). Research activities exploring IAQ aim to 

identify pollutant sources for health risk assessments and management by measuring 
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contaminants and pollutants within indoor environments. These pollutants may be 

chemical (e.g., volatile organic compounds and semi-volatile organic compounds), 

biological (e.g., mould, fungi, dust mites and microbes), physical (e.g., dust, particulates 

and ultrafine particles), as well as mixtures of all of these. Evaluation of IAQ aims to 

determine how well indoor air meets requirements of building occupants in terms of their 

health and well-being. IAQ in the context of this research refers to the air within non-

industrial places only such as homes, offices, and schools.  

2.2 VOLATILE ORGANIC COMPOUNDS  

Volatile organic compounds (VOCs) are a main category of indoor pollutants. Common 

in urban environments, VOCs typically have higher levels indoor than outdoors (Bari et 

al., 2015). Some VOCs are hazardous and the concentrations of these compounds are 

regulated in ambient air. Hazardous air pollutants (also known as "air toxics"), are defined 

as "gaseous, aerosol or particulate pollutants that are present in the air in low 

concentrations with characteristics such as toxicity or persistence so as to be a hazard to 

human, plant or animal life" (Environment Australia, 2001). 

Several definitions of VOCs exist, for instance, the National Pollutant Inventory defines 

VOCs as "any chemical compound based on carbon chains or rings with a vapour pressure 

greater than 0.01 kPa at 293.15 K (i.e., 20°C), that participate in atmospheric 

photochemical reactions" (NPI, 2009). The World Health Organisation recommends the 

classification of different organic compounds according to their boiling point, as follows: 

very volatile organic compounds (VVOCs) (boiling point: <0–100 °C), VOCs (boiling 

point: 50–260 °C), and semi-volatile organic compounds (SVOCs) (boiling point: 240–

400 °C) (WHO,1989). For this research, VOCs are defined as "all organic compounds in 

the boiling point range of 50–260 degrees Celsius, excluding pesticides" (NHMRC, 

1992). Formaldehyde falls outside this definition but is still considered a VOC as it is a 

prevalent and health-significant indoor air pollutant. Formaldehyde has a boiling point of 

-19°C and a vapour pressure of 0.2 k Pa at 20 degrees Celsius (NCBI, 2016). The 

concentration of VOCs in indoor environments is due to a number factors, but 

fundamentally requires an understanding of emission sources.  
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2.3 SOURCES OF VOLATILE ORGANIC COMPOUNDS 

Research over the last 30–40 years has indicated that the principal sources of indoor 

VOCs are consumer products and building materials (e.g., Bari et al., 2015; Jia et al., 

2010; Ott et al., 2006; Wallace et al., 1987). Early research in the US showed for the first 

time that indoor exposure to pollutants was much higher than outdoors (Wallace et al., 

1987). The Total Exposure Assessment Methodology (TEAM) studies identified a list of 

the most prevalent VOCs found in human participant’s blood and breath after exposure 

to indoor sources (Wallace et al. 1991, 1991b). The sources of these VOCs were 

predominantly (i) consumer products and (ii) building materials. Both of these primary 

sources had been relatively overlooked in previous research. After the likely sources were 

identified, individual items were tested under controlled conditions in environmental 

emission chambers. The researchers found between 10 and 100 volatile organic 

compounds per material or product, and many of these were considered toxic, such as 

chloroform, trichloroethane, benzene, styrene, carbon tetrachloride and dichlorobenzene 

(Wallace et al. 1987). The characterization of pollutants emitted from consumer products 

and construction materials was a formative step in our understanding of the prevalence of 

VOCs (Wallace et al., 1987; Girman et al., 1987). Recent studies show that VOC 

emissions from fragranced consumer products are both a dominant contributor to 

pollutants indoors (Maisey et al., 2013; Cheng et al., 2016; Goodman et al., 2017) as well 

as outdoors (McDonald et al. 2018). 

Consumer products include common items such as cleaning supplies, air fresheners, 

laundry products, and personal care products. Fragranced consumer products, in 

particular, emit numerous VOCs such as limonene, alpha-pinene, ethanol, acetone, and 

hazardous air pollutants such as formaldehyde, and acetaldehyde (Nazaroff and 

Welschler, 2004; Steinemann, 2015). An individual "fragrance" in a consumer product 

typically contains several dozen to several hundred chemicals, but none need to be 

disclosed to the public (Lunny et al., 2017; Steinemann, 2009). In recent studies, all 

fragranced products tested, even those called green and organic, emitted hazardous air 

pollutants (Nematollahi et al., 2018; Steinemann, 2015).  
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In addition to consumer products, building materials such as manufactured wood 

products, carpets, furnishings, vinyl floor coverings, and paints are major  sources of 

indoor VOCs. Concentrations are especially high in recently renovated and tightly sealed 

or energy efficient buildings (Ott, 2006; Brown, 2002; Wallace et al., 1987). 

2.4 INDOOR AIR QUALITY STANDARDS AND GUIDELINES 

The World Health Organization has prepared guidelines based on a comprehensive 

evaluation of the scientific evidence of the toxic properties and health effects of VOCs. 

These guidelines enable a basis for health protection from exposure to VOCs and develop 

strategies to reduce or eliminate exposure to those pollutants known to be hazardous 

(WHO, 2010). Several countries (e.g., Canada, South Korea, Japan) have indoor air 

quality guidelines (or standards) that specify maximum short-term and long-term 

exposure limits to hazardous VOCs (e.g., benzene, formaldehyde) (Abdul-Wahab et al., 

2015). For instance, Health Canada specifies that the concentration of formaldehyde for 

long term human exposure should be less than 50 µg/m3 (40 ppb) over an 8-hour period 

(Canadian Government, 2018). By comparison, Health Canada specifies that the 

concentration of formaldehyde for short term human exposure should be less than 123 

µg/m3 (100 ppb) over a 1-hour period.  

Australia currently does not provide regulatory standards or enforceable guidelines for 

acceptable VOC concentrations within indoor environments. Attempts have been made 

to develop Australian guidelines and set goals outlining the maximum permissible levels 

of pollutants in indoor air (NHMRC, 2016). Although these interim national indoor air 

quality goals were rescinded in 2002 (NHMRC, 2016), they continue to be used to 

evaluate research outcomes and make comparisons with overseas observations and 

standards (Cheng et al., 2016; Brown, 2002).   

Sampling duration is a critical consideration, especially if comparisons are to be made 

among studies and with health-based guidelines. A closer examination of formaldehyde 

studies provides an example of the variation in sampling duration. For instance, in the 

Australian literature, three papers had a sampling time of 8 hours (i.e., Rumchev et al., 

2002; Zhang et al., 2006; Rumchev et al., 2007), four papers had a sampling time of up 
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to 7 days (i.e., Ayers et al., 1999; Gillett et al., 2000; Sheppeard et al., 2006; Dunne et al., 

2006), and five papers had a sampling time between 3 days and 5 days (i.e., Garrett et al., 

1997; Dingle et al., 2000; Franklin et al., 2000; Dingle and Franklin, 2002; Loveday et 

al., 2010). Due to their differing sampling times, comparisons between these studies were 

limited.   

When comparing results from VOC studies to the concentrations specified in exposure 

guidelines the sampling times must be the same. In the international literature, there are 

many discrepancies between the sampling times used for VOC studies and those specified 

in exposure guidelines. This point is rarely acknowledged and is a problem for indoor air 

quality researchers as it limits comparability of the results to exposure guidelines. There 

is an excellent opportunity to systematically evaluate the literature to better understand 

the variation in sampling time and highlight the importance of a standard approach to 

VOC sampling, analysis, and reporting. 

2.5 INDOOR ENVIRONMENTS AND VOC STUDIES 

This review of the literature found that, among Australian VOC research, the most 

frequently studied indoor environment was housing (new and established), followed by 

primary schools, office buildings, caravans, and other environments such as restaurants, 

vehicles, and gymnasiums.  New housing was the focus of several studies (i.e., McPhail, 

1991; Godish et al., 1995; Garrett et al., 1997; Brown, 2001; Brown, 2002; Dingle and 

Franklin, 2002). However, the definition of a "new house" varied from less than 12 

months to less than 10 years old. Schools were the focus of several investigations (Zhang 

et al., 2004, 2006; Rumchev et al., 2007; Marks et al., 2010; Lazenby et al., 2012; Mishra 

et al., 2015a, 2015b), reflecting the vulnerability of children and the long periods of time 

spent at school. However, houses and schools are only some of the places where 

Australians spend considerable time (Australian Government, 2016), suggesting a need 

for evaluation of other indoor environments. 

Indoor VOC levels of other educational environments, such as preschools, high schools 

and universities, are not well understood in Australia. In addition, indoor VOC 

assessments of health care facilities, hospitals, day care centres, and aged care facilities 
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are scant. These environments are especially important because their occupants may be 

more vulnerable to the effects of VOC exposure.  

Internationally, a number of studies have investigated the type and concentration of VOCs 

in educational facilities such as primary and secondary schools (Zhang et al., 2006; 

Godwin and Batterman, 2007; Rumchev et al., 2007; Sofuoglu et al., 2011; Madureira et 

al., 2015; Mishra et al., 2015a, 2015b; Verriele et al., 2015). However, relatively few 

studies have evaluated the type and concentration of VOCs across a range of indoor 

environments within a university. The only identified Australian investigation took place 

over 16 years ago (Rumchev et al., 2003), with a focus on BTEX and chlorobenzene 

levels in laboratories. International studies examined VOCs within classrooms, canteens, 

workshops, laboratories, offices, and a library (Chan et al., 2007); and offices, 

laboratories, classrooms, hallways, storage areas, and a coffee room (Yurdakul et al., 

2017). One study evaluated formaldehyde and other carbonyls, but not other VOCs, 

within 15 different categories of indoor environments, including university offices, 

lecture theatres, a laboratory, a library, stores, dining facilities, services, and housing (Ho 

et al., 2014). Other studies examined VOCs including formaldehyde, but with a focus on 

specific environments such as libraries (Allou et al., 2008; Kang et al., 2017), refurbished 

offices (Kolarik et al., 2015), dormitories and teaching buildings (Kang et al., 2017), and 

a departmental building (e.g., Solomon et al., 2008; Akal et al., 2015).   

In summary, indoor air quality from university microenvironments are not well studied 

locally or internationally. As a mini-city, a university provides diverse indoor locations 

that accommodate tens of thousands of students, staff, and visitors over the duration of a 

working day. Research into university microenvironments presents an excellent 

opportunity for further research complementing the larger body of research conducted in 

schools and homes. 

2.6 VOCS AND HEALTH 

Many of the VOCs frequently detected in indoor environments can have adverse effects 

on human health. VOCs have been associated with both acute and chronic health 

problems such as cancer, genetic damage, immunodeficiency, and disorders of the 
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respiratory and nervous systems (NPI, 2009; Wallace et al., 1987). Some VOCs are 

classified as hazardous air pollutants (HAPs). These include benzene, xylene, 

ethylbenzene, toluene, naphthalene, formaldehyde and acetaldehyde (Environment 

Australia, 2001). Sources of HAPs include emissions from combustion processes and 

motor vehicles, industrial processes, and emissions from paints, adhesives, and consumer 

products (Environment Australia, 2001). VOCs that are human carcinogens in accordance 

with WHO classification (Group 1) include benzene, vinyl chloride, acetaldehyde, and 

formaldehyde (IARC, 2018). The importance of formaldehyde as an indoor pollutant is 

reflected in the large body of literature dedicated to evaluating its prevalence and possible 

health effects (i.e., McPhail, 1991; Brown et al., 1994; Godish et al., 1995; Rumchev et 

al., 2002; Cheng et al, 2016). Primary sources of formaldehyde include engineered wood 

products, insulation materials, flooring materials, adhesives and solvents (Brown, 1994, 

2001). Formaldehyde is also known to form when a group of VOCs called terpenes (e.g., 

limonene) react with oxidants such as ozone (Nazaroff and Welschler, 2004). 

In Australia, approximately 10% of the population (2.1 million) reports asthma or 

asthmatic symptoms (Asthma Australia, 2015). Studies suggest that the rising prevalence 

of asthma in society has coincided with a series of other simultaneous changes in lifestyle, 

home décor, and the use of consumer products (Mendell, 2007; Weisel et al., 2002; US 

EPA, 2011). Fitted carpets, home furnishings, and the use of central heating and air 

conditioning in buildings that are much more energy efficient and air-tight are also 

contributing factors (Mendell 2007; Brown 2002). There is evidence to suggest that 

indoor VOC exposure can exacerbate or trigger asthma, particularly in children. For 

example, Rumchev et al. (2007) reports "that children exposed to a concentration of total 

VOCs of ≥ 60 µg/m3 had a fourfold increased risk of having asthma while children 

exposed to single compounds such as benzene at levels of ≥ 20 µg/m3 had an eightfold 

increased risk of asthma." Furthermore, exposure of Australian children to gas stove 

emissions (e.g., formaldehyde, ultrafine particles, nitrogen dioxide) is associated with 

12.3% of the total asthma burden in children aged 14 years or under (Knibbs et al., 2018). 

Fragranced consumer products such as air fresheners, cleaning supplies, laundry 

detergents, and personal care products are primary sources of indoor VOCs that can 
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adversely affect health. Fragranced products emit a range of VOCs including 

acetaldehyde, acetone, ethanol, α-pinene, linalool, and d-limonene (Steinemann et al. 

2013). Furthermore, terpenes such as α-pinene and d-limonene can react with ozone to 

generate hazardous air pollutants such as formaldehyde, acetaldehyde, and ultrafine 

particles (Nazaroff and Weschler 2004).  

Exposure to volatile emissions from fragranced consumer products has been associated 

with adverse health effects in the general population and in vulnerable sub-populations. 

Recent nationally representative cross-sectional population-based studies in the US, 

Australia, the UK, and Sweden (Steinemann 2016, 2017, 2018, 2018b), using the same 

survey instrument in each country's native language, found that 34.7%, 33.0%, 28.7%, 

and 33.1% (respectively) of adults reported adverse health effects such as asthma attacks 

and migraine headaches when exposed to fragranced products. In addition, national 

studies of asthmatics in the US and Australia (Steinemann 2018c; Steinemann et al., 2018) 

found that 28.9% and 12.1% (respectively) of adults with diagnosed asthma or an asthma-

like condition reported adverse health effects from the fragrance of laundry products 

coming from a dryer vent. Several other studies also found that exposure to fragranced 

products is associated with adverse health effects, such as decline in forced expiration 

volume (Kumar et al., 1995); increased bronchial hyper-responsiveness (Schnabel, 2010); 

reductions in lung function (Dales et al., 2013); irritation of the airway mucosa (Elberling 

et al., 2005); and exacerbation of asthma symptoms (Millqvist et al., 1999). Reducing 

emissions and exposures due to fragranced consumer products offers the potential to both 

improve indoor air quality and reduce adverse health effects. 

2.7 IMPROVING IAQ 

Three main approaches can be used to improve indoor air quality; these are source control 

by reducing or eliminating the pollutant source, increasing ventilation rates, and use of 

air filtration technologies. In almost all circumstances, source control is the most desirable 

option, followed by increased ventilation, and then air filtration (Siegel 2016).  

Laboratory studies have found that air filtration or air cleaning technologies based on 

activated carbon are effective at reducing indoor concentrations of VOCs including 
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benzene, limonene, and formaldehyde (Sidheswaran et al., 2011), and toluene, 

cyclohexane, and ethyl acetate (Haghighat et al., 2008). Another study tested five air 

cleaners for their efficiency and capacity to purify air and revealed significant variations 

in removal efficiencies (i.e., between 0–100%) (Owen et al., 2014). However, air filtration 

and cleaning technologies can even have a negative efficiency, this occurs when more 

contaminants are being generated than removed (Siegel, 2016).  

Ventilation is associated with perceived indoor air quality, health, and productivity 

(Wargocki et al. 2002). For instance, if the outdoor air supply rate in office buildings was 

below 25 L/s/person, there was an increase in short-term sick leave, and decreased 

productivity among occupants (Wargocki et al., 2002). However, as buildings become 

more energy efficient and air exchange rates are reduced, increasing ventilation may not 

be straightforward. In a domestic context, a recent review of home ventilation rates 

revealed that the "current evidence indicates a tendency of improvements in respiratory 

health with increased home ventilations rates; however, health benefits do not occur 

consistently; thus, other methods of indoor exposure control must be employed together 

with ventilation" (Fisk, 2018). 

Source control can address both building materials and consumer products. Building 

material selections are critical as the installation of new materials can be a source of 

contaminants that emit compounds into the indoor environment long after the 

construction has been completed (Spengler et al., 2001). Consumer products used inside 

a building can also be a dominant source of VOC pollutants. If the source can be 

identified, for example a fragranced cleaning product or air freshener, removal of the 

source is generally the most effective and practical option. A source can also be replaced 

with a similar and less problematic option. For instance, a fragranced cleaning product 

can be replaced with a fragrance-free cleaning product, offering the same functionality 

but without the associated risks with fragrance chemicals (Steinemann 2017). 

Several studies have used interventions to evaluate the effectiveness of these strategies. 

For instance, an intervention in a school building showed that increasing ventilation air 

pressure reduced VOC levels, and also improved occupant comfort (Vornanen-Winqvist 
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et al., 2018). Another study in homes with attached garages found that addition of an 

exhaust fan in the garage significantly reduced VOC concentrations (e.g., benzene, 

toluene, ethylbenzene, and xylenes) in the homes (Mallach et al., (2017). Intervention 

studies using air purification filters usually focus on particle matter (e.g., PM2.5), rather 

than VOCs (e.g. Batterman et al., 2012). The review of the literature, however, did not 

identify any intervention studies that evaluated the effectiveness of source removal of 

VOCs from fragranced consumer products, which are a major source of indoor pollutants 

(Steinemann 2015). Thus, there is a promising opportunity to investigate VOC reduction 

strategies to determine whether improvements to indoor air quality are possible from 

removing or replacing fragranced consumer products. 

2.8 CHAPTER SUMMARY 

This review provides definitions for indoor air quality and VOCs. It also provides 

information on the primary indoor sources of hazardous pollutants (i.e., consumer 

products and building materials).  

The review found that some countries have air quality guidelines, and others follow those 

specified by the WHO. It found that the Australian Government rescinded national indoor 

air quality guidelines (advisory) in 2002. Recognising that there are many discrepancies 

between the sampling times used for VOC studies and those specified in exposure 

guidelines, the review identified a need to systematically evaluate the literature to better 

understand the variation in sampling approaches, analytical techniques, and VOC data 

from indoor environments. 

Indoor VOC levels within homes has been relatively well studied, as were levels in 

conventional offices and primary schools. Indoor environments such as apartments, green 

buildings, and university buildings were understudied in Australia. A university can be 

considered a mini city; for example, on a daily basis, tens of thousands of students and 

staff occupy a diverse range of indoor environments for varying amounts of time (e.g., a 

few hours, to more than 8 hours). These observations suggested that research into 

university microenvironments presented an excellent opportunity for further research. 
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Such research might also include, for example, apartments or green buildings located on 

a university campus. 

Finally, the review identified several approaches that can be used to improve indoor air 

quality. Source control, or reducing or eliminating the pollutant source, was considered 

as the most effective. However, this approach has relatively little prior study. Based on 

the literature, a promising opportunity for future research would be an intervention study 

that evaluated the effectiveness of VOC reduction using source control strategies. 

2.9 KNOWLEDGE GAPS  

The literature review identified several knowledge gaps. This research will focus on three 

of these.  

The first knowledge gap was the need for a greater understanding of indoor VOCs in 

Australia and ways future studies might be improved. There is a gap in the understanding 

of the sampling approaches, analytical techniques and VOC data from indoor 

environments in Australia. In addition, there is a need to establish what the key indoor 

pollutants are, and what the indoor environments for future investigation need to be.    

The second knowledge gap was the need for a greater understanding of air quality within 

university indoor environments. Very limited prior research has investigated indoor air 

quality within a university environment. Further, the types of microenvironments (e.g., 

restrooms, campus services, green building, renovated offices) at the university have been 

relatively neglected in indoor air quality studies overall.   

The third knowledge gap was the need for a greater understanding of the effectiveness of 

strategies to reduce indoor concentrations of VOCs. Fragranced consumer products are a 

major source of indoor pollutants. There is a gap in the understanding of the possible 

benefits of VOC reduction using source control strategies to reduce levels of fragranced 

consumer products. Based on the literature, a promising opportunity for future research 

would be an intervention study that evaluated the effectiveness of VOC reduction using 

source control strategies.   
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3 RESEARCH QUESTIONS AND APPROACH 

RESEARCH QUESTIONS 

The purpose of this section is to provide an overview of the research questions and how 

they fit together. This PhD aims to answer three research questions (Table 1). Table 1 

lists the questions with relevant reference to the literature review. The numbered order 

corresponds to the sequence in which the questions will be addressed.  The approach that 

will be used to answer each research question is provided in Sections 3.4–3.6 (Research 

Approach). 

Table 1. The three research questions   

Research Question Justification 

1. What is known about indoor VOCs in 

Australia and how can indoor air studies 

be improved? 

 

This research will examine and evaluate 

the sampling approaches, analytical 

techniques, and VOC data from indoor 

environments in Australia. It will 

establish key indoor pollutants and 

indoor environments for future 

investigation. (Please see sections 2.4 of 

the literature review.) 

 

2. What are the typical VOCs to which 

people are exposed within indoor 

environments? 

 

The research will focus on a university 

environment, as an example of a mini-

city, providing a range of different 

microenvironments. Very limited prior 

research has investigated indoor air 

quality within a university environment. 

Further, the types of microenvironments 

at the university have been relatively 

neglected in indoor air quality studies. 

(Please see section 2.5 of the literature 

review.) 

 

3. What are ways to reduce these VOC 

exposures and effects? 

This research will analyse and quantify 

VOC emissions from residential clothes 

dryer vents, compare emissions from use 

of fragranced and fragrance-free laundry 

products, and evaluate a strategy to 

reduce hazardous VOC emissions and 

indoor air pollutants. (Please see section 

2.7 of the literature review.) 
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3.1 RESEARCH QUESTION 1. 

Most exposure to VOCs, including hazardous pollutants, occurs indoors (Environment 

Australia, 2001). Indoor levels of these pollutants are several times higher than outdoors 

and in Australia, indoor air is essentially unregulated and unmonitored (Steinemann, 

2004). Hazardous pollutants are regulated outdoors, but there are no equivalent guidelines 

for indoor environments in Australia. Guidelines are vital to understand health related 

exposure effects, however, there is also a need for indoor air quality assessments to be 

conducted in a manner that allows comparison of results to be made to guidelines. The 

methods and approaches used to conduct indoor air quality investigations vary greatly, 

and there is often a mismatch between the sampling periods specified in health-related 

exposure guidelines and the sampling periods used in air quality investigations. This 

makes comparisons of results potentially misleading. This research will examine and 

evaluate the sampling approaches, analytical techniques, and VOC data from indoor 

environments in Australia. It will establish key indoor pollutants and indoor environments 

for future investigation. It will also offer lessons learned to help improve future indoor 

air quality investigations in Australia and internationally. (Section 2.4 of the literature 

review.) 

3.2 RESEARCH QUESTION 2 

Existing IAQ studies in Australia have focused principally on new and established homes 

as well as caravans and to a lesser extent office buildings and recreational venues. Indoor 

air quality is under researched in Australia with several states and major cities reporting 

very limited or no research in the published literature. Few studies in Australia or the 

world, based on the literature review, have examined IAQ in a university environment. 

The only identified Australian investigation took place over 16 years ago (Rumchev et 

al., 2003), with a focus on BTEX and chlorobenzene levels in laboratories. A university 

can be considered a mini city; for example, on a daily basis, tens of thousands of students 

and staff occupy a diverse range of indoor environments for varying amounts for time 

(e.g., a few hours, to more than 8 hours). Consequently, universities provide a range of 

typical environments that can be primary sources of exposure to indoor pollutants. 

Research into university microenvironments presents an excellent opportunity for further 
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research complementing the larger body of work conducted in schools and homes. This 

research question will measure VOCs in a number of university microenvironments. 

(Section 2.5 of the literature review). 

3.3 RESEARCH QUESTION 3. 

A primary source of VOCs indoors are fragranced consumer products. These products 

have been associated with adverse health effects, including asthma attacks and breathing 

difficulties (e.g., Steinemann 2016, 2017, 2018, 2018b; Millqvist et al., 1998; Elberling 

et al, 2007; Kumar et al., 1995; Rumchev et al., 2004). Fragranced products consist of a 

complex mixture of several dozen to several hundred chemicals, many of which are 

hazardous air pollutants (Steinemann, 2009). In addition, VOCs from fragranced products 

can undergo further chemical reactions to produce secondary pollutants such as 

formaldehyde (Nazaroff and Weschler, 2004). This research question aims to test and 

evaluate the effectiveness of strategies to reduce fragranced product VOCs within indoor 

environments. Concentrations of VOCs can be reduced through different methods and 

technologies, such as source reduction, increased ventilation, and air filtration. (Section 

2.7 of the literature review.) As an example, fragrance-free policies have been 

implemented across Australia and other countries in efforts to reduce indoor exposures to 

fragranced product emissions. No prior research, however, has investigated the 

effectiveness of strategies for reducing fragranced product VOCs indoors. Systematic 

research is needed to examine VOC reductions and the associated economic, 

environmental and social benefits. Fragranced cleaning products such as laundry 

detergents emit VOCs that contribute to indoor and outdoor air pollution. Prior work 

(Steinemann et al., 2013) analysed VOC emissions from residential dryer vents during 

use of fragranced laundry products. The study found more than 25 VOCs emitted from 

the dryer vents, including nine compounds classified as hazardous or toxic. Chemical 

analysis of fragranced laundry products found that D-limonene was the most prevalent 

VOCs ingredient. By contrast, D-limonene was not found in fragrance-free laundry 

products. There is a promising opportunity to investigate VOC reduction strategies to 

determine whether improvements to indoor air quality are possible from removing or 

replacing fragranced laundry products. This research will focus on emissions from 
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residential clothes dryers before and after switching from fragranced to fragrance-free 

laundry products. 
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RESEARCH APPROACH  

This section provides further detail of how the research questions will be answered. It 

describes the research methods in detail, including experimental methods and analytical 

techniques.  

3.4 APPROACH FOR RESEARCH QUESTION 1 

This research involved a systematic quantitative evaluation of the Australian VOC 

literature. Methods followed established protocols such as The Preferred Reporting Items 

for Systematic Reviews and Meta-Analysis (PRISMA) Statement reported by others (e.g., 

Moher et al., 2010). Original research papers published in English language academic 

journals were obtained by searching electronic databases including Compendex, 

ProQuest, Web of Knowledge, and Scopus. The results were refined to identify authors 

and studies from Australia.  

To be included in the evaluation, a study needed to (i) provide experimental data from 

sampling and analysis of VOCs from an indoor environment in Australia, (ii) report on 

an indoor environment that was non-industrial, and (iii) be published as a peer-reviewed 

journal article, book chapter, or official government report. If two articles referred to the 

same data, only the original reference was included in the analysis. For each study, results 

and data were evaluated according to the following 13 factors: geographical location, year 

and focus of study, type of indoor environment, building operational status, sampling 

methods, sampling duration, number of air samples, analytical methods, number and type 

of VOCs, concentration of compounds, comparison of studies, indoor to outdoor 

concentration ratios, and seasonal variation. 

For each factor, the relevant information was summarised and quantified and results 

presented as percentages. To summarize and compare VOC concentration data, a standard 

unit of µg/m3 was chosen. In all cases, data were preserved in their original reported 

statistical format (i.e., arithmetic mean, median, geometric mean). 
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3.5 APPROACH FOR RESEARCH QUESTION 2 

This research aimed to better understand the typical pollutants to which people are 

exposed within typical indoor environments. It involved sampling and analysis of VOCs 

at a large Australian university to better understand pollutant concentrations and potential 

exposure risks.  

3.5.1 OVERVIEW OF SAMPLING APPROACHES 

The sampling methods used to collect VOCs are critical as they influence the integrity of 

data and determine whether the findings can be compared to guidelines. Sampling 

methods are defined by a range of factors including the sampling media used to collect 

VOCs, the sampling duration, and whether sampling was conducted by active or passive 

techniques. Active sampling requires a pump to collect air samples whereas passive 

sampling is diffusion controlled.  

Sampling and analytical protocols include those published by Australian agencies (i.e., 

Standards Australia), international agencies such as the US National Institute of 

Occupational Safety and Health (i.e., NIOSH, 1994), or by the manufacturers of sampling 

or analytical equipment (e.g., Radiello, 2006). Among the most frequently cited are US 

EPA Compendium Methods TO11A for carbonyls / formaldehyde, TO17 for VOCs (US 

EPA, 1999a; US EPA, 1999b).  

3.5.2 HUMAN ETHICS APPROVAL 

As this research required samples to be collected from public spaces a Minimal Risk 

Ethics Application was submitted on September 15, 2015. A copy of the Consent Form, 

Plain Language Statement, and display signs to inform occupants of the nature of the 

research are included in Appendix A. Formal ethics approval was received on November 

16, 2015 and preliminary sampling commenced immediately thereafter. 

3.5.3 MICROENVIRONMENT SELECTION 

The indoor and outdoor environments were selected based on several criteria including 

the type of room (e.g., classroom, office), the use or function of the room (e.g., learning, 
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working), and the cleaning or management activities taking place (e.g., dry cleaning, use 

of air fresheners). Air samples were collected from a range of indoor environments across 

the University of Melbourne Parkville Campus and corresponding ambient air samples 

were collected as the same time for comparison.  A detailed list of the indoor and outdoor 

environments sampled is provided in Appendix B1.  

3.5.4 SAMPLING TECHNIQUES 

3.5.4.1. SAMPLING MEDIA AND EQUIPMENT 

In this study indoor air samples were collected and analysed in accordance with USEPA 

Compendium Methods TO-17 for VOCs, and TO-11A for carbonyls. Two types of 

sample media were used. For VOCs (e.g., benzene, toluene, and d-limonene), Markes 

multi-adsorbent tubes (Carbograph 1TD/Carbopack X) were used, and for carbonyls (e.g., 

formaldehyde, acetaldehyde, and acetone), Superlco LpDNPH S10 air monitoring 

cartridges (Cat. no. 21014) were used. An ozone scrubber (Superlco Cat. no. 505285) was 

used to prevent oxidation of aldehyde compounds collected in the Superlco LpDNPH S10 

cartridges. Programmable data logging pumps were used to collect air samples and the 

pumping equipment was specific to each media type; for VOCs (Markes tube) a SKC 

Pocket Pump 210-1002 (Eighty Four PA, USA) was used and for carbonyl sampling (S10 

cartridge) a TSI Incorporated SidePak SP730 (Shoreview, MN, USA) was used. The flow 

rate of each pump was calibrated before sampling and measured at the beginning and end 

of each sample collected. Samples were collected by actively drawing air through sample 

media, for VOCs two multi-adsorbent tubes connected in series, and for carbonyls 

individual LpDNPH cartridges were used. 

3.5.5 METHODS DEVELOPMENT FOR VOC SAMPLING 

The collection of VOCs from indoor and outdoor air environments is complex and 

requires samples to be handled carefully and hygienically to avoid contamination. 

Testing, retesting, and refinement of methods is required to ensure an adequate volume 

of air is sampled but does not cause saturation of the sample media and breakthrough 

(Woolfenden, 2010). If breakthrough occurs, it is impossible to quantitatively determine 

the concentration of that particular VOC. Because some of the microenvironments 
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sampled were very likely to have high concentrations of VOCs (due to the presence of 

fragrances or fragranced products), preliminary experiments were required to optimise 

the sample volume collected. This process was essential to ensure that methods were 

sound before commencing a full sampling campaign.   

3.5.5.1. AVOIDING SAMPLE BREAKTHROUGH 

To evaluate VOC breakthrough in the Markes multi-adsorbent tubes, an optimisation 

process was necessary for VOC sampling. Because of the high concentrations of VOCs 

anticipated, the volume of air pumped through the sample media (i.e., the sample 

volume), needed to be optimised to determine the likelihood of any breakthrough issues. 

After several experiments collecting different sample volumes (e.g., 12 L, 5 L and 3 L), 

a 5 L sample volume was found to be the optimum volume for the Markes Tubes. 

Breakthrough was not found to be problematic for the Superlco LpDNPH S10 carbonyl 

tubes as the DNPH reagent was able to tolerate much higher loading rates.    

3.5.5.2. LOCATION OF THE AIR SAMPLING POINT 

To represent normal 'breathing height,' the sampling point was located between 1.5 and 2 

m from the floor, away from people, wall, doors, windows, plants and electronic 

instruments. Pumps were located on a metal frame made from a simple aluminium ladder. 

Temperature and relative humidity were recorded at locations during sampling. 

3.5.5.3. MAINTAINING SAMPLE INTEGRITY 

To prevent potential cross contamination of the samples the Markes VOC tubes were 

stored (in a sealed metal tin) in a refrigerator, and the Superlco carbonyl cartridges stored 

(in supplied sample bags) in a separate refrigerator. According to established methods 5% 

of samples were performed in duplicate and 10% of samples were reserved as blanks 

(Wallace et al., 1991).  

3.5.6 ANALYTICAL METHODS  

In this study, the analytical techniques and compounds being investigated include the 

following: 
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(a) Analysis of VOCs was done by automated thermal desorber (ATD) - gas 

chromatography (GC)/mass spectrometry (MS)/flame ionization detector (FID) in 

accordance with US EPA method T0-17. The species analysed were benzene, 

naphthalene, terpenes, tetrachloroethylene, toluene, trichloroethylene, xylenes (as total of 

ortho, meta and para isomers). In addition, 10 of the next most abundant VOCs were 

quantified with a minimum detection limit of approximately 0.5 ug/m3 for each individual 

VOC. VOCs with no gas standards available will be quantified with reference to toluene.  

(b) Analysis of carbonyls was done using high performance liquid chromatography 

(HPLC) with a diode array detector and a mass spectrometry (MS) detector based on US 

EPA Method T011A. The species analysed were acetaldehyde, acetone, acrolein, 

benzaldehyde, n-butyraldehyde, crotonaldehyde, formaldehyde, hexaldehyde, 

methacrolein, methyl ethyl ketone, propionaldehyde, m-tolualdehyde and valeraldehyde 

with a minimum detection limit of approximately 0.5 ug/m3. 

3.6 APPROACH FOR RESEARCH QUESTION 3 

The focus of this phase of the research was to investigate and evaluate strategies to reduce 

indoor air pollutants, with a particular focus on fragrance compounds. This research 

measured indoor VOC concentrations before and after switching from a fragranced 

laundry detergent to a fragrance-free laundry detergent. Samples were collected using 

sorbent tubes (TO-17, VOCs) and cartridges (TO-11, aldehydes), in methods already 

tested and established during Research Question 2. The methods used to answer Research 

Question 3 are outlined below. 

3.6.1 HUMAN ETHICS APPROVAL 

As this research required was conducted within six households in Melbourne Victoria, a 

Minimal Risk Ethics Application was submitted on April 4, 2017. A copy of the Consent 

Form and Plain Language Statement are included in Appendix C. Formal ethics approval 

was received on May 4, 2017 and preliminary sampling commenced immediately 

thereafter. 
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3.6.2 EVALUATION OF VOC REDUCTION STRATEGIES 

The study was conducted over one month at six households located within 75 km of 

Melbourne, Australia. Four households had been using fragranced laundry products 

("fragranced households"). Two households had been using exclusively fragrance-free 

laundry products ("fragrance free households"). 

For the study, the research team selected a leading brand of fragranced laundry detergent 

and corresponding fragrance-free laundry detergent, purchased the products at local 

stores, and provided them unopened to households. All households used the same 

fragranced or fragrance-free laundry detergents throughout the study. The research team 

also purchased and provided sets of identical new towels to all households. The study 

required ethics approval from The University of Melbourne (Appendix C). 

Air samples were collected from (a) the laundry room background air before any washing 

or drying activities, (b) the clothes dryer vent after washing towels without any products 

(i.e., water only), and (c) the clothes dryer vent after washing the same towels with either 

fragranced or fragrance-free laundry detergent. A total of six samples were collected from 

each fragranced household (three before and three after switching products), and three 

samples collected from each fragrance-free household.  

Indoor air samples were collected following USEPA compendium methods TO 17 (US 

EPA 1999). For VOCs (i.e., d-limonene), a single multi-adsorbent tube (Markes 

Carbograph 1TD/Carbopack X) was connected to an SKC sampling pump (AirChek 220-

5000TC) at a flow rate of approximately 150 mL per minute for 1 hour (9 L). The flow 

rate of the pump was calibrated 3 times (beginning, middle, and end) during sample 

collection using a Defender 510 Low Flow Calibrator (Mesa Labs). Temperature, relative 

humidity, and barometric pressure were measured using a portable indoor air quality 

monitor (TSI Q Trak 7575). The background air samples were collected in the center of 

each laundry room with all machines turned off. During the clothes dryer experiments, a 

clean 100 mm aluminium duct (1.5–2.5 metres long) was connected to the exit of the 

clothes dryer to allow sample collection. Samples were collected at a distance of 

approximately 200 mm from the outlet of the aluminium duct. In all cases, the air 
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sampling point was approximately 1.2 metres above floor level. This height was chosen 

as it provided a secure location for the aluminium ducting, sampling pump, and indoor 

air quality monitor. 

3.6.3 ANALYTICAL METHODS 

Analysis of VOCs used a Markes Series 2 Ultra Autosampler, a Markes Series 2 Unity 

Thermal Desorption (TD) unit, an Agilent 7890A gas chromatograph (GC), and an 

Agilent 5975c Inert Mass Selective Detector (MSD) with Triple-Axis Detector mass 

spectrometer (MS) in accordance with US EPA method TO-17 (US EPA 1999). An 

Agilent (DB-5MS) capillary column (60 m x 0.32 mm x 1 µm) was used for the 

separation. A certified d-limonene standard (AccuStandard, ALR-022N, lot number: 

17626) and a quality control (QC) standard (Supelco, certified reference material (CRM) 

40448, lot number: XA22031V) were used for the calibration and for QC. Only samples 

with concentrations greater than the method detection limit (MDL) of the analytical 

instrument were reported. All VOC data were reported in units of µg/m3 and corrected for 

temperature and pressure at 101.3 kPa and 0°C. 

Both fragranced and fragrance-free laundry detergents were analysed for their VOC 

ingredients and emissions using gas chromatography/mass spectrometry (GC/MS) 

headspace analysis.  
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4 VOLATILE ORGANIC COMPOUNDS WITHIN INDOOR 

ENVIRONMENTS IN AUSTRALIA 

This chapter has been published as: 

Goodman, N. B., Steinemann, A., Wheeler, A. J., Paevere, P. J., Cheng, M., and Brown, 

S. K. (2017). Volatile organic compounds within indoor environments in Australia, in 

Building and Environment, Volume 122, 2017, Pages 116-125, 

https://doi.org/10.1016/j.buildenv.2017.05.033 

To be consist with the thesis chapter numbering, the numbering of sections, figures, and 

tables in the original publication have been altered for this chapter. Also, the references 

have been incorporated into the full list of references at the end of this thesis. 

  

https://doi.org/10.1016/j.buildenv.2017.05.033
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4.1 ABSTRACT  

Volatile organic compounds (VOCs) are pervasive indoor air pollutants. This paper 

systematically evaluates 25 years (1991–2016) of investigations of VOCs within indoor 

environments in Australia. Among 31 papers evaluated, the most frequently studied 

environment was domestic housing (61%), and the most frequently quantified compound 

was formaldehyde (81%). Active sampling techniques were used in 82% of studies of 

benzene, toluene, ethylbenzene, and xylene (BTEX), and in 38% of studies of 

formaldehyde and other carbonyls.  New homes had the highest VOC levels among all 

studies of domestic housing. For nearly all pollutants, indoor levels were several times 

higher than outdoor levels. Among the most prevalent compounds indoors were terpenes, 

such as d-limonene and α-pinene. All studies were conducted at a regional or local level, 

and no study reported statistically representative indoor VOC data for the Australian 

population. The evaluation revealed a diversity of sampling approaches and techniques, 

pointing to the importance of a standard approach for collecting and reporting data. 

 

Keywords 

volatile organic compounds, indoor air quality, formaldehyde, BTEX, terpenes 
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4.2 INTRODUCTION  

Australians spend over 90% of their time indoors in locations such as houses, apartments, 

caravans, schools, offices, public buildings, restaurants, and forms of transport 

(Australian Government, 2016). However, relatively little is known about the quality of 

air in these environments (Brown, 1997).  In contrast to ambient air, indoor air is 

essentially unregulated and unmonitored, even though pollutant levels are usually several 

times higher indoors than outdoors (Brown et al., 1994; Galbally et al., 2009; Molloy et 

al., 2012; Cheng et al., 2016).  

Volatile organic compounds (VOCs) are a main category of indoor pollutants 

(Environment Australia, 2001). VOCs can be considered as carbon-based chemicals with 

a relatively high vapor pressure at room temperature; i.e., greater than 0.01 kPa at 20°C 

(NPI, 2009). Major indoor sources of VOCs include consumer products and building 

materials (Brown, 2002; Wallace et al., 1991; Wheeler et al., 2013; Trantallidi et al., 2015; 

Campagnolo et al., 2017).  Fragranced consumer products, for instance, emit numerous 

VOCs such as terpenes (e.g., limonene and α-pinene) which can generate secondary 

pollutants such as formaldehyde (Nazaroff and Weschler, 2004; Steinemann, 2015). 

Building materials such as engineered wood products, carpets, and paints can be 

substantial sources of indoor VOCs including benzene, toluene and formaldehyde 

(Brown, 2000; Guo and Murray, 2000; Guo et al., 2004). Concentrations are especially 

high in recently renovated, tightly sealed, or energy efficient buildings (Brown, 2001). 

Indoor air quality (IAQ) refers to the air quality within buildings and structures that affect 

an occupant's comfort, health and well-being (US EPA, 2016; Wesolowski, 1987). In 

Australia, poor IAQ has been estimated to cost $12 billion per year from lost productivity 

and illness (Brown, 1998). Many VOCs frequently detected in indoor environments are 

associated with acute and chronic adverse health effects, such as sensory and skin 

irritation, headaches, breathing difficulties, asthma risk, and cancer (e,g., Mendell, 2007; 

Rumchev et al., 2004; Spengler et al. 2000). Australian research has shown that exposure 

to benzene, toluene, or formaldehyde can exacerbate asthma and respiratory problems 

(Franklin et al., 2000; Rumchev et al., 2002, Rumchev et al., 2004; Zhang et al., 2004). 

Approximately 10% of the Australian population suffers from asthma (over 2 million 
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people), and collectively respiratory diseases accounted for approximately $3.3 billion 

(6%) of allocated health expenditure in 2008-2009 (Asthma Australia, 2015; ABS, 2012).   

For indoor air, regulatory guidelines for acceptable VOC concentrations within indoor 

environments do not currently exist in Australia. Although national indoor air quality 

guidelines were recommended by the Australian National Health and Medical Research 

Council (NHMRC) in 1992, they were rescinded in 2002 (NHMRC, 2016).  However, 

the NHMRC guidelines continue to be used discretionally by researchers, along with 

international guidelines (see Table 2). For outdoor air, the National Environmental 

Protection Measure (NEPM) sets legally binding national standards for ambient (outdoor) 

air pollutants, including the "air toxics" of formaldehyde, toluene, benzene, xylenes, and 

polycyclic aromatic hydrocarbons (NEPM, 2004; Australian Government, 2011).  

Despite over two decades of VOC studies, there has been no published systematic 

evaluation of the peer-reviewed research of VOCs within indoor environments in 

Australia. This article addresses that gap. It examines and evaluates the sampling 

approaches, analytical techniques, and VOC data from indoor environments. It also 

compares results with health-based guidelines, where possible, and among studies that 

report similar sampling methods. The prevalence and concentrations of formaldehyde and 

BTEX compounds are a focus due to their classification as air toxics (Australian 

Government, 2011).  Finally, the paper offers lessons and recommendations that can help 

improve indoor air quality studies in Australia and internationally.    
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Table 2. Air quality guidelines for organic pollutants  

Pollutant Pollutant guideline (exposure period) 

NHMRC 1992 NEPM 2004 WHO 2000/2010 

Formaldehyde 120 µg/m3 

(ceiling) 

50 µg/m3 (1 day) 100 µg/m3 (0.5 hour) 

TVOC 500 µg/m3  

(1 hour) 

n/a n/a 

Benzene 50% TVOCa 10µg/m3 (1 year) No safe limitb 

Toluene 50% TVOCa 3770 µg/m3 (1 day), 377 µg/m3 

(1 year) 

260 µg/m3 (7 day)c 

Xylenes 50% TVOCa 1085 µg/m3 (1 day), 870 µg/m3 

(1 year) 

n/a 

Dichloromethane 50% TVOCa n/a 450 µg/m3 (7 day)c 

Styrene 50% TVOCa n/a 260 µg/m3 (7 day)c 

Tetrachloroethylene 50% TVOCa n/a 250 µg/m3 (1 year) 

Trichloroethylene 50% TVOCa n/a 250 µg/m3 (1 year) 

 

a NHMRC specified that no VOC should exceed 50% of a TVOC mixture. b Geometric mean concentration 

estimated for lifetime cancer risk of 1/100,000 is 1.7 µg/m3 (1 year). c Goals provided by WHO (2000) but 

considered to have insufficient evidence by WHO (2010).  
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4.3 METHODS 

A comprehensive literature search was conducted to identify any studies of VOCs within 

indoor environments in Australia from 1991-2016.  Original research papers published in 

English language academic journals were obtained by searching electronic databases 

including Compendex, ProQuest, Web of Knowledge, and Scopus. The keywords used in 

these searches were: ‘indoor air pollution’ or ‘indoor air quality’ and a combination of 

‘VOC*’, ‘hazardous air pollutant*’, ‘carbonyl*’, ‘formaldehyde’, ‘BTEX’, ‘health’, 

‘asthma’, ‘respir*’. The results were refined to identify authors and studies from 

Australia.  

To be included in the evaluation, a study needed to (i) provide experimental data from 

sampling and analysis of VOCs from an indoor environment in Australia, (ii) report on 

an indoor environment that was non-industrial, and (iii) be published as a peer-reviewed 

journal article, book chapter, or official government report.  For each study, results and 

data were evaluated according to the following 13 factors:  

(I) STATE OR TERRITORY 

(II) YEAR AND FOCUS OF STUDY 

(III) TYPE OF INDOOR ENVIRONMENT 

(IV) BUILDING OPERATIONAL STATUS 

(V) SAMPLING METHODS 

(VI) SAMPLING DURATION 

(VII) NUMBER OF AIR SAMPLES 

(VIII) ANALYTICAL METHODS 

(IX) NUMBER AND TYPE OF VOCS 

(X) CONCENTRATION OF COMPOUNDS 

(XI) COMPARISON OF STUDIES 

(XII) INDOOR TO OUTDOOR CONCENTRATION RATIOS 

(XIII) SEASONAL VARIATION 
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Within each study, data were categorised by the type of indoor environment.  If a single 

study reported on multiple indoor environments (e.g., caravans, mobile houses, and 

conventional housing), each was considered a unique indoor environment. If an indoor 

environment (e.g., housing) reported on sampling in multiple locations (e.g., bedroom, 

kitchen, and living room), each location was considered to represent that environment. 

Because carbonyl compounds (e.g., formaldehyde) require different sampling and 

analytical approaches from other VOCs (e.g., BTEX), each approach was reported 

separately. If two journal articles referred to the same data, only the original reference 

was included in the analysis.  

To summarize and compare VOC concentration data, a standard unit of µg/m3 was 

chosen. Where parts per billion by volume (ppbv) or parts per billion (ppb) were reported, 

these were converted to µg/m3. For conversion from ppb to µg/m3, a standard formula 

was used: µg/m3 = (ppb) × (MW) / (24.45), where MW is the molecular weight of the 

compound. For example, formaldehyde at 1 ppb = 1.23 µg/m3. When total VOCs 

(TVOCs) were reported in ppb, the units were unchanged as conversion to µg/m3 requires 

MW. Also, because the units of µg/m3 are dependent on MW, temperature and pressure 

data must also be reported. In all cases, data were preserved in their original reported 

statistical format (i.e., arithmetic mean, median, geometric mean).   

4.4 RESULTS 

A total of 31 papers were evaluated (Table 3). Each paper reported one or more sampling 

locations, approaches, or methods (Table 4).  Data for VOCs (e.g., BTEX) and carbonyl 

compounds (e.g., formaldehyde) have been evaluated in greater detail (Tables 5-6).  
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Table 3. Australian IAQ studies of VOCs and carbonyls (C), including formaldehyde 

(F). 

Reference Year(s) 

of 

study 

Organic 

compounds 

# of 

VOCs 

I/O Ratios 

or 

[Outdoor] 

Building 

Operational 

Status 

Location 

(Month / Season) 

McPhail, 

1991 

1986, 

1987 

F1 1 n/a Normal and 

Extreme 

New South Wales 

(n/a) 

Godish et al., 

1995 

1992 F1 1 n/a Extreme, 

closed 12 h 

prior 

Victoria 

(Winter) 

Garrett et al., 

1997 

1994, 

1995 

F2 1 [Outdoor] Normal Victoria 

(Summer, 

Autumn, Spring) 

Ayers et al., 

1999 

1997 F2 1 n/a Normal 

(assumed) 

Victoria 

(Spring) 

Dingle et al., 

2000 

n/a F2 1 n/a Normal 

(assumed) 

Western Australia 

(Summer, Winter) 

Franklin et 

al., 2000 

n/a F2 1 n/a Normal 

(assumed) 

Western Australia 

(Summer, 

Winter)b 

Gillett et al., 

2000 

n/a F2 1 n/a Normal 

(assumed) 

Victoria 

(Autumn) 

Brown, 2001 1998 F1 and 

VOCs3 

28 [Outdoor] Extreme, 

closed 3h 

prior 

Victoria 

(All Seasons) 

Dingle and 

Franklin, 

2002 

n/a F2 1 n/a Normal Western Australia 

(Summer, Winter, 

Spring) 

Rumchev et 

al., 2002 

1998, 

1999 

F2 1 n/a Normal Western Australia 

(All Seasons) 

Brown, 2002 n/a F1 and 

VOCs3 

35 [Outdoor] 

I/O 

Normal, 

Extreme, 

closed 2h 

prior 

Victoria 

(Summer, 

Autumn) 

Rumchev et 

al., 2004 

1998, 

1999 

VOCs4 10 n/a Normal 

(assumed) 

Western Australia 

(Winter, Summer) 

Zhang et al., 

2004 

2002, 

2003 

F2 and 

VOCs4 

11 n/a Normal Western Australia 

(Winter, Summer) 

Zhang et al., 

2006 

2002 F2 and 

VOCs4 

10 n/a Normal Western Australia 

(Summer, 

Winter), 

Sheppeard et 

al., 2006 

1999 F2 1 n/a Normal New South Wales 

(Winter, Spring) 

Dunne et al., 

2006 

2004 F2 and 

VOCs3 

4 I/O Normal, 

Extreme 

Victoria 

(Summer, Winter) 

Hinwood et 

al., 2006 

2000 VOCs5 41 [Outdoor] Normal Western Australia 

(August to 

December) 



35 

 

Reference Year(s) 

of 

study 

Organic 

compounds 

# of 

VOCs 

I/O Ratios 

or 

[Outdoor] 

Building 

Operational 

Status 

Location 

(Month / Season) 

Brown et al., 

2006 

2006 F1 and 

VOCs3 

20 I/O Normal Victoria 

(Winter, Summer) 

Rumchev et 

al., 2007 

n/a F2 1 n/a Normal, 

Extreme 

Western Australia 

(Winter) 

Paevere et 

al., 2008 

2007 F1 and 

VOCs3 

20 [Outdoor] Normal Victoria 

(Summer, Winter) 

Galbally et 

al., 2009 

2003 VOCs3 6 I-Oc Normal Victoria 

(Summer, Winter) 

 

Markes et 

al., 2010 

2009 F2 1 n/a Normal New South Wales 

(June to August) 

Loveday et 

al., 2010 

2007, 

2008 

F2 and 

VOCs3 

35 [Outdoor] Normal Western Australia 

(May to 

September) 

Lawson et 

al., 2011 

2008, 

2009 

VOCs3 6 I/O Normal Victoria 

(All Seasons) 

Lazenby et 

al., 2012 

2006, 

2007 

F2 1 [Outdoor] Normal Western Australia 

(Spring, Summer, 

Winter) 

Molloy et al., 

2012 

2008, 

2009 

C2 and 

VOCs3 

8 I/O Normal Victoria 

(All Seasons) 

Maisey et al., 

2013 

2010, 

2011 

F2 and 

VOCs3 

45 [Outdoor]a Normal Western Australia 

(Summer, Winter) 

Hamidin et 

al., 2013 

2009 VOCs3 7 I/O Normal Queensland 

(Autumn, Winter) 

Mishra et al., 

2015a 

2010 to 

2012 

VOCs3 62 I/Oa Normal Queensland 

(All Seasons) 

Mishra et al., 

2015b 

2010 to 

2012 

C2 and 

VOCs3 

73 [Outdoor]a Normal Queensland 

(All Seasons) 

Cheng et al., 

2016 

2008, 

2009 

C2 and 

VOCs3 

97 I/O Normal Victoria 

(All Seasons) 
a Supplied as supplementary material to the original document. b Personal communication (15 November, 

2016 e-mail from P Franklin to lead author).c Indoor minus outdoor. 1 Ultraviolet visible spectroscopy, 2 

High performance liquid chromatography, 3 Thermal desorption gas chromatography mass spectrometry, 4 

Carbon disulphide gas chromatography mass spectrometry, 5 Cryogenic concentration gas chromatography 

mass spectrometry. 

(I) STATE OR TERRITORY 

The Commonwealth of Australia comprises six states and two territories: Victoria (VIC), 

New South Wales (NSW), Queensland (QLD), Tasmania (TAS), South Australia (SA), 

Western Australia (WA), Northern Territory (NT), and the Australian Capital Territory 

(ACT). The majority of the IAQ studies were completed in WA (39%) and VIC (42%), 
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with fewer studies in NSW (10%) and QLD (10%) (Table 3). The most populated state, 

NSW (32% of national population), represented 10% of IAQ studies, while WA (11% of 

national population) represented 39% of the studies (ABS, 2016). These differences may 

arise from the locations of research institutions rather than specific IAQ problems in each 

of the states.  Climate varies across the country, from cool/mild in south-eastern 

population centres (SA, TAS, VIC, NSW), to warm/mild in south-western WA, and 

subtropical/tropical in QLD and NT. Variations in temperature and humidity can 

significantly influence indoor concentrations of formaldehyde (Stock, 1987).  None of 

the studies reported statistically representative assessments of indoor VOCs within each 

state or according to climatic zone.  

(II) YEAR AND FOCUS OF STUDY  

As seen in Table 3, earlier studies exclusively sampled formaldehyde (i.e., McPhail, 1991; 

Godish et al., 1995; Garrett et al., 1997), and later studies included both formaldehyde 

and VOCs, the first in 1998 (Brown, 2001). In the most recent studies, in addition to 

formaldehyde, a larger group of carbonyl compounds has been investigated (Cheng et al., 

2016; Mishra et al., 2015b).   

Among all 31 studies, 42% measured formaldehyde only, 29% measured both 

formaldehyde and VOCs, 10% measured carbonyls and VOCs, and 19% measured VOCs 

only. Overall, formaldehyde has been a priority for 81% of all IAQ VOC research 

conducted in Australia. Despite the prevalence and concentrations of terpenes 

investigated in 26% of studies, these compounds have not been evaluated as frequently. 

Of the 18 papers published since 2006, half included both VOCs and formaldehyde. The 

most recent sampling was conducted in 2012. Consequently, no indoor air quality studies 

of VOCs in Australia with sampling conducted during the last five years have been 

identified in the literature. 
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(III) TYPE OF INDOOR ENVIRONMENT  

As shown in Tables 5 and 6, the most frequently studied indoor environment was housing 

(new and established) (61%), followed by primary schools (13%), office buildings (7%), 

caravans (7%), and other environments (12%) such as restaurants, vehicles, and 

gymnasiums.  New housing was the focus of 13% of the papers (McPhail, 1991; Godish 

et al., 1995; Garrett et al., 1997; Brown, 2001; Brown, 2002; Dingle and Franklin, 2002). 

However, the definition of a "new house" varied from less than 12 months to less than 10 

years old. Most studies of new homes reported higher formaldehyde and VOC levels 

compared to established homes. Moreover, homes in the first year after construction had 

the highest VOC levels among studies of domestic housing (Brown 2001; Brown 2002). 

Schools were the focus of several investigations (Zhang et al., 2004; 2006; Rumchev et 

al., 2007; Marks et al., 2010; Lazenby et al., 2012; Mishra et al., 2015a, 2015b), reflecting 

the vulnerability of children and the long periods of time spent at school. However, houses 

and schools are only some of the places where Australians spend considerable time 

(Australian Government, 2016), suggesting a need for evaluation of other indoor 

environments. 

(IV) BUILDING OPERATIONAL STATUS 

In this evaluation, building operational status is considered normal or extreme. A 

"normal" state means that doors or windows may be opened, and the building may be 

occupied during sampling. An "extreme" state means that doors and windows are closed 

prior to and during sampling, and the building may be occupied or unoccupied (CEC, 

1989).  

As detailed in Table 3, 19% of studies report the extreme state where the building was 

closed or unoccupied for a period of time (2 hours to 12 hours) prior to and during 

sampling, and 81% report normal state (or assumed to be normal). McPhail (1991) 

reported building status as both open (normal) and closed (extreme) and found 

formaldehyde levels 3–7 times higher in closed caravans or mobile homes compared with 

when they were open (Table 6). Among studies that enabled comparisons (e.g., McPhail, 



38 

 

1991; Dingle et al., 2000), levels of formaldehyde were higher during extreme state than 

normal state of operation. 

(V) SAMPLING METHODS 

Sampling methods can vary by approach, media, time, volume, and active or passive 

techniques (Table 4). Active sampling requires a pump whereas passive sampling is 

diffusion controlled. For VOCs, active sampling was used in 82% and passive sampling 

in 18% of all studies. Active sampling approaches included evacuated stainless steel 

SUMMA canisters, sorbent tubes, and multi-sorbent tubes. Passive sampling generally 

used single sorbents due to lower diffusion controlled sorbent adsorption rates. For 

formaldehyde and carbonyl compounds, active sampling was used in 38% and passive 

sampling in 62% of all studies. Active sampling approaches were based on impingers or 

LpDNPH cartridges attached to a small pump.  Passive sampling was in the form of a 

disc, radial or tape monitors.  

Because active sampling can collect sufficient volumes for detection in shorter time 

periods than passive sampling, it can support comparisons to guidelines for acute health 

effects (e.g., 30 minute exposure period). However, only 38% of studies of formaldehyde 

used active sampling, whereas 82% of VOC studies used active sampling. Further, 

comparisons of sampling results to health-based guidelines are limited both by the paucity 

of guidelines and the mismatch between typical sampling periods and exposure guideline 

periods.  

(VI) SAMPLING DURATION 

Sampling duration is a critical consideration, especially if comparisons are to be made 

among studies and with health-based guidelines. A closer examination of formaldehyde 

studies (Tables 4 and 6) provides an example of the variation in sampling duration. Three 

papers had a sampling time of 8 hours (i.e., Rumchev et al., 2002; Zhang et al., 2006; 

Rumchev et al., 2007), four papers had a sampling time of up to 7 days (i.e., Ayers et al., 

1999; Gillett et al., 2000; Sheppeard et al., 2006; Dunne et al., 2006), and five papers had 
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a sampling time between 3 days and 5 days (i.e., Garrett et al., 1997; Dingle et al., 2000; 

Franklin et al., 2000; Dingle and Franklin, 2002; Loveday et al., 2010). Due to their 

differing sampling times, comparisons between these studies were limited.   

However, some studies of housing reported the same sampling times that also were 

relevant to guidelines. For example, two studies evaluated formaldehyde levels for the 

same 1-day period (i.e., Zhang et al., 2004; Maisey et al., 2013).  In these studies, the 

median or geometric mean values were below the NEPM guideline (50 µg/m3, 1 day) 

although the geometric mean range in Zhang et al. (2004) (6–19 µg/m3) was higher than 

the median value reported by Maisey et al. (2013) (5.3 µg/m3). Maximum levels were 

almost identical for each study (126–130 µg/m3) and exceeded the NEPM formaldehyde 

guideline of 50 µg/m3.    

In addition, two studies of schools (Marks et al., 2010; Lazenby et al., 2012) used identical 

sampling times and media (i.e., 24-hour passive sampling with UMEX tape monitors) to 

measure formaldehyde concentrations.  Marks et al. (2010) reported the maximum range 

as 2.2–67 µg/m3 with an arithmetic mean of 36 µg/m3 collected in winter only in NSW.  

Lazenby et al. (2012) reported the maximum range of 5–13 µg/m3 with an arithmetic 

mean of 9.7 µg/m3 collected in winter and summer in WA.  

Formaldehyde studies using active sampling over 1 to 1.5 hours (McPhail, 1991; Godish 

et al., 1995; Brown, 2001; Brown, 2002) (Table 4) offer sampling times close to former 

NHMRC guidelines (i.e., 1 hour, 120 µg/m3). The use of relatively longer active sampling 

durations was likely due to the difficulties in collecting sufficient analyte volume. Two 

investigations reported 30-minute exposure assessments for formaldehyde using active 

sampling with impingers (Brown et al., 2006; Paevere et al., 2008). Results from these 

studies are unique in the Australian literature as they can be compared to WHO 

formaldehyde exposure guideline (100 µg/m3 for 30 minutes). For instance, 

concentrations in a conventional office building ranged from 16–140 µg/m3 (Brown et 

al., 2006), exceeding the WHO exposure guideline, and in a green office building from 

bdl–37 µg/m3 (Paevere et al., 2008). 
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Table 4. Sampling approach, media and methods for all studies 

Sampling 

Approach 
Media 

Active/ 

Passive 

Active/ 

Passive 

Sample 

Volume 

(Sampling 

Time) 

Percentage 

of Each 

Method 

(All 

Studies) 

Reference(s) 

Comparison 

of Sampling 

Time 

Within 

Each Group 

(Match To 

Guidelines) 

Sorbent tubes 

(VOCs) 

PerkinElmer 

Chromosorb 

106 

Passive 18% 

6.7 to 10 

litres* 

(7 days) 

7% 

Galbally et al., 

2009; 

Loveday et al., 

2010; 

Dunne et al., 2006 

High, identical 

sampling times 

 

(WHO) 

Charcoal Active 

82% 

240 to 600 

litres 

(4 to 

10hours) 

7% 

Rumchev et al., 

2004; Zhang et al., 

2004; Zhang et al., 

2006 

Moderate, 

range between 

4 and 10h 

 

Tenax TA Active 

4.5 litres 

(150 

minutes) 

2% 
Hamidin et al., 

2013 

n/a 

 

Multisorbent 

tubes 

(VOCs) 

Tenax TA, 

Ambersorb 

XE 430, 

Tenax TA, 

Carbotrap 

Active 

 

6 to 10 litres  

(40 to 50 

minutes) 

7% 

Brown, 2001; 

Brown, 2002; 

Mishra et al., 

2015a, 2015b 

High between 

these studies 

(Approx. 

NHMRC) 

 

Tenax, 

Ambersorb/ 

Corboxen, 

Activated C 

Active 

 

2.4 to 4 litres 

(45 to 48 

minutes) 

5% 

Brown et al., 2006 

Paevere et al., 

2008 

 

High, very 

similar 

sampling times 

(Approx. 

NHMRC) 

Markes 

Carbograph 

1TD/ 

Carbopack 

X 

 

Active 

16.8 litres 

(7 days, 2 x 

1 hour 

intervals / 

day) 

7% 

Lawson et al., 

2011; Molloy et 

al., 2012; Cheng et 

al., 2016 

High, identical 

sampling times 

 

(WHO) 

 

PerkinElmer 

Air Toxics 

 

 

Active 
20 litres (100 

minutes) 
2% Maisey et al., 2013 

 

n/a 

 

Canisters 

(VOCs) 
SUMMA Active 

2.90 to 5.80 

litres 

(6 to 12 

hours) 

2% 
Hinwood et al., 

2006 

 

n/a 

Impinger 

techniques 

(Formaldehyde) 

Impinger 

bisulphite 
Active 

38% 

60 to 90 

litres 

(0.5 to 

1.5hours) 

14% 

McPhail, 1991; 

Godish et al., 

1995; Brown, 

2001; Brown et al., 

2006; Paevere et 

al., 2008 

High to 

moderate, all 

studies 

between 30 

and 90mins 

(Approx. 

NHMRC), 

(WHO) 

Cartridges 

(Carbonyl 

compounds) 

Sigma 

Aldrich 

Supelco 

DNPH 

Active 

80 to 3024 

litres 

(40 minutes 

to 7 days) 

7% 

Molloy et al., 

2012; 

Mishra et al., 

2015b; 

Cheng et al., 2016 

 

High between 

two 

studiesMolloy 

et al., 2012 and 

Cheng et al., 

2016 



41 

 

Sampling 

Approach 
Media 

Active/ 

Passive 

Active/ 

Passive 

Sample 

Volume 

(Sampling 

Time) 

Percentage 

of Each 

Method 

(All 

Studies) 

Reference(s) 

Comparison 

of Sampling 

Time 

Within 

Each Group 

(Match To 

Guidelines) 

Disc, radial or 

tape monitors 

(Carbonyl 

compounds) 

Disc DNPH Passive 

62% 

0.32 to 10.08 

litres 

(8 hours to 7 

days) 

33% 

Garrett et al., 

1997(4d); Ayers et 

al., 1999(7d); 

Dingle et al., 

2000(3–5d); Franklin 

et al., 2000(3–4d); 

Gillett et al., 

2000(3–7d); Dingle 

and Franklin, 

2002(3–5d); 

Rumchev et al., 

2002(8h); Zhang et 

al., 2004(24h); 

Zhang et al., 

2006(8h); Rumchev 

et al., 

2007(8h);Sheppeard 

et al., 2006(7d); 

Dunne et al., 

2006(7d); Loveday 

et al., 2010(3d); 

Maisey et al., 

2013(24h) 

Wide range of 

sampling 

times; 

8 hours, 1 day, 

3 to 5 days, 3 

to 7 days, and 

7 days;  

moderate to 

high degree of 

similarity 

among some 

studies 

(NEPM) 

UMEX tape 

monitor 

DNPH 

Passive 

0.96 to 1.44 

litres* 

(24 hours) 

5% 

Markes et al., 

2010; Lazenby et 

al., 2012 

High, identical 

sampling times 

(NEPM) 

Disc 

Bisulphite 
Passive 

0.96 to 1.44 

litres* 

(24 hours) 

2% McPhail, 1991 

n/a 

(NEPM) 

* Volume based on a passive diffusion rate of 40 to 60 mL/min (Woolfenden, 2010) 
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Table 5. Sampling and concentration data (maximum-MX, geometric mean-GM, median-MD, arithmetic mean-AM) for BTEX compounds  

Reference 
In

d
o

o
r
 e

n
v

ir
o

n
m

e
n

t 

N
u

m
b

er
 o

f 
si

te
s 

N
u

m
b

er
 o

f 
sa

m
p

le
s 

S
a

m
p

li
n

g
 d

u
ra

ti
o

n
 Benzene (µg/m3) Toluene(µg/m3) 
Ethylbenzene 

(µg/m3) 

o, m, p-xylene  

(µg/m3) 

I/O 

ratio 

Highest concentration 

(µg/m3) 

R
a

n
g
e 

GM or 

MD 
AM 

R
a

n
g
e 

GM or 

MD 
AM 

R
a

n
g
e 

GM 

or 

MD 

AM 

R
a

n
g
e 

GM or 

MD 
AM 

For 

Toluene 
Compound(s) MX 

Brown, 2001 House n 1 12 
30 
minutes 

2–35 13a 15a 
7–
240 

51a 73a 1–12 10a 10a 3–30 26a 19a 30 
1,2-
Propanediol 

1600 

Brown, 2002 Gymnasium 1 2 
30–50 

minutes 
1–6.7 2.6a 3.2a 

14–

110 
19a 39a 

1.8–

25 
3.3a 8.5a n/a n/a n/a 2.3 n-Heptane 2900 

Brown, 2002 Houses 22 61 
30–50  

minutes 
n/a 3 7 n/a 9 14 n/a 2 2 n/a 4 6.9 2.4 Texanol 160 

Brown, 2002 
Office 

Building 
1 2 

30–50 

minutes 
2–18 8 9 

9–

220 
34 60 

1.6–

210 
6 46 

5–

770 
19 145 n/a 

2-

Methylpentane 
2300 

Brown, 2002 
House n 
extension 

3 16 
30–50 
minutes 

2–10 5 5 6–63 18 24 n/a n/a n/a 
2–
110 

21 36 2.4 Texanol 160 

Rumchev et 

al., 2004 
Houses 192 384 8 hours 

0.01–

82 
25 n/a 

0.8–

150 
12 n/a 

0.01–

15 
1.4 n/a 

0.01–

320 
1.4 n/a n/a m-xylene 320 

Zhang et al., 

2004 
Houses 45 90 10 hours n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a TVOCs  575 

Zhang et al., 
2006 

Schools 4 98 8 hours n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a TVOCs 94 

Dunne et al., 

2006 
House 1 63 7 days 

2.8–

6.1 
n/a 4 

4.4–

9.6 
n/a 7.1 

0.7–

2.7 
n/a 1.6 

5.1–

24b 
n/a 12b 1.4 Xylenes 24.4 

Dunne et al., 

2006 
Garage 1 63 7 days 

2.6 –

4.3 
n/a 4 7–16 n/a 11 1–3.7 n/a 2 

6.7–

17 
n/a 9.7 2.2 Xylenes 17 

Hinwood et 
al., 2006 

Transport 
(car) 

4 4 12 hours 6.7 n/a n/a 26 n/a n/a 4.3 n/a n/a 27 n/a n/a n/a Xylenes 27 

Hinwood et 

al., 2006 
Nightclub 2 4 6 hours 14 n/a n/a 43 n/a n/a 20 n/a n/a 130 n/a n/a n/a Xylene(s) 130 
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Reference 

In
d

o
o
r
 e

n
v

ir
o

n
m

e
n

t 

N
u

m
b

er
 o

f 
si

te
s 

N
u

m
b

er
 o

f 
sa

m
p

le
s 

S
a

m
p

li
n

g
 d

u
ra

ti
o

n
 Benzene (µg/m3) Toluene(µg/m3) 

Ethylbenzene 

(µg/m3) 

o, m, p-xylene  

(µg/m3) 

I/O 

ratio 

Highest concentration 

(µg/m3) 

R
a

n
g
e 

GM or 

MD 
AM 

R
a

n
g
e 

GM or 

MD 
AM 

R
a

n
g
e 

GM 

or 

MD 

AM 

R
a

n
g
e 

GM or 

MD 
AM 

For 

Toluene 
Compound(s) MX 

Hinwood et 
al., 2006 

Houses 3 10 6 hours 
0.7–
2.2 

n/a n/a 
1.6–
11 

n/a n/a 
0.3–
1.3 

n/a n/a 1.3–7 n/a n/a n/a Toluene 11 

Hinwood et 

al., 2006 

Shopping 

centre 
2 2 12 hours 5.4 n/a n/a 15 n/a n/a 0.9 n/a n/a 6.5 n/a n/a n/a Toluene 15 

Brown et al., 

2006 

Office 

Building 
11 22 

40 

minutes 
1-5 4w 2 4-14 7.5w 8 2–8 n/a 4 6–19 n/a 12 2 Ethanol 170 

Paevere et al., 

2008 

Green 
Office 

Building 

7 14 
40 

minutes 

0.9–

7.7d 
2.5 2.8 

3.7– 

29 
11.5 12.2 

1.1–

1.8 
1.7 1.6 

5.5– 

10 
9.3 8.5 0.8 TVOCs 180 

Galbally et 
al., 2009 

Houses 57 171 7 days 2–34k 
6.5& 
3.8k 

8.8k n/a n/a n/a n/a n/a n/a n/a n/a n/a 2.4 BTEX 960 

Loveday et 

al., 2010 
Houses 79 79 7 days 

bdl–

125 
1.6 n/a 

bdl–

203 
7 n/a n/a n/a n/a 

bdl–

83 
3.5 n/a n/a Toluene 203 

Lawson et al., 

2011 
Homes < 15 57 7 days n/a n/a 2 n/a n/a 10 n/a n/a 1 n/a n/a 7.2b 2.7 Toluene 10.3 

Lawson et al., 
2011 

Homes > 12 48 7 days n/a n/a 1 n/a n/a 5.7 n/a n/a 1 n/a n/a 4.4b 2.2 Toluene 5.7 

Molloy et al., 

2012 
Houses 40 150 7 days 2.3i 1 1 14 i 6.1 8.8 n/a n/a n/a 10 i 4.5 6.2 2.7 Toluene 14 

Maisey et al., 

2013 
Houses 69 64 

100 

minutes 

2.7– 

4.9 

bdl–

1.3h 
n/a 

37– 

51 
3–10h n/a 3–18 

0.2– 

1.4h 
n/a 8–61 1– 4h n/a 1.7–3.1 Toluene 51 

Hamidin et 
al., 2013 

Houses 32 81 2.5hours 
bdl– 
13 

2 2 
0.8 to 
82 

7.5 11 
bdl– 
14 

1.3 2 
0.3 to 
24c 

2.8 3.7  3.6 Toluene 82 

Hamidin et 

al., 2013 
Garages 32 81 2.5hours 4–8 6 6 7–38 25 26 2–5 3.4 4 3–12c 8.8  8.1 12.5 Toluene 38 

Mishra et al., 

2015a 
Schools 25 100 

40 

minutes 
n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 1.7j TVOCs 1100 
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Reference 

In
d

o
o
r
 e

n
v

ir
o

n
m

e
n

t 

N
u

m
b

er
 o

f 
si

te
s 

N
u

m
b

er
 o

f 
sa

m
p

le
s 

S
a

m
p

li
n

g
 d

u
ra

ti
o

n
 Benzene (µg/m3) Toluene(µg/m3) 

Ethylbenzene 

(µg/m3) 

o, m, p-xylene  

(µg/m3) 

I/O 

ratio 

Highest concentration 

(µg/m3) 

R
a

n
g
e 

GM or 

MD 
AM 

R
a

n
g
e 

GM or 

MD 
AM 

R
a

n
g
e 

GM 

or 

MD 

AM 

R
a

n
g
e 

GM or 

MD 
AM 

For 

Toluene 
Compound(s) MX 

Mishra et al., 
2015b 

Schools 25 250 
40 
minutes 

2.7– 
3.7 

3.2 n/a 
1– 
692 

11 n/a 2–4.1 3 n/a 
1– 
50c 

6c n/a n/a Toluene 692 

Cheng et al., 

2016 
Houses 40 145 7 daysf 

0.3–

6.5 
1.0&1.1 1.3 

2.9–

150 
6.1&7.4 11 

0.34–

8.1 

0.9& 

1.0 
1.2 

0.57–

23e 
1.9&2.1 2.9 1.8 Ethanol 1200g 

w Winter, bdl Below detection limit, n New houses, > Houses located 300 m from a road, < Houses located less than 50 m from a road. I/O ratios are derived from mean or median values. 

aCalculated value (with permission of authors),b All isomers (i.e., ortho, meta, para), c The isomers m,p-xylene, d Supplementary information used with permission of author, see Brown 

(2007), e The isomer p-xylene was presented here although each was reported separately in the original paper, f Two 1-hr intervals per day for 7 days, g Semi-quantitative, h Summer and 

winter median data reported. i The 90th percentile. j TVOCs ratio for GM, k Data from winter from homes with compliant wood heaters. 
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Table 6. Sampling and concentration data (maximum-MX, geometric mean-GM, 

median-MD, arithmetic mean-AM) for formaldehyde studies  

Author, 

Date 

Indoor 

Environment 

No. 

of 

Sites 

No. of 

Samples 

Sampling 

time 

Formaldehyde (µg/m3) I/O 

Ratio 
Range GM MD AM 

McPhail, 

1991 
Houses 23 23 1 hour 10–40 n/a n/a n/a n/a 

McPhail, 

1991 
Houses n 8 8 1 hour 20–36 n/a n/a n/a n/a 

McPhail, 

1991 
Caravans cl 2 7 24 hours n/a–1200 n/a n/a 850 n/a 

McPhail, 

1991 
Caravans op 16 16 24 hours n/a–320 n/a n/a 260 n/a 

McPhail, 

1991 

Portable 

Houses cl 
2 7 24 hours n/a–1100 n/a n/a 770 n/a 

McPhail, 

1991 

Portable 

Houses op 
4 7 24 hours n/a–130 n/a n/a 120 n/a 

Godish et 

al., 1995 
Houses n 20 20 1.5 hours n/a–90 27 24 n/a n/a 

Godish et 

al., 1995 
Houses 20 20 1.5 hours n/a–89 20 n/a n/a n/a 

Garrett et 

al., 1997 
Houses n 39 720a 4 days 0.25–133 21 15 19 17 

Garrett et 

al., 1997 
Houses 40 720a 4 days n/a 16 n/a n/a 13 

Ayers et 

al., 1999 
Houses 9 18 7 days 2.2–32 n/a 3.1a 4.7a n/a 

Dingle et 

al., 2000 
Caravans u 132 264 

3 to 5 

days 
12–1050 120 189 190 n/a 

Dingle et 

al., 2000 
Caravans o 60 120 

3 to5 

days 
10–214 36 43 43 n/a 

Franklin et 

al., 2000 
Houses 224 448 

3 to 4 

days 
1–114i  12i  13i  18i  n/a 

Gillett et 

al., 2000 
Houses 6 17 

4 to 7 

days 
2.5–25 7.2a  6a  9.2a  n/a 

Gillett et 

al., 2000 
Office 1 2 

4 to 7 

days 
54–66a  n/a n/a 60 n/a 

Brown, 

2001 
Houses n 1 13 1 hour 5–134 90 87 85 16 

Dingle 

and 

Franklin, 

2002 

Houses 185 1380 3 days bdl–204 
23–

31f 
n/a 

4–

113 
n/a 

Rumchev 

et al., 

2002 

Houses 192 768 8 hours 
n/a–224c 

n/a–189c 
n/a 

24b,s–

13b,w 

27–

30c 
n/a 

Zhang et 

al., 2004 
Houses 88 196 24 hours 

bdl–92c 

and bdl–

126c 

6–

19c 
n/a n/a n/a 

Zhang et 

al., 2006 
Schools 4 141 8 hours 1.5–56g 

3–

38 
n/a n/a n/a 

Sheppeard 

et al., 

2006 

Houses 139 139 7 days 0.16–58 n/a 4.1 n/a n/a 
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Author, 

Date 

Indoor 

Environment 

No. 

of 

Sites 

No. of 

Samples 

Sampling 

time 

Formaldehyde (µg/m3) I/O 

Ratio 
Range GM MD AM 

Rumchev 

et al., 

2007 

Schools n 3 20 8 hours 13–288 n/a 148 n/a n/a 

Rumchev 

et al., 

2007 

Schools 3 20 8 hours 5–305 n/a 103 n/a n/a 

Dunne et 

al., 2006 
Houses 1 64 7 days 2.3–6.1 n/a n/a 4.4 

40w, 

10s 

 

Brown et 

al., 2006 

Office 

Building 
10 20 

30 

minutes 
16–140 49 

34w 

60s 
71 > 4 

Paevere et 

al., 2008 

Green Office 

Building 
7 14 

30 

minutes 
bdl–37h 8.3 7.5 10.2 1.5 

Marks et 

al., 2010 
Schools 22 44 1 day 2.2–67f n/a n/a 36 n/a 

Loveday 

et al., 

2010 

Houses 79 324 3 days bdl–39 n/a 5.3 35 n/a 

Lazenby 

et al., 

2012 

Houses 41 75 1 day 5–46 12 n/a 15 3.5 

Lazenby 

et al., 

2012 

School 4 7 1 day 5–13 n/a n/a 9.7 1.5d 

Molloy et 

al., 2012 
Houses 40 160 7 days 8.3–24g n/a 14.5 15 12d 

Maisey et 

al., 2013 
Houses 68 2897 1 day bdl–130 n/a 5.3 n/a n/a 

Cheng et 

al., 2016 
Houses 40 145 7 dayse 4.8–33 15 15 16 12 

Mishra et 

al., 2015b 
Schools 25 100 0.7 hours bld–80 n/a 4.2 n/a n/a 

n New house(s), cl closed, op open, u unoccupied, o occupied, s summer, w winter.a Calculated value (from 

data in paper), bResults from the living rooms of asthmatic children, c Results from the bedroom and living 

room, respectively, of asthmatic children, for summer and winter, d I/O ratio based on mean, e 7 day 

continuous sampling, f 95% CI based on the geometric range, g 10% and 95% quantiles. hSupplementary 

information used with permission of author, see Brown (2007). i Supplementary information used with 

permission of author (15 November, 2016 e-mail from P Franklin to lead author). I/O ratios are derived 

from mean or median values. 
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(VII) NUMBER OF AIR SAMPLES 

The number of sites and samples collected are shown in Tables 5 and 6.  Several studies 

report a relatively large number of sites (up to 224) and samples collected (up to 2,897). 

Among the studies that reported VOCs, 4% sampled more than 100 sites, and 22% 

collected more than 100 samples. Among studies that reported carbonyls including 

formaldehyde, 14% sampled more than 100 sites, and 43% collected more than 100 

samples.  However, most VOC studies reported 70 or fewer sites, with 4 or fewer samples.  

For established housing (including caravans), five studies investigated more than 130 

sites (i.e., Dingle et al., 2000; Franklin et al., 2000; Dingle and Franklin, 2002; Rumchev 

et al., 2002; Sheppeard et al., 2006). Other studies reported a relatively large number of 

samples (120 ≤ n ≤2,897) but with fewer locations (39≤ n ≤88) (Garrett et al 1997; Zhang 

et al., 2004; Maisey et al., 2013). Notwithstanding the larger sampling efforts, no single 

study or collection of studies reports statistically significant indoor VOC and carbonyl 

exposures relevant to the general population in Australia.  

(VIII) ANALYTICAL METHODS 

As shown in Table 3, analytical methods were grouped according to studies of VOCs or 

studies of carbonyls. Analytical methods included protocols published by Australian 

agencies (e.g., Standards Australia), international authorities (e.g., the US National 

Institute of Occupational Safety and Health, NIOSH, 1994), and manufacturers of 

sampling or analytical equipment (e.g., Radiello, 2006). Since 2009, most authors cite US 

EPA Compendium Methods TO17 for VOCs and TO11A for carbonyls and 

formaldehyde (US EPA, 1999a; US EPA, 1999b). 

For the analysis of VOCs, all studies reported gas chromatography (GC) / mass 

spectrometry (MS) as the principal method of analysis. The majority (78%) of studies 

used automated thermal desorption (TD) - gas chromatography (GC) / mass spectrometry 

(MS), and 17% of studies used a liquid phase desorption process. Flame ionisation 

detection was the principal mode of detection but was not uniformly specified.   
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For the analysis of carbonyls including formaldehyde, studies used high performance 

liquid chromatography (HPLC), with an ultraviolet (UV) or visible (VIS) detector or mass 

spectrometer based on US EPA Method TO11A (US EPA, 1999b). Early studies on 

formaldehyde used impinger sampling into a sodium bisulphite solution, subsequently 

quantified by visible spectroscopy (Standards Australia, 2014). If the formaldehyde 

sampling technique included chromotropic acid, formaldehyde concentration was 

determined by a UV/VIS spectrometer (24%). If the formaldehyde sampling technique 

utilised DNPH, quantification was from the hydrazone derivative detected with HPLC 

(76%). In general, the methods used for analysing VOCs and carbonyls are consistent 

with international protocols. 

(IX) NUMBER AND TYPE OF VOCS  

Table 3 shows the number and type of VOCs evaluated in each study. Overall, the median 

number of compounds was 10, and the maximum was 97 (Cheng et al., 2016). Most 

studies (84%) focused on 35 or fewer VOCs and carbonyls. Several studies reported a 

larger number (35–97) of VOCs (Brown, 2001; Mishra et al., 2015a; Maisey et al., 2012; 

Cheng et al., 2016).  

Studies reported results in different ways, among them: (i) most commonly identified 

compounds (e.g., top 10 compounds) (Hinwood et al., 2006), (ii) number of VOCs that 

make up a percentage of the total (Cheng et al., 2016), (iii) number of VOCs (e.g., 5) that 

were observed in 50% of the locations (Maisey et al., 2013), (iv) functional groups of the 

compounds (e.g., aromatic hydrocarbons) (Mishra et al., 2015a), or (v) TVOCs (Brown, 

2001; Zhang et al., 2004).  

Benzene, toluene and xylene(s) were among the most commonly reported compounds, 

also in a variety of ways: (i) individual compounds (i.e., Maisey et al., 2013; Cheng et al., 

2016), (ii) TVOCs (i.e., Zhang et al., 2004), (iii) the sum of BTEX compounds (Galbally 

et al., 2009), or (iv) total xylene(s) (Hinwood et al., 2007).  Additional VOCs such as 

alcohols and halogenated hydrocarbons were reported in 32% of the studies. Terpenes 

and terpenoids were reported in eight studies (26%) (Brown, 2001, 2002; Brown et al., 
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2006; Paevere et al., 2008; Maisey et al., 2013; Mishra et al., 2015a, 2015b; Cheng et al., 

2016).  

(X) CONCENTRATION OF COMPOUNDS 

(a) VOCs 

For BTEX compounds, the indoor maximum (MX), median (MD), geometric mean 

(GM), and arithmetic mean (AM) concentrations are reported in Table 5.  Although MX 

values were consistently reported, MD values were reported only in some studies, and the 

AM and or GM reported in others.  In order to compare investigations, differences in 

sampling approach and duration were not considered, and thus the analysis below is 

provided with that caveat.  

Benzene concentrations in established houses exhibited a statistical range (i.e., the range 

of MD, GM, and AM values) of 1–25 µg/m3. The maximum benzene concentration of 

125 µg/m3 was recorded in an established home using an un-flued gas heater (7-day 

sampling period) (Loveday et al., 2010). Relatively high benzene levels (MX up to 82 

µg/m3, MD up to 25 µg/m3) were reported in studies of a new home (Brown, 2001), homes 

affected by ambient air pollution due to wood burning (Galbally et al., 2009), and homes 

of asthmatic children (Rumchev et al., 2004). In the latter study, each 10 µg/m3 increase 

in benzene concentration was associated with a threefold increase in the risk of having 

asthma. 

Toluene concentrations in established houses exhibited a statistical range of 3–73 µg/m3.  

The highest toluene concentration of 692 µg/m3
 was recorded in a school (Mishra et al., 

2015b). New homes and homes with recent renovations reported toluene levels of up to 

240 µg/m3 (30-minute sampling period), with a statistical range of 19–73 µg/m3 (Brown, 

2001). In an established home with an un-flued heater, a toluene concentration of 203 

µg/m3 (7-day sampling period) can be compared to the WHO guideline of 260 µg/m3 (7 

days) (Loveday et al., 2010). Toluene was the highest concentration VOC in 37% of 

indoor environments (range of 2.6–692 µg/m3) (Table 5).   
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Ethylbenzene concentrations in established houses exhibited a statistical range of 1–46 

µg/m3. The maximum ethylbenzene concentration of 210 µg/m3
 was in a recently 

renovated office building (Brown, 2002).  

Xylenes are more difficult to compare as not all studies reported the same isomer(s) (see 

footnotes Table 5). Xylene concentrations in established homes exhibited a statistical 

range of 4.4–12 µg/m3. For newly constructed or renovated homes, the statistical range 

was higher, 19–36 µg/m3, though with fewer studies (Brown, 2001, 2002). The maximum 

xylene concentration measured in a home was 320 µg/m3 using active sampling (8 hours) 

(Rumchev et al., 2004). The highest xylenes concentration of 770 µg/m3 was measured 

in a renovated office building (Brown, 2002). 

Terpenes were also investigated in 26% of the studies, and found to be among the most 

abundant compounds. For example, in a study of domestic housing, limonene (45%) and 

pinene (32%) were the second and third most prevalent compounds detected after BTEX 

(Maisey et al., 2013). In another study of domestic housing, limonene was one of nine 

compounds comprising 68% of all VOCs reported (Cheng et al., 2016). Several studies 

reported limonene in schools at concentrations up to 213 µg/m3 (Mishra et al., 2015a; 

Mishra et al., 2015b).  

(b) Formaldehyde and carbonyls 

For formaldehyde and carbonyl compounds, the MX, MD, GM, and AM concentrations 

are reported in Table 6.  The statistical range of formaldehyde concentrations for new 

housing (15–90 µg/m3) was nearly three times higher than for established housing (4.1–

31 µg/m3).   

Primary schools were evaluated by five studies (Zhang et al., 2006; Rumchev et al., 2007; 

Marks et al., 2010; Lazenby et al., 2012; Mishra et al., 2015b) (Table 6), reporting 

formaldehyde concentrations with a range of 1.5–305 µg/m3.  A study of new schools 

(built after 1985) and older schools found higher MD formaldehyde concentrations in 
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new (148 µg/m3) than old (103 µg/m3).  Thus, some primary schools can have significant 

levels of formaldehyde.     

Relatively high levels of formaldehyde were reported in caravans, with the maximum 

concentration in (unoccupied or closed) caravans ranging from 12–1,200 µg/m3 

(McPhail, 1991; Dingle et al., 2000), with AM ranging from 190–850 µg/m3. Results 

indicate that much higher concentrations of formaldehyde have been observed in caravans 

compared to housing (new or established).   

(XI) COMPARISON OF STUDIES 

Studies that used similar methods for similar times are identified in Table 4.  For example, 

similar sampling media and durations were reported in a set of four VOC studies (Brown, 

2001; Brown, 2002; Mishra et al., 2015a, 2015b) and five formaldehyde studies (McPhail, 

1991; Godish et al., 1995; Brown, 2001; Brown et al., 2006; Paevere et al., 2008).  In 

addition, several sets of similar investigations allowed comparisons to exposure 

guidelines. Three studies of housing (Galbally et al., 2009; Loveday et al., 2010; Dunne 

et al., 2006) with passive sampling of VOCs for 7 days, provide results that can be 

compared to 7 day WHO guidelines (Tables 2 and 5).  Three other studies of housing 

(Zhang et al., 2004; Lazenby et al., 2012; Maisey et al., 2013) with passive sampling of 

carbonyls for 24 hours, report formaldehyde concentrations ranging from bdl–130 µg/m3, 

which can be compared to the 24 hour NEPM value of 50 µg/m3. 

Two similar studies evaluated formaldehyde concentrations in multi-story office 

buildings: one an established conventional building (Brown et al., 2006), and the other a 

new green building (Paevere et al., 2008), both in the same city, and both sampled in 

summer and winter. The conventional building concentrations ranged from 16–140 

µg/m3, exceeding the WHO exposure guideline (i.e., 100 µg/m3), with MD summer (60 

µg/m3) greater than winter (34 µg/m3). The green office building concentrations ranged 

from bdl–37 µg/m3, with MD in both seasons of 7.5 µg/m3. The authors suggest that lower 

formaldehyde levels in the green building were due to the selection of low-emitting 

building materials (Paevere, et al., 2008). 
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(XII) INDOOR TO OUTDOOR CONCENTRATION RATIOS 

As shown in Table 3, of the 31 studies, 29% reported I/O ratios, 26% reported outdoor 

measurements only (although most did not designate whether they were concurrent), and 

45% did not report outdoor air measurements. One study reported I/O ratios as well as 

differences between indoor and outdoor concentrations to investigate possible sources 

(Molloy et al., 2012).   

For toluene (Table 5), the highest median I/O ratio was 30 in a new house (Brown, 2001). 

Ratios for established housing ranged from 1.4 to 3.6 (plus an attached garage ratio of 

12.5), offices ranged from 0.8 to 2, and schools were 1.7.  Ratios for established housing, 

offices, and schools were similar, whereas new housing was an order of magnitude higher. 

For formaldehyde (Table 6), the highest median I/O ratios were 16 for new housing, and 

40 for housing sampled in winter, which were the highest among housing studies (Brown, 

2001; Dunne et al., 2006). The median I/O ratios for established housing ranged from 

3.5–12 (across all seasons) (Lazenby et al., 2012; Cheng et al., 2016).   

Evaluation of I/O ratios revealed that the majority of compounds sampled were several 

times higher indoors than outdoors. In general, median formaldehyde and toluene I/O 

concentration ratios were significantly higher in new homes than in any other indoor 

environment.  

(XIII) SEASONAL VARIATION 

Seasonal conditions can affect indoor VOC and formaldehyde levels (Campagnolo et al., 

2017; Molloy et al., 2012). Among the studies, 35% reported VOC or formaldehyde data 

from a single season, 42% reported data from two or more seasons, distinguishing 

between warmer and cooler months, and 23% of the studies reported data from all four 

seasons (e.g., Molloy et al., 2012; Rumchev et al., 2002).   
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Of the studies that considered two or more seasons, 31% found that warmer months had 

higher formaldehyde levels than cooler months (Molloy et al., 2012; Brown et al., 2006; 

Dingle and Franklin, 2002; Rumchev et al., 2002). Also, 31% found higher levels of 

formaldehyde in winter compared to summer (Zhang et al., 2006; Zhang et al., 2004; 

Dingle et al., 2000; Garrett et al., 1997).  Further, 31% found generally higher VOC 

concentrations in winter compared to summer (Maisey et al., 2013; Zhang et al., 2006; 

Dunne et al., 2006; Galbally et al., 2009).  

For studies that reported sampling during multiple seasons, 60% found differences in 

VOC and formaldehyde levels among seasons. However, these differences were not 

consistently observed in cooler or warmer seasons. Although indoor VOC levels were 

likely to be higher in winter, formaldehyde levels were found to be higher in either winter 

or summer. In some instances, seasonal differences were found to have a negligible effect 

on formaldehyde levels (Dunne et al., 2006), VOC levels (Brown et al., 2006), or both 

(Paevere et al., 2008).  

4.5 DISCUSSION 

This evaluation of 31 studies conducted across Australia during the past 25 years revealed 

that there is no standard approach for IAQ sampling or VOC reporting. Comparisons are 

frequently made among studies, but without consideration to the sampling methods. In 

particular, the sampling times are often different. This is rarely acknowledged and is a 

problem for researchers globally who wish to compare their findings. This paper 

demonstrates the need for a standard approach for collecting and reporting data.  

The evaluation also showed that results from some investigations could be compared to 

former NHMRC and WHO health-based guidelines, and to NEPM ambient air quality 

guidelines. However, the use of passive sampling in 62% of formaldehyde studies limits 

the determination of concentrations relevant to short-term exposure and guidelines for 

acute effects. For VOCs, active sampling techniques were used in 82% of studies, which 

may better support the assessment of acute health effects. Sampling methods and time 

periods that are more consistent with exposure guidelines, as well as pollutant exposure 
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guidelines that are more compatible with sampling patterns and occupant behavior, would 

enable a more rigorous assessment and comparison of potential health risks. 

Relatively few studies investigated housing during the first year after construction, when 

most off-gassing of new materials typically occurs. For these studies, the number of 

buildings sampled and number of geographical locations were limited. In contrast, 

established housing has received considerable attention, with several studies reporting a 

relatively high number of buildings and samples. Levels of VOCs and formaldehyde in 

new housing were the highest among all studies of domestic housing in Australia, 

indicating a need for greater attention to new and renovated buildings.   

Primary schools were evaluated in six of the studies, with formaldehyde concentrations 

of up to 288 µg/m3. The implication is that some school environments may be a significant 

source of formaldehyde exposure.  

Indoor VOC levels of other educational environments, such as preschools, high schools 

and universities, are not well understood in Australia. In addition, indoor VOC 

assessments of health care facilities, hospitals, day care centres, and aged care facilities 

are lacking. However, these environments are especially important because their 

occupants may be more vulnerable to the effects of VOC exposure.  

The last Australian assessment of formaldehyde concentrations in caravans was 

conducted in 2000. Future assessments are needed to determine if levels have changed 

due to possible changes in engineered wood products and insulation materials (Brown 

and Johnson 2004).  Furthermore, residences such as apartments comprise an increasing 

proportion of the Australian urban landscape (ABS, 2015). Though not yet adequately 

investigated, they offer an important area for future VOC studies.  
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4.6 CONCLUSION 

In summary, IAQ research in Australia has evolved from evaluating only formaldehyde 

in early studies to including other carbonyls and a range of VOCs in later studies. Indoor 

concentrations of nearly all pollutants were higher indoors than outdoors, especially in 

new and renovated buildings.  In some cases, concentrations of formaldehyde and toluene 

exceeded pollutant exposure guidelines. To enable comparisons among studies and with 

exposure guidelines, a standard approach for sampling and reporting VOC data is needed. 

Greater attention should be focused on indoor environments that are underreported and 

with vulnerable populations. Finally, what is also needed, and what has not yet been 

conducted, is a nationally representative study of indoor VOCs in Australia.  
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AUSTRALIAN UNIVERSITY 
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5.1 ABSTRACT 

This study investigates volatile organic compounds (VOCs) at a large Australian 

university, within locations of campus services, restrooms, renovated offices, a green 

building, meeting areas, and classrooms. Analysis of 41 VOCs across 20 locations reveals 

indoor concentrations higher than outdoor concentrations for 97% of all VOC 

measurements (493 unique comparisons). Hazardous air pollutants (formaldehyde, 

benzene, toluene, and xylenes) were up to an order of magnitude higher indoors than 

outdoors, and at the highest combined geometric mean concentrations in classrooms (51.6 

µg/m3), renovated offices (42.8 µg/m3), and a green building (23.0 µg/m3). Further, d-

limonene, ethanol, hexaldehyde, β-pinene, and isobutane were up to two orders of 

magnitude higher indoors than outdoors. The most prevalent VOCs (e.g., ethanol, d-

limonene, and formaldehyde) have links with building materials, furnishings, and 

fragranced consumer products such as air fresheners and cleaning supplies. Highest 

indoor to outdoor concentration (I/O) ratios of formaldehyde (27), toluene (9), p-xylene 

(12), and m-xylene (11) were in a green building; highest of benzene (6) in renovated 

offices; and highest of o-xylene (9) in meeting areas. Results from this study are 

consistent with findings from similar international studies and suggest that university 

indoor environments may be important sources of pollutants. 

 

Key Words: volatile organic compounds, indoor air quality, formaldehyde, BTEX, 

university, indoor environments.  
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5.2 INTRODUCTION 

Volatile organic compounds (VOCs) are prevalent indoor air pollutants, with primary 

sources typically consumer products and building materials (Ott et al., 2006; Brown, 

2002; Wallace et al., 1987). Consumer products, such as air fresheners, cleaning supplies, 

and personal care products, can emit numerous VOCs, such as limonene, alpha-pinene, 

beta-pinene, acetaldehyde, acetone, and ethanol (Steinemann, 2015). Fragrance terpenes 

(e.g., limonene) in these products can react with ozone to generate secondary pollutants 

such as formaldehyde (Nazaroff and Weschler, 2004). Building materials, such as 

engineered wood products, coatings, and floorings, can also emit numerous VOCs, 

including formaldehyde, toluene, and benzene (Guo et al., 2004; Brown 2002; Brown et 

al., 1994). Even green consumer products and building materials can emit potentially 

hazardous VOCs, and green buildings with reduced ventilation can concentrate pollutants 

indoors (Steinemann et al., 2017).  

In Australia, regulations do not currently exist for acceptable VOC concentrations within 

indoor environments. In contrast, for outdoor air, the "hazardous air pollutants" of 

formaldehyde, toluene, benzene, xylenes, and polycyclic aromatic hydrocarbons are 

monitored in accordance with the National Environmental Protection Measure (NEPM, 

2004). Although the Australian National Health and Medical Research Council 

recommended national indoor air quality guidelines in 1992, they were rescinded in 2002 

(NHMRC, 2016). (Table 7 provides a summary of air quality guidelines.) 
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Table 7. Air quality guidelines for organic pollutants (source: Goodman et al., 2017) 

Pollutant Pollutant guideline (exposure period) 

NHMRC 1992 NEPM 2004 WHO 2000/2010 

Formaldehyde 120 µg/m3 

(ceiling) 

50 µg/m3 (1 day) 100 µg/m3 (0.5 

hour) 

TVOC 500 µg/m3 (1 

hour) 

n/a n/a 

Benzene 50% TVOCa 10µg/m3 (1 year) No safe limitb 

Toluene 50% TVOCa 3770 µg/m3 (1 day), 377 µg/m3 (1 

year) 

260 µg/m3 (7 day)c 

Xylenes 50% TVOCa 1085 µg/m3 (1 day), 870 µg/m3 (1 

year) 

n/a  

Dichloromethane 50% TVOCa n/a 450 µg/m3 (7 day)c 

Styrene 50% TVOCa n/a 260 µg/m3 (7 day)c 

Tetrachloroethylene 50% TVOCa n/a 250 µg/m3 (1 year) 

Trichloroethylene 50% TVOCa n/a 250 µg/m3 (1 year) 

a NHMRC specified that no VOC should exceed 50% of a TVOC mixture. b Geometric mean 

concentration estimated for lifetime cancer risk of 1/100,000 is 1.7 µg/m3 (1 year). c Goals provided by 

WHO (2000) but considered to have insufficient evidence by WHO (2010).  

Internationally, a number of studies have investigated the type and concentration of VOCs 

in educational facilities such as primary and secondary schools (Zhang et al., 2006; 

Godwin and Batterman, 2007; Rumchev et al., 2007; Sofuoglu et al., 2011; Madureira et 

al., 2015; Mishra et al., 2015; Verriele et al., 2015). However, relatively few studies have 

evaluated the type and concentration of VOCs across a range of indoor environments 

within a university. The only Australian investigation took place over 14 years ago 

(Rumchev et al., 2003), with a focus on BTEX and chlorobenzene levels in laboratories. 

International studies examined VOCs within classrooms, canteens, workshops, 

laboratories, offices, and a library (Chan et al., 2007); and offices, laboratories, 

classrooms, hallways, storage areas, and a coffee room (Yurdakul et al., 2017). One study 

evaluated formaldehyde and other carbonyls, but not other VOCs, within 15 different 

categories of indoor environments, including university offices, lecture theatres, a 

laboratory, a library, stores, dining facilities, services, and housing (Ho et al., 2014). Other 

studies examined VOCs including formaldehyde, but with a focus on specific 

environments such as libraries (Allou et al., 2008; Kang et al., 2017), refurbished offices 

(Kolarik et al., 2015), dormitories and teaching buildings (Kang et al., 2017), and a 

departmental building (e.g., Solomon et al., 2008; Akal et al., 2015). Thus, few if any 
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studies investigated (i) a broad suite of VOCs including carbonyls and (ii) a range of 

different indoor environments in universities, and both are contributions of this present 

study. 

As a mini-city, the university provides diverse indoor locations that accommodate tens of 

thousands of students, staff, and visitors. This study investigates VOCs, including 

carbonyls, within a variety of indoor environments at a large Australian university. The 

objectives of the study are to determine the concentrations and prevalence of pollutants 

indoors, compare indoor to outdoor concentrations, and assess the potential implications 

of the results. Through the analysis and evaluation of 41 pollutants, with a focus on NEPM 

hazardous air pollutants (i.e. formaldehyde, benzene, toluene, and o, m, p-xylene), the 

study contributes information and insights on university indoor environments. 

5.3 METHODS 

The study was performed at the University of Melbourne, an Australian public research 

and teaching institution with over 52,000 students and 10,000 staff (AEN, 2016). The 

Parkville campus is located 3 kilometres north of Melbourne's central business district. 

On the University campus, the following categories of indoor environments were 

investigated: campus services (supermarket, hairdresser), restrooms, renovated offices 

(less than 2 years old), a green building (less than 2 years old), meeting areas, and 

classrooms. The green building received the highest Green Star rating (6 Star) from the 

Green Building Council of Australia (GBCA, 2017). Green Star is a voluntary rating 

scheme that assesses the sustainable design, construction, and operation of buildings 

across a range of categories including indoor environmental quality, materials, and energy 

(GBCA, 2017). Data on building type, age, occupancy rate, room dimensions, floor area, 

ceiling height, distinguishing features, materials, and ventilation characteristics are 

included as supplementary material (Appendix B1). The study received ethics approval 

from the University of Melbourne (Application number: 1545481.1).  
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5.3.1 SAMPLING APPROACH 

Indoor air samples were collected and analysed in accordance with USEPA compendium 

methods TO–17 and TO–11A (US EPA, 1999a, 1999b). In all cases, outdoor air samples 

were collected within close proximity to, and simultaneously with, indoor air samples. 

Further details of all indoor and outdoor locations are provided as supplementary material 

(Appendix B1). All samples were collected during normal working hours, between 8:30 

am and 6:30 pm, in February and March, 2016.  

For VOCs (other than carbonyl compounds), two multi-adsorbent tubes in series (Markes 

Carbograph 1TD/Carbopack X) were connected to a SKC Pocket Pump 210-1002 (Eighty 

Four PA, USA) at a flow rate of approximately 35 mL per minute for 2.5 hours (5 L). For 

carbonyl compounds, a single low pressure drop dinitrophenylhydrazine (LpDNPH) S10 

cartridge (Supelco Cat No 21014) was connected to TSI Incorporated SidePak SP730 

(Shoreview, MN, USA) at a flow rate of approximately 1200 mL per minute for 7 hours 

(500 L). An ozone scrubber (Supelco Cat No 505285) was placed in front of the S10 

cartridge to prevent ozone interference with the carbonyls. According to established 

methods 10% of samples were reserved as blanks (Wallace et al., 1991). Temperature and 

relative humidity were measured using a portable weather station (Holman, WS5052B), 

and data are provided as supplementary material (Appendix B1).  

A total of 47 VOC tubes and 35 carbonyl cartridges (indoor and outdoor) were analysed. 

Analysis of VOCs used a PerkinElmer TurboMatrix™ 650 automated thermal desorber 

(ATD)–and a Hewlett Packard 6890A gas chromatography (GC)/mass spectrometry 

(MS)/flame ionization detector (FID) in accordance with US EPA method TO–17. An 

Agilent (DB5-MS) capillary column (60 m x 0.32 mm x 1 µm) was used for compound 

separation. Certified gas standards were used for calibration, these included a benzene, 

toluene, ethylbenzene and xylenes (BTEX) standard (Air Liquide–Scott Specialty Gases, 

Longmont, CO, SA), and a BTEX plus isoprene standard (National Physical Laboratory, 

Middlesex, UK). Where a gas standard was not available, quantification of VOCs was 

done using the FID response factor of toluene. Only VOCs with concentrations greater 

than the method detection limit (MDL) of the analytical instrument were reported. For 

VOCs, the MDL was between 0.01–0.04 µg/m3, determined as the 95th percentile of the 
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response from 7 field blanks. Analysis of carbonyls used ultra-high performance liquid 

chromatography (UHPLC) consisting of a Thermo Scientific Dionex Ultimate 3000 RS 

system with diode array detector (DAD) and mass spectrometry (MS) detector in 

accordance with US EPA Method TO–11A. A rapid separation liquid chromatography 

(RSLC) Acclaim™ (No. 077973) carbonyl column (150 mm x 2.1 mm, particle size: 2.2 

μm) was used for compound separation. The chromatographic conditions included a flow 

rate of 0.4 mL/min and an injection volume of 3.0 μL. The DAD was operated in the 220–

520 nm wavelength range with 360 nm used for mono-carbonyl quantification. The peaks 

were separated by gradient elution with an initial mobile phase of 52% acetonitrile and 

48% deionized water (18.2 ΩM cm, Millipore Milli-Q Advantage) for 8.3 minutes, 

followed by a linear gradient to 100% acetonitrile for 8 minutes, with a column 

temperature of 30 °C. A certified liquid standard (Supelco Carb Method 1004 DNPH mix 

2 C/N 47651-U) containing 30 µg/mL of each derivatised carbonyl was diluted 1:25 in a 

volumetric flask. This prepared standard was then used to perform a four-point calibration 

(0.15, 0.30, 0.6, and 1.2 µg/mL). For carbonyl compounds, the MDL was between 0.01–

0.07 µg/m3, determined as the 95th percentile of the response from 8 field blanks. All 

original concentrations were blank corrected. For data reported in this article, the term 

VOCs will include carbonyl compounds.  

5.3.2 DATA ANALYSIS 

The concentration range, geometric mean (GM), and geometric standard deviation (GSD) 

of all compounds measured in all indoor and outdoor environments are presented in Table 

8. As VOC data are predominantly log-normally distributed (Brown et al., 1994), the 

geometric mean is the main statistical parameter used to present data. Method detection 

limits (MDL) and additional descriptive statistics such as the median, mean, and standard 

deviations are presented as supplementary material (Appendix B2–B7).  

The relationship between indoor and outdoor VOCs was investigated using indoor to 

outdoor (I/O) concentration ratios. The median I/O ratio for each compound was 

calculated for each location using individual I/O ratios for each sample at each location 

(Appendix B2–B7). For calculation of I/O ratios, only compounds that had concentrations 

greater than the MDL in more than 50% of the locations (indoors and outdoors) were 
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reported. The GM concentrations of the hazardous air pollutants were summed (i.e., 

ΣFBTX = [formaldehyde] + [benzene] + [toluene] + [xylenes]) as a metric to enable 

further comparisons (Appendix B8). 

5.4 RESULTS  

5.4.1 CONCENTRATION OF COMPOUNDS 

Among the 41 compounds analyzed, 17 were detected in all indoor and outdoor locations 

(i.e., 100% of measurements were above MDL). These compounds were isobutane, n-

butane, ethanol, 2-methylbutane, benzene, toluene, ethylbenzene, o, m, p-xylene, α-

pinene, d-limonene, formaldehyde, acetaldehyde, acetone, methyl glyoxal, and 

hexaldehyde (Table 8). Notably, the hazardous air pollutants formaldehyde, benzene, 

toluene and o, m, p-xylene were detected in all indoor and outdoor locations (Table 8). In 

addition to these 17 compounds, five compounds (i.e., styrene, β-pinene, eucalyptol, 

naphthalene, and glyoxal) were detected in all indoor locations, and in up to 75% of 

outdoor locations. Benzothiazole was the only compound present in all indoor locations, 

but not at all outdoors (Table 8). 

Among all VOC concentrations at all locations, the highest was ethanol (>628 µg/m3) in 

a restroom. The highest GM concentrations of ethanol were in renovated offices (>127 

µg/m3), restrooms (>101 µg/m3), and campus services (>61.3 µg/m3) (Table 8).  

Formaldehyde had the highest GM concentration in classrooms (16.9 µg/m3), renovated 

offices (14.2 µg/m3), and a green building (13.6 µg/m3), with a range in other locations 

from 4.5 to 7.2 µg/m3. Benzene had the highest GM concentration in renovated offices 

(2.2 µg/m3), with a range in other locations from 0.2 µg/m3 to 0.9 µg/m3. Toluene had the 

highest GM concentration in classrooms (25.5 µg/m3), with a range in other locations 

from 1.7 µg/m3 to 13.9 µg/m3. Ethylbenzene had the highest GM concentrations in 

renovated offices (2.2 µg/m3), with a range in other locations from 0.3 µg/m3 to 1.8 µg/m3. 

Xylene(s) had the highest GM concentrations in renovated offices: p-xylene (7.2 µg/m3), 

m-xylene (2.2 µg/m3), and o-xylene (3.1 µg/m3).  
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Acetone had the highest GM concentration within classrooms (48.6 µg/m3), and a green 

building (24.7 µg/m3), with a range in other locations from 2.7 µg/m3 to 12.5 µg/m3. d-

Limonene had the highest GM concentration in restrooms (35.5 µg/m3).  

5.4.2 PREVALENCE OF COMPOUNDS 

Table 9 shows the twelve most prevalent compounds in each category of indoor 

environment, ranked by concentration. Across all environments, the most prevalent 

compounds at the highest GM concentrations were ethanol, formaldehyde, acetaldehyde, 

acetone, toluene, n-butane, 2-methylbutane, p-xylene, and d-limonene. Based on the 

combined GM concentration of hazardous air pollutants (ΣFBTX) (Appendix B8), the 

highest concentrations were reported in classrooms, renovated offices, a green building, 

followed by restrooms, campus services and meeting areas.  

5.4.3 INDOOR TO OUTDOOR CONCENTRATION RATIOS 

Table 8 provides the ratios of indoor concentrations to corresponding outdoor 

concentrations (I/O ratios). Indoor concentrations were higher than outdoor 

concentrations for nearly all VOCs measured (above MDL) at all locations (i.e., 97% of 

493 unique comparisons).  

Among all environments, the highest I/O ratios (greater than 100) were d-limonene, 

ethanol, hexaldehyde, β-pinene, and isobutane. Within each environment, the compounds 

with the highest I/O ratios were as follows: d-limonene (331) and ethanol (168) in campus 

services; ethanol (290) and d-limonene (123) in restrooms; ethanol (155) and β-pinene 

(127) in renovated offices; ethanol (71) and acetaldehyde (51) in a green building; ethanol 

(40) and d-limonene (34) in meeting areas; and hexaldehyde (214) and styrene (84) in 

classrooms.  
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Table 8. Concentration range (minimum–maximum), geometric mean (GM), geometric standard deviation (GSD), and median indoor to 

outdoor concentration ratios for VOCs measured in all indoor environments. 

Compound 

Method 

Detection 

Limit 

(MDL) * 

Indoors 

% 

Below 

MDL 

Outd

oors 

% 

Belo

w 

MDL 

 

Campus Services 

(n=4) 

Restrooms 

(n=2) 

Renovated Offices  

(n=2) 

Green Building 

(n=3) 

Meeting Areas  

(n=2) 

Classrooms   

(n=3) 

Outdoors                        

 (n=8) 

    
(µg/m3) 

 
(µg/m3) 

 
(µg/m3) 

 
(µg/m3) 

 
(µg/m3) 

 
(µg/m3)  (µg/m3) 

  
(µg/m3) % % Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD 

Isobutane 0.03 0 0 1.7–11.6 4.8 2.0 5 5.2–312 40.4 7.7 100 9.5–118 33.6 3.5 29 0.9–1.5 1.2 1.2 4 1.3–1.5 1.4 1.0 3 2.6–3 2.9 1.1 3 0.2–2.3 0.9 2.0 

n-Butane 0.04 0 0 3.4–17 8.2 1.8 5 4.4–170 27.5 6.2 33 15.9–239 61.7 3.9 38 1.9–3.6 2.9 1.3 7 3.3–3.8 3.6 1.1 4 5–7.8 5.9 1.2 3 0.5–3.4 1.5 1.9 

Ethanol** 0.03 0 0 9.8–462 61.3 5.4 168 

16.3–

628 101 6.2 290 56.2–287 127 2.3 155 15–125 49.6 2.4 71 20.2–24 22.0 1.1 40 25.5–50.7 34.1 1.3 8 0.5–3.8 1.0 1.9 

2-Methylbutane 0.03 0 0 3.1–23 7.5 2.2 5 1.9–6.5 3.6 1.8 4 12–13.5 12.8 1.1 4 1.7–4.8 2.8 1.5 9 0.8–0.9 0.9 1.0 2 4.7–6.1 5.2 1.1 3 0.3–2.9 1.1 2.3 

Benzene 0.02 0 0 0.2–1 0.5 1.8 3 0.4–0.5 0.4 1.0 2 2.2–2.3 2.2 1.1 6 0.1–0.3 0.2 1.1 4 0.2–0.3 0.2 1.0 2 0.7–1 0.9 1.1 3 MDL–0.5 0.17 2.1 

Trichloroethene 0.03 25 50 MDL–0.4 0.2 1.7 - 0.1–0.3 0.2 1.2 1 1.3–1.4 1.4 1.1 6 MDL–0.1 0.03 1.0 - MDL - - - 1.6–1.8 1.7 1.1 13 MDL–0.3 0.07 2.4 

Methyl 

methacrylate 0.03 93.75 100 MDL - - - MDL - - - MDL - - - MDL–4.6 0.2 10.7 - MDL - - - MDL - - - MDL - - 

Toluene 0.02 0 0 1.4–7.3 2.8 2.0 3 5.1–5.7 5.4 1.0 4 

13.3–

14.5 13.9 1.1 5 2.7–35.1 6.5 3.3 9 1.6–1.7 1.7 1.0 3 13.1–81.9 25.5 2.3 6 0.3–2.9 1.1 2.3 

Tetrachloroethe

ne 0.03 6.25 12.5 MDL–0.7 0.2 3.6 3 0.1–0.2 0.2 1.2 3 0.4–0.5 0.5 1.1 4 MDL–0.1 0.07 1.2 - 0.1–0.2 0.2 1.0 2 0.2–0.3 0.2 1.1 1 MDL–0.2 0.07 1.7 

Ethylbenzene 0.01 0 0 0.3–1.3 0.6 1.6 4 0.5–0.7 0.6 1.1 2 1.9–2.5 2.2 1.1 4 0.3–1.5 0.7 1.8 9 0.2–0.3 0.3 1.4 4 1.3–2.8 1.8 1.3 3 MDL–0.7 0.19 2.6 

p-Xylene 0.02 0 0 0.6–2.4 1.2 1.6 3 1.1–1.3 1.2 1.1 3 5.1–10 7.2 1.4 5 0.7–3.1 1.5 1.8 12 0.5–0.6 0.7 1.3 4 3.2–5.5 4.1 1.2 4 0.1–1.5 0.43 2.6 

m-Xylene 0.01 0 0 0.2–1 0.5 1.8 3 0.3–0.5 0.42 1.1 2 1.8–2.6 2.2 1.2 4 0.2–1.1 0.5 1.8 11 0.2–0.3 0.3 1.3 4 1–1.9 1.3 1.2 3 MDL–0.6 0.17 2.7 

Styrene 0.03 0 50 0.1–1.6 0.4 2.3 - 2.1–3.8 2.9 1.3 - 0.7–1 0.83 1.2 12 0.3–21.8 1.5 6.7 - 0.1–0.6 0.3 2.4 - 4–9.9 5.9 1.5 84 MDL–0.2 0.04 1.8 

o-Xylene 0.04 0 0 0.4–1.6 0.8 1.6 5 0.5–0.8 0.7 1.1 - 2.7–3.4 3.1 1.2 4 0.3–1.2 0.7 1.6 8 0.6–0.7 0.7 1.1 9 2.5–3.5 2.9 1.1 5 MDL–0.8 0.24 2.5 

R(-)3,7-

Dimethyl-1,6-

octadiene 0.03 62.5 100 0.1–2.3 0.61 3.3 - 

MDL–

25.0 0.9 28.7 - MDL - - - MDL–0.3 0.06 2.6 - MDL - - - MDL - - - MDL - - 

a-Pinene 0.03 0 0 0.5–1.7 1.0 1.5 18 0.6–2 1.0 1.8 30 

12.6–

13.8 13.2 1.1 86 1.7–4.3 2.8 1.5 44 0.2–0.5 0.3 1.5 5 10.4–35.8 17.3 1.7 53 MDL–0.3 0.08 1.8 

β-Pinene 0.03 0 75 0.2–1.3 0.5 1.8 - 0.5–1.7 0.9 1.8 - 

10.2–

11.6 10.9 1.1 127 0.5–2.2 1.4 1.8 - 0.1–0.2 0.2 1.0 - 6.8–9.5 7.8 1.2 52 MDL–0.2 0.04 1.9 

d-Limonene 0.03 0 0 5.7–30.6 12.6 1.9 331 

30.6–

41.1 35.5 1.2 123 5.9–7 6.4 1.1 53 0.6–1.6 1.0 1.4 25 1–1.1 1.1 1.1 34 4.8–14.9 7.4 1.6 53 MDL–0.3 0.07 2.2 

Eucalyptol 0.03 0 37.5 0.4–1.9 1.1 1.7 18 2.8–5.1 3.8 1.3 - 1–1.7 1.3 1.3 16 0.1–0.5 0.3 1.4 - 0.1–0.2 0.2 1.1 - 0.6–1.2 0.8 1.3 16 MDL–0.2 0.05 1.7 



67 

 

Compound 

Method 

Detection 

Limit 

(MDL) * 

Indoors 

% 

Below 

MDL 

Outd

oors 

% 

Belo

w 

MDL 

 

Campus Services 

(n=4) 

Restrooms 

(n=2) 

Renovated Offices  

(n=2) 

Green Building 

(n=3) 

Meeting Areas  

(n=2) 

Classrooms   

(n=3) 

Outdoors                        

 (n=8) 

    
(µg/m3) 

 
(µg/m3) 

 
(µg/m3) 

 
(µg/m3) 

 
(µg/m3) 

 
(µg/m3)  (µg/m3) 

  
(µg/m3) % % Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD 

2-Methyl-6-

methylene-2-

octanol 0.03 68.75 100 MDL–3.6 0.2 7.5 - 

MDL–

56.5 1.3 43.4 - 0.2–0.4 0.3 1.1 - MDL - - - MDL - - - MDL - - - MDL - - 

Phenylethyl 

alcohol 0.03 93.75 100 MDL - - - 

MDL–

17.7 0.7 24.3 - MDL - - - MDL - - - MDL - - - MDL - - - MDL - - 

Phenylmethyl 

acetate 0.03 43.75 100 MDL–0.5 0.2 2.2 - 0.2–10.0 1.7 6.0 - 0.1–0.2 0.2 1.2 - 

MDL–

0.06 0.04 1.4 - MDL - - - MDL - - - MDL - - 

a-Methylbenzyl 

acetate 0.03 87.5 100 MDL–0.1 0.03 1.0 - 1.8–15.8 5.5 2.9 - MDL - - - MDL - - - MDL - - - MDL - - - MDL - - 

Naphthalene 0.03 0 75 0.1–0.3 0.2 1.2 - 0.1–0.3 0.2 1.3 - 0.3–0.4 0.4 1.1 - MDL–0.3 0.2 1.6 - MDL–0.2 0.1 1.3 - 1–1.5 1.3 1.2 35 

MDL–

0.04 0.03 1.1 

Benzothiazole 0.03 0 100 0.1–0.6 0.3 1.7 - 0.5–0.8 0.7 1.2 - 0.3–0.5 0.4 1.2 - 0.04–0.3 0.2 2.5 - MDL–0.1 0.1 1.2 - 3.3–5.8 4.4 1.2 - MDL - - 

4-tert-

Butylcyclohexy

l acetate 0.03 87.5 100 MDL–3.2 0.2 8.3 - MDL - - - MDL - - - MDL - - - MDL - - - MDL - - - MDL - - 

Formaldehyde  0.03 0 0 3.9–18.9 7.2 1.9 3 3.8–9.9 6.2 1.6 4 13.5–15 14.2 1.1 13 12.4–14.8 13.6 1.1 27 4.1–4.8 4.5 1.1 6 13.5–26 16.9 1.4 12 0.5–2.4 1.1 1.7 

Acetaldehyde  0.04 0 0 1.7–9.2 3.2 1.9 4 2.7–3.8 3.2 1.2 5 3.4–4.6 4.0 1.2 6 3.4–10 6.1 1.5 51 1–1.6 1.3 1.2 6 6.5–18.9 9.4 1.6 11 0.1–0.8 0.44 1.9 

Acetone 0.07 0 0 6.1–10.7 8.1 1.2 3 6.7–10.8 8.5 1.3 5 

11.4–

13.6 12.5 1.1 9 12.6–38.4 24.7 1.6 35 2.3–2.4 2.7 1.2 3 36.4–86.3 48.6 1.5 22 0.5–3.8 1.4 1.8 

Acrolein  0.01 100 100 MDL - - - MDL - - - MDL - - - MDL - - - MDL - - - MDL - - - MDL - - 

Propionaldehyd

e 0.02 25 100 MDL–2.2 0.14 8.9 - 0.3–0.7 0.5 1.4 - 0.3–0.5 0.4 1.1 - 0.3–2.4 0.9 2.2 - MDL - - - 1.1–7.8 2.3 2.4 - MDL - - 

Crotonaldehyde  0.02 100 100 MDL - - - MDL - - - MDL - - - MDL - - - MDL - - - MDL - - - MDL - - 

MEK  0.10 12.5 62.5 0.3–0.9 0.54 1.6 - 0.5–1.1 0.8 1.4 4 2.1–2.4 2.3 1.1 - 0.4–1.8 0.9 1.7 - MDL - - - 2.2–3.7 2.7 1.24 16 0.1–0.6 0.14 1.9 

Methacrolein  0.02 68.75 100 MDL–0.4 0.03 3.7 - MDL - - - MDL - - - MDL–0.3 0.1 3.3 - MDL - - - 

MDL –

0.5 0.1 3.9 - MDL - - 

Butyraldehyde  0.02 25 100 MDL–1.5 0.2 4.9 - 0.2–0.4 0.3 1.1 5 0.5–0.7 0.6 1.1 - 0.4–1.5 0.8 1.6 - MDL - - - 1–2.6 1.4 1.5 - 

MDL–

0.06 0.02 1.5 

Benzaldehyde 0.04 12.5 87.5 MDL–1 0.3 3.4 - 0.4–0.7 0.5 1.3 - 0.2–0.3 0.3 1.1 - 0.5–1 0.6 1.4 - MDL - - - 1.6–2.6 1.9 1.2 38 

MDL–

0.04 0.04 1.4 

Valeraldehyde 0.03 25 100 MDL–1.3 0.1 5.5 - 0.1–0.3 0.2 1.3 - 0.7–0.8 0.7 1.1 - 1–2.1 1.3 1.4 - MDL - - - 2.2–7.5 3.4 1.7 - MDL - - 

Glyoxal 0.01 0 12.5 0.1–0.5 0.3 1.7 - 

MDL–

0.2 0.1 1.6 - 0.1–0.3 0.2 1.1 - 0.2–0.4 0.3 1.3 9 0.1–0.2 0.1 1.3 3 0.1–0.3 0.2 1.1 2 MDL–0.5 0.09 3.6 

m-

Tolualdehyde  0.03 93.75 100 MDL - - - MDL - - - MDL - - - MDL–0.2 0.04 2.1 - MDL - - - MDL - - - MDL - - 

Methyl glyoxal  0.02 0 0 1.8–4.8 2.4 1.5 1 0.3–0.6 0.4 1.3 1 1.7–2.1 1.9 1.1 3 1.1–1.8 1.5 1.2 12 0.8–0.9 0.9 1.1 4 0.8–1.4 1.1 1.2 2 0.1–1.7 0.45 2.5 
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Compound 

Method 

Detection 

Limit 

(MDL) * 

Indoors 

% 

Below 

MDL 

Outd

oors 

% 

Belo

w 

MDL 

 

Campus Services 

(n=4) 

Restrooms 

(n=2) 

Renovated Offices  

(n=2) 

Green Building 

(n=3) 

Meeting Areas  

(n=2) 

Classrooms   

(n=3) 

Outdoors                        

 (n=8) 

    
(µg/m3) 

 
(µg/m3) 

 
(µg/m3) 

 
(µg/m3) 

 
(µg/m3) 

 
(µg/m3)  (µg/m3) 

  
(µg/m3) % % Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD I/O Range GM GSD 

Hexaldehyde  0.04 0 0 0.1–4.6 0.8 4.1 - 0.4–1 0.6 1.5 - 3.2–4 3.6 1.1 - 4.3–6.4 5.6 1.2 - MDL–0.1 0.1 1.4 - 8.9–27.6 13.2 1.7 214 MDL–0.2 0.05 1.6 

* Compounds reported are all above MDL in >50% of locations with corresponding ambient levels above MDL.  

** Ethanol concentrations are semi-quantitative due to possible sample breakthrough of multisorbent tubes. 



69 

 

Table 9. The twelve most prevalent compounds in each environment, based on 

geometric mean concentration. 

Campus Services  Restrooms  Renovated Offices 

Compound  (µg/m3)  Compound  (µg/m3)  Compound  (µg/m3) 

Ethanol 61.3  Ethanol 101  Ethanol 127 

d-Limonene 12.6  Isobutane 40.4  n-Butane 61.7 

n-Butane 8.2  d-Limonene 35.5  Isobutane 33.6 

Acetone 8.1  n-Butane 27.5  Formaldehyde  14.2 

2-Methylbutane 7.5  Acetone 8.5  Toluene 13.9 

Formaldehyde  7.2  Formaldehyde  6.2  α-Pinene 13.2 

Isobutane 4.8 

 

α-MBA* 5.5 

 2-

Methylbutane 12.8 

Acetaldehyde  3.2  Toluene 5.4  Acetone 12.5 

Toluene 2.8  Eucalyptol 3.8  β-Pinene 10.9 

Methyl glyoxal  2.4 

 2-

Methylbutane 3.6 

 

p-Xylene 7.2 

p-Xylene 1.2  Acetaldehyde  3.2  d-Limonene 6.4 

Eucalyptol 1.1  Styrene 2.9  Acetaldehyde  4.0 

        

Green Building   Meeting Areas  Classrooms 

Compound (µg/m3)  Compound (µg/m3)  Compound (µg/m3) 

Ethanol 49.6  Ethanol 22.0  Acetone 48.6 

Acetone 24.7  Formaldehyde  4.5  Ethanol 34.1 

Formaldehyde  13.6  n-Butane 3.6  Toluene 25.5 

Toluene 6.5  Acetone 2.7  α-Pinene 17.3 

Acetaldehyde  6.1  Toluene 1.7  Formaldehyde  16.9 

Hexaldehyde  5.6  Isobutane 1.4  Hexaldehyde  13.2 

n-Butane 2.9  Acetaldehyde  1.3  Acetaldehyde  9.4 

α-Pinene 2.8  d-Limonene 1.1  β-Pinene 7.8 

2-Methylbutane 2.8 

 Methyl 

glyoxal  0.9 

 

d-Limonene 7.4 

Styrene 1.5 

 2-

Methylbutane 0.9 

 

n-Butane 5.9 

p-Xylene 1.5  o-Xylene 0.7  Styrene 5.9 

Methyl glyoxal  1.5 

 p-Xylene 0.7  2-

Methylbutane 5.2 

        

Ambient       

Compound (µg/m3)       

n-Butane 1.5       

Acetone 1.4       

Formaldehyde  1.1       

Toluene 1.1       

2-Methylbutane 1.1       

Ethanol 1.0       

Isobutane 0.90       

Methyl glyoxal  0.45       

Acetaldehyde  0.44       

p-Xylene 0.43       

o-Xylene 0.24       

Ethylbenzene 0.19       
* α-Methylbenzyl acetate 
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Hazardous air pollutants were up to an order of magnitude higher indoors than outdoors. 

For formaldehyde, toluene, p-xylene, and m-xylene, I/O ratios were higher in a green 

building than in any other indoor environment (Figure 1). For alkanes and alcohols, the 

I/O ratios of ethanol and isobutane were highest overall, both measured in restrooms 

(Figure 2). For terpenes and terpenoids, the highest I/O ratios were for d-limonene, 

measured in campus services and restrooms, and for α-pinene and β-pinene, measured in 

renovated offices and classrooms (Figure 3). For carbonyl compounds, the highest I/O 

ratio was for hexaldehyde, measured in classrooms (Table 8). For individual compounds, 

the range of I/O ratios measured in the different locations are as follows: formaldehyde 

3–27; benzene 2–6; toluene 3–9; ethylbenzene 2–9; xylenes 2–12; d-limonene 25–331; 

and ethanol 8–290.  

 

Figure 1. Indoor to outdoor concentration ratios for hazardous air pollutants (FBTX) 

and ethylbenzene. 
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Figure 2. Indoor to outdoor concentration ratios for alkanes and ethanol. 

 

 

Figure 3. Indoor to outdoor concentration ratios for terpenes and terpenoids. 
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5.5 DISCUSSION 

Explanations for higher levels indoors can be explored using the distinguishing features 

of each indoor environment. Descriptions of the characteristics and distinguishing 

features for each category of indoor environment are detailed in Appendix B1, and 

discussed below.  

In campus services, ethanol, d-limonene, n-butane, acetone, 2-methylbutane, and 

formaldehyde were among the most prevalent compounds at the highest concentrations. 

Many of the compounds identified in campus services have been associated with 

consumer products and cleaning supplies in previous studies (Steinemann, 2015; 

Nazaroff and Weschler, 2004).  

In restrooms, ethanol, isobutane, d-limonene, acetone, and formaldehyde were among the 

most prevalent compounds at the highest concentrations. These compounds are frequently 

detected in studies of air freshener emissions and cleaning products (Steinemann, 2015; 

Kim et al., 2015; Uhde and Schultz, 2015). Yurdakul et al. (2017) identified cleaning 

agents and air fresheners as sources of VOCs in university offices. In another study, 

regular morning peaks in the concentration of monoterpenes (range 5 to 17 ppb) were 

associated with cleaning activities (Solomon et al., 2008). By comparison the highest 

combined concentration of monoterpenes (i.e., d-limonene, α-pinene, and β-pinene) in 

this study was 60.2 µg/m3 (10.81 ppb) measured in classrooms.  

In renovated offices, ethanol, n-butane, isobutane, formaldehyde, and toluene were 

among the most prevalent compounds at the highest concentrations. These compounds 

were also found in prior studies of building materials (Guo, 2011; Missia et al., 2010; 

Brown, 1999, 2001, 2002), furnishings and floorings (Lee and Kim, 2012; Guo et al., 

2002; Wolkoff, 1995), and fragranced consumer products (Steinemann, 2015). The 

offices in this study were renovated in 2014. Other studies have shown that higher VOC 

levels typically occur post-renovation or in the first few years post-construction (e.g., 

Park and Ikeda, 2006; Brown, 2001). Ho et al. (2014) measured formaldehyde levels in 

university offices, lecture theatres, and grocery stores in the range of 8.6 to 57 ppbv (10.5 

to 70 µg/m3), compared to a range of 3.8 to 26 µg/m3 in this study. A study of a university 
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building in Turkey measured indoor benzene and toluene concentrations of 3.2 µg/m3 and 

37 µg/m3 respectively (Yurdakul et al., 2017), similar to the levels in the offices in this 

study (Table 8). A study of an Australian office building reported concentrations for 

benzene (range: 1–5 µg/m3), toluene (range: 4–14 µg/m3), and xylenes (range: 6–19 

µg/m3) (Brown et al., 2006).  

In the green building, the construction and finishing materials were selected based on 

performance and environmental parameters, including structural and acoustic properties, 

embodied energy, carbon footprint, and VOC emissions (UOM, 2017). However, the 

highest formaldehyde I/O ratios, as well as the highest acetaldehyde, acetone, m-xylene, 

and p-xylene I/O ratios, occurred in this green building (Figure 1 and Table 8). Many of 

these compounds are associated with compressed wood products, wood finishing 

compounds, adhesives, and occupant density (Brown, 1999; Jiang et al., 2017; Cheng et 

al., 2016). In a prior study in Australia, Brown et al. (2007) also found that green buildings 

can have higher levels of hazardous air pollutants indoors than outdoors. For example, a 

GM formaldehyde concentration of 8.3 µg/m3 and I/O concentration ratio of 1.5 were 

reported in Brown et al. (2007), compared to 13.6 µg/m3 and 27 reported in this study.  

In meeting areas, ethanol, formaldehyde, n-butane, acetone, and toluene were among the 

most prevalent compounds at the highest concentrations. Similarly, in classrooms, 

acetone, ethanol, toluene, formaldehyde, and α-pinene were among the most prevalent 

compounds at the highest concentrations. At a new university campus (less than a year 

old) located in Tianjin, China, the average formaldehyde concentration in teaching 

buildings was 46 µg/m3 (Kang et al. 2017). The average formaldehyde concentration for 

similar spaces in this study was 17.8 µg/m3. Higher levels in the Chinese study may be 

partly attributed to the recent construction of the university (i.e., less than one year old) 

and differing sampling conditions.  

Comparisons of data in this study to international indoor air quality guidelines (e.g., 

WHO, 2010) are limited due to differing sampling periods. Benzene is an exception as 

the WHO guideline of "no safe limit" was exceeded in all indoor and outdoor locations 

sampled (Table 7). For instance, the highest benzene levels were measured in renovated 
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offices (i.e., GM=2.2µg/m3). Although indoor concentrations of hazardous pollutants are 

higher than outdoors, the indoor concentrations of formaldehyde, toluene, and xylenes 

and in this study are nonetheless lower than the investigation levels in the NEPM and 

WHO guidelines (Table 7). The concentrations of hazardous air pollutants measured in 

this study are similar to those observed in other university air quality studies. 

The study had several limitations. First, the durations for sampling (e.g., 2.5 hours, 7 

hours), required to collect sufficient volume to meet MDLs, differed from the durations 

for health-based guidelines (e.g., 30 minutes), thus preventing direct comparisons. 

Second, in some instances, higher I/O concentration ratios are due to low ambient VOC 

levels rather than high indoor levels. Third, ethanol concentrations are semi-quantitative 

due to possible sample breakthrough of multisorbent tubes. Finally, sampling was 

conducted during summer and autumn, which may not represent VOC levels during all 

seasons.  

The study also revealed several paradoxes. First, as previously noted, the hazardous air 

pollutants were consistently higher indoors than outdoors, however, they are only 

monitored outdoors. Second, the highest I/O ratios of the hazardous air pollutants 

formaldehyde, toluene, p-xylene, and m-xylene were in the green building, which had 

received the highest green building rating in Australia. Third, air fresheners can contribute 

to indoor levels of alcohols, alkanes, terpenes, and aldehydes, and thus may impair rather 

than improve air quality. Fourth, university efforts to create more favourable indoor 

environments through activities such as renovation and green certification may not 

necessarily result in improved air quality within these indoor environments, at least not 

in the years soon after construction and renovation.  

Strategies to improve IAQ at a university can be relatively straightforward in some cases 

(e.g., where the primary sources are consumer products such as air fresheners and 

cleaning supplies), but more difficult in others (e.g., where the primary sources are 

construction materials and the building is built). In the former case, the university has 

successfully implemented a fragrance-free cleaning policy, largely upon the initiative of 

staff, in one building. Air fresheners are removed from restrooms, and fragranced 
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cleaning products are used sparingly, if at all. An interesting extension of this study would 

be the comparison of indoor air quality levels before and after the implementation of 

fragrance-free policies, or a comparison of similar university environments with and 

without fragrance-free policies. In the latter case, regarding construction materials, inert 

and low-emitting materials and furnishings (e.g., metal, glass, concrete, brick, and 

ceramic tiles) can be selected, with the caveat that some green or low-emitting products 

may lack substantiation regarding their effects on IAQ (Steinemann et al., 2017). 

As this study suggests, green and renovated buildings may not necessarily guarantee 

improvements for indoor air quality. In Australia, the Green Star certification scheme 

allocates 6 points (out of 100 possible points) to indoor air quality and indoor pollutants 

(GBCA, 2017). Thus, a building can achieve the highest level of green certification (75 

points out of 100) without attention to IAQ (GBCA, 2017; Steinemann et al., 2017). 

Further, air quality monitoring of green buildings is not required to attain or maintain 

certification.   

5.6 CONCLUSION 

University indoor environments can be important sources of pollutants. This study found 

hazardous air pollutants consistently higher in all indoor environments than outdoors. 

Building on these results, future work can examine the effectiveness of strategies to 

reduce pollutants, such as through fragrance-free policies, selection of low-emitting 

construction materials and furnishings, evaluation of the green building certification 

scheme, and ongoing monitoring and assessment of indoor environments. 
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6 EMISSIONS FROM DRYER VENTS DURING USE OF 

FRAGRANCED AND FRAGRANCE-FREE LAUNDRY PRODUCTS 

This chapter has previously been published as: 

Goodman, N.B., Wheeler, A.J., Paevere, P.J., Agosti, G., Nematollahi. N., Steinemann, 

A. Emissions from dryer vents during use of fragranced and fragrance-free laundry 

products. Air Qual Atmos Health (2018). https://doi.org/10.1007/s11869-018-0643-8 

The numbering of sections, figures, and tables in the original publication have been 

altered for this chapter, to be consist with the thesis chapter numbering. Also, the 

references have been incorporated into the full list of references at the end of this thesis. 
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6.1 ABSTRACT 

Fragranced laundry products emit a range of volatile organic compounds, including 

hazardous air pollutants. Exposure to fragranced emissions from laundry products has 

been associated with adverse health effects such as asthma attacks and migraine 

headaches. Little is known about volatile emissions from clothes dryer vents, and the 

effectiveness of strategies to reduce concentrations and risks. This study investigates 

volatile emissions from six residential dryer vents, with a focus on d-limonene. It analyses 

and compares concentrations of d-limonene during use of fragranced and fragrance-free 

laundry products, as well as changes in switching from fragranced to fragrance-free 

products. In households using fragranced laundry detergent, the highest concentration of 

d-limonene from a dryer vent was 118 µg/m3 (mean 33.34 µg/m3). By contrast, in 

households using only fragrance-free detergent, the highest concentration of d-limonene 

from a dryer vent was 0.26 µg/m3 (mean 0.25 µg/m3). After households using fragranced 

detergent switched to using fragrance-free detergent, the concentrations of d-limonene in 

dryer vent emissions were reduced by up to 99.7% (mean 79.1%). This simple strategy 

of switching to fragrance-free products significantly and almost completely eliminated d-

limonene emissions. Results from this study demonstrate that changing from fragranced 

to fragrance-free products can be a straightforward and effective approach to reduce 

ambient air pollution and potential health risks.      
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6.2 INTRODUCTION 

Volatile organic compounds (VOCs) are a category of air pollutants that typically occur 

at much higher concentrations indoors (Bari et al. 2015; Cheng et al. 2016; Goodman et 

al. 2017). Primary sources of indoor VOCs are fragranced consumer products such as air 

fresheners, cleaning products, and laundry supplies (Steinemann et al. 2013; Steinemann 

2015). Volatile chemical emissions from products used indoors can also migrate outdoors 

and affect outdoor air quality (Steinemann et al. 2013; McDonald 2018; Lewis 2018). 

Fragranced laundry products emit a range of VOCs such as acetaldehyde, acetone, 

ethanol, α-pinene, linalool, and d-limonene (Steinemann et al. 2013). Some of these 

VOCs are classified as potentially hazardous and can have adverse effects on human 

health and the environment (Mendel 2007; Rumchev et al. 2004; Spengler et al. 2001). In 

particular, exposure to d-limonene has been associated with adverse health effects such 

as skin and eye irritation (NIH 2018), and breathing difficulties such as wheezing or 

coughing (NICNAS 2018). Furthermore, terpenes such as d-limonene can react with 

ozone to generate hazardous air pollutants such as formaldehyde, acetaldehyde, and 

ultrafine particles (Nazaroff and Weschler 2004).  

Exposure to fragranced emissions from dryer vents has been associated with adverse 

health effects in the general population and in vulnerable sub-populations. Recent 

national studies in the US, Australia, the UK, and Sweden (Steinemann 2016, 2017, 2018, 

2018b) found that 12.5%, 6.1%, 6.0%, and 5.6% (respectively) of adults reported adverse 

health effects such as asthma attacks and migraine headaches from the fragrance of 

laundry products coming from a dryer vent. In addition, national studies of asthmatics in 

the US and Australia (Steinemann 2018c; Steinemann et al., 2018) found that 28.9% and 

12.1% (respectively) of adults with diagnosed asthma or an asthma-like condition 

reported adverse health effects from the fragrance of laundry products coming from a 

dryer vent. An earlier study in the US (Caress and Steinemann 2009) found that 10.9% of 

the general population, and 21.2% of asthmatics, reported adverse effects from fragranced 

laundry products vented outdoors.  
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Prior work (Steinemann et al. 2013) analysed VOC emissions from residential dryer vents 

during the use of fragranced laundry products such as detergents and dryer sheets. The 

study found more than 25 VOCs emitted from the dryer vents, including nine compounds 

classified as toxic or hazardous, with highest concentrations of acetaldehyde, acetone, 

methanol, ethanol, and limonene.  

Chemical analyses of fragranced laundry products found that d-limonene was the most 

prevalent VOC ingredient (Steinemann 2015). By contrast, d-limonene was not found in 

fragrance-free laundry products (Steinemann 2015). Fragrance-free laundry products 

generally do not contain terpenes (Steinemann 2015), and thus may provide an option to 

reduce emissions of VOCs including potentially hazardous air pollutants.   

The purpose of this study is to analyse, quantify, and compare emissions from use of 

fragranced and fragrance-free laundry products. In addition, it investigates potential 

reductions in d-limonene by switching from fragranced to fragrance-free products. 

Findings will address an understudied yet pervasive environmental and health problem, 

namely exposure and emissions associated with venting laundry products. It also explores 

a practical and cost-effective approach to improve indoor and outdoor air quality and 

reduce pollutant exposures.  

6.3 METHODS 

6.3.1 EXPERIMENTAL PROTOCOL 

The study was conducted over one month at six households located within 75 km of 

Melbourne, Australia. To be eligible for the study, households needed to have an 

internally vented electrically heated clothes dryer, and be able to wash and dry at least 

one load of clothing per week. Four households had been using fragranced laundry 

products ("fragranced households"). Two households had been using exclusively 

fragrance-free laundry products ("fragrance free households").  

For the study, the research team selected a leading brand of fragranced laundry detergent 

and corresponding fragrance-free laundry detergent, purchased the products at local 
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stores, and provided them unopened to households. All households used the same 

fragranced or fragrance-free laundry detergents throughout the study. The research team 

also purchased and provided sets of identical new towels to all households. A detailed 

protocol describing sampling and household activities is provided in Table 10. This study 

received ethics approval from The University of Melbourne (Application number: 

1749053.1). 

  



82 

 

Table 10. Sampling protocol for laundry cycles and air sampling in fragranced and 

fragrance-free households 

Time 

Period 

Activity 

 Fragranced Households Fragrance-Free Households 

Week 0 As preparation, the four fragranced households used the 

designated fragranced laundry detergent for one week to 

wash and dry at least two loads of laundry.  

As preparation, the two fragrance-free households 

used the designated fragranced-free laundry 

detergent for one week to wash and dry at least two 

loads of laundry. 

Week 1 Fragranced detergent - sampling 

At the beginning of Week 1, the first round of sampling 

for the fragranced households commenced. 

Sample (a) Laundry room air. Air samples were taken in 

the room before any washing or drying activities, for a 

period of 1 hour.  

Sample (b) No products. Using only new towels in the 

wash and dry cycle, samples were taken at the dryer vent 

outlet, immediately after the dryer started, for period of 1 

hour.  

Sample (c) Fragranced liquid laundry detergent. One 

capful of detergent was used with the towels in the 

washing machine. Samples were taken at the dryer vent 

outlet, immediately after the dryer started, for period of 1 

hour. 

Fragrance-free detergent - no sampling 

 

 

 

 

 

 

 

 

 

Fragrance-free detergent 

At the beginning of Week 1, the two fragrance-free 

households continued to use the designated 

fragrance-free laundry detergent. Households washed 

and dried at least one load per week, and did not use 

any fragranced laundry products in either machine. 

This activity continued for four weeks. 

Weeks 

1-4 

Switch from fragranced to fragrance-free detergent 

At the beginning of Week 1, after the sampling, the four 

fragranced households switched to the designated 

fragrance-free detergent. Households washed and dried 

at least one load per week, and did not use fragranced 

laundry products in either machine. This activity 

continued for four weeks. 

Week 4 Fragrance-free detergent - sampling 

At the end of Week 4, the second round of sampling for 

the fragranced (now fragrance-free) households 

commenced. 

Sample (d) Laundry room air. Air samples were taken in 

the room before any washing or drying activities, for a 

period of 1 hour. 

Sample (e) No products. Using only new towels in the 

wash and dry cycle, samples were taken at the dryer vent 

outlet, immediately after the dryer started, for period of 1 

hour.  

Sample (f) Fragrance-free liquid laundry detergent. One 

capful of detergent was used with the towels in the 

washing machine. Samples were taken at the dryer vent 

outlet, immediately after the dryer started, for period of 1 

hour. 

Fragrance-free detergent – sampling 

At the end of Week 4, the first round of sampling for 

the fragrance-free households commenced. 

Sample (g) Laundry room air. Air samples were 

taken in the room before any washing or drying 

activities, for a period of 1 hour. 

Sample (h) No products. Using only new towels in 

the wash and dry cycle, samples were taken at the 

dryer vent outlet, immediately after the dryer started, 

for period of 1 hour.  

Sample (i) Fragrance-free liquid laundry detergent. 

One capful of detergent was used with the towels in 

the washing machine. Samples were taken at the 

dryer vent outlet, immediately after the dryer started, 

for period of 1 hour. 
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As preparation, the four fragranced households and two fragrance-free households used 

the designated fragranced laundry detergent and fragrance-free laundry detergent, 

respectively, for at least two loads of washing and drying. To commence the study, 

samples were taken at the four fragranced households. Then, for a period of one month, 

the fragranced households switched from the fragranced laundry detergent to the 

fragrance-free laundry detergent. The fragrance-free households continued to use the 

fragrance-free detergent. After one month, samples were taken at the four (formerly) 

fragranced and two fragrance-free households. (See Table 10 for details.) 

Before each round of sampling, the washer and dryer interiors were wiped down with 

clean paper towels and water, washers were operated empty in drum clean mode, dryers 

were operated empty on the highest temperature for ten minutes, and the dryer lint filter 

was removed, cleaned, and reinstalled.  Machines and detergents were used according to 

manufacturer's instructions. For each round of sampling, at each household, a set of four 

new cotton towels was washed and dried according to the protocol described in Table 10. 

Air samples were collected from (a) the laundry room background air before any washing 

or drying activities, (b) the clothes dryer vent after washing towels without any products 

(i.e., water only), and (c) the clothes dryer vent after washing the same towels with either 

fragranced or fragrance-free laundry detergent. A total of six samples were collected from 

each fragranced household (three before and three after switching products), and three 

samples collected from each fragrance-free household.  

Indoor air samples were collected following USEPA compendium methods TO 17 (US 

EPA 1999). For VOCs (i.e., d-limonene), a single multi-adsorbent tube (Markes 

Carbograph 1TD/Carbopack X) was connected to an SKC sampling pump (AirChek 220-

5000TC) at a flow rate of approximately 150 mL per minute for 1 hour (9 L). The flow 

rate of the pump was calibrated 3 times (beginning, middle, and end) during sample 

collection using a Defender 510 Low Flow Calibrator (Mesa Labs). Temperature, relative 

humidity, and barometric pressure were measured using a portable indoor air quality 

monitor (TSI Q Trak 7575). The background air samples were collected in the center of 

each laundry room with all machines turned off. During the clothes dryer experiments, a 
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clean 100 mm aluminium duct (1.5–2.5 metres long) was connected to the exit of the 

clothes dryer to allow sample collection. Samples were collected at a distance of 

approximately 200 mm from the outlet of the aluminium duct. In all cases, the air 

sampling point was approximately 1.2 metres above floor level. This height was chosen 

as it provided a secure location for the aluminium ducting, sampling pump, and indoor 

air quality monitor. 

6.3.2 ANALYTICAL METHODS 

Analysis of VOCs used a Markes Series 2 Ultra Autosampler, a Markes Series 2 Unity 

Thermal Desorption (TD) unit, an Agilent 7890A gas chromatograph (GC), and an 

Agilent 5975c Inert Mass Selective Detector (MSD) with Triple-Axis Detector mass 

spectrometer (MS) in accordance with US EPA method TO-17 (US EPA 1999). An 

Agilent (DB-5MS) capillary column (60 m x 0.32 mm x 1 µm) was used for the 

separation. A certified d-limonene standard (AccuStandard, ALR-022N, lot number: 

17626) and a quality control (QC) standard (Supelco, certified reference material (CRM) 

40448, lot number: XA22031V) were used for the calibration and for QC. Only samples 

with concentrations greater than the method detection limit (MDL) of the analytical 

instrument were reported. All VOC data were reported in units of µg/m3 and corrected for 

temperature and pressure at 101.3 kPa and 0°C. 

Both fragranced and fragrance-free laundry detergents were analysed for their VOC 

ingredients and emissions using gas chromatography/mass spectrometry (GC/MS) 

headspace analysis. Details of the headspace analysis and GC/MS specifications are 

provided in Nematollahi et al. 2018.    

The study focused on d-limonene because it is (a) a prevalent and dominant VOC in 

fragranced laundry products as well as other fragranced consumer products, (b) a suitable 

marker as it is generally found in fragranced laundry products but not in fragrance-free 

laundry products, (c) associated with a range of adverse human health and environmental 

effects, and classified as a potentially hazardous compound (SWA 2018), and (d) a 

terpene that readily reacts with ozone to generate a range of hazardous secondary air 

pollutants. 
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6.4 RESULTS 

6.4.1 CONCENTRATIONS AT FRAGRANCED AND FRAGRANCE-FREE HOUSEHOLDS 

Concentrations of d-limonene at each phase of sampling and at each household are 

provided in Table 11. 
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Table 11. Concentration of d-limonene (µg/m3) in fragranced households, before and after switch from fragranced to fragrance-free laundry 

product, and in fragrance-free households i, ii 

Household 

Number 

and Type 

Laundry Room Background Air Dryer Vent Samples, No Products Dryer Vent Samples, With Products 

Before 

switch 

from F 

to FF 

product 

(µg/m3) 

sample 

(a) 

After 

switch 

from F 

to FF 

product 

(µg/m3) 

sample 

(d) 

 

Reduction 

in  

d-limonene 

(%) 

 

(a - d)/(a) 

FF 

product 

(µg/m3

) 

 

 

sample 

(g) 

 

Before 

switch 

from F 

to FF  

product 

(µg/m3) 

 

sample 

(b) 

After 

switch 

from F 

to FF 

product 

(µg/m3) 

 

sample 

(e) 

Reduction 

in  

d-

limonene 

(%) 

 

 

(b - e)/(b) 

FF 

product 

(µg/m3) 

 

 

sample 

(h) 

 

Before 

switch 

from F 

to FF  

product 

(µg/m3) 

sample 

(c) 

After 

switch 

from F 

to FF 

product 

(µg/m3) 

sample 

(f) 

Reduction 

in  

d-

limonene 

(%) 

 

(c - f)/(f) 

FF  

product 

(µg/m3) 

 

 

sample 

(i) 

#1 (F) 

 

0.70 0.59 15.7 - 1.13 1.02 9.7 - 2.35 1.50 36.2 - 

#2 (F) 0.23 0.12 47.8 - 1.24 0.13 89.5 - 10.52 0.13 98.8 - 

#3 (F) 0.47 0.25 46.8 - 0.37 0.63 (-70.3) - 2.51 0.46 81.7 - 

#4 (F) 1.28 0.35 72.7 - 0.61 0.26 57.4 - 118 0.36 99.7 - 

#5 (FF) - - - 0.24 - - - 0.40 - - - 0.26 

#6 (FF) - - - 0.35 - - - 0.49 - - - 0.24 

i:  sample letters in parentheses refer to protocol in Table 10 

ii:  F = fragranced; FF = fragrance-free 
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At fragranced households 1–4, before switching to fragrance-free products, the 

concentration of d-limonene in (a) the background laundry room air ranged between 0.23–

1.28 µg/m3 (mean 0.67 µg/m3), (b) the clothes dryer vent after washing new towels 

without any products ranged between 0.37–1.24 µg/m3 (mean 0.84 µg/m3), (c) the clothes 

dryer vent after washing the same towels with fragranced laundry products ranged 

between 2.35–118 µg/m3 (mean 33.34 µg/m3). 

At these same fragranced households 1-4, after switching to fragrance-free products, the 

concentration of d-limonene in (a) the background laundry room air ranged between 0.12–

0.59 µg/m3 (mean 0.33 µg/m3), (b) the clothes dryer vent after washing new towels 

without any products ranged between 0.26–1.02 µg/m3 (mean 0.51 µg/m3), (c) the clothes 

dryer vent after washing the same towels with fragrance-free products ranged between 

0.13–1.50 µg/m3 (mean 0.61 µg/m3). 

At the fragrance-free households 5-6, the concentration of d-limonene in (a) the 

background laundry room air ranged between 0.24–0.35 µg/m3 (mean 0.29 µg/m3), (b) 

the clothes dryer vent after washing new towels without any products ranged between 

0.40–0.49 µg/m3 (mean 0.44 µg/m3), (c) the clothes dryer vent after washing the same 

towels with fragrance-free products ranged between 0.24–0.26 µg/m3 (mean 0.25 µg/m3). 

6.4.2 CONCENTRATION REDUCTION AFTER SWITCHING FROM FRAGRANCED TO 

FRAGRANCE-FREE LAUNDRY PRODUCTS 

After switching from fragranced laundry products to fragrance-free laundry products, at 

(formerly) fragranced households 1-4, the concentrations of d-limonene decreased in all 

samples of the laundry room air and emissions with use of products (Table 11).   

In background laundry room air, the d-limonene concentration decreased by up to 72.7% 

(range: 15.7%–72.7%, mean 45.8 %). When drying towels washed without any detergent, 

the d-limonene concentration decreased by up to 89.5% (range: 9.7%–89.5%, mean 

21.6%). When drying towels washed with detergent (now fragrance-free products after 

switching from fragranced products), the d-limonene concentration decreased by up to 

99.7% (range: 36.2%–99.7%, mean 79.1%). Further, the d-limonene concentrations in 
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samples from the formerly fragranced households 1-4 were approaching the lower levels 

of samples from fragrance-free households 5-6. 

The GC/MS headspace analysis of the laundry products used in this study are shown in 

Table 12. In the fragranced laundry product, 34 VOCs were detected, and in the fragrance-

free laundry product, 7 VOCs were detected. As in previous studies (e.g., Steinemann 

2015), terpenes such as d-limonene were found in the fragranced product but not found 

in the fragrance-free product. 
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Table 12. GC/MS headspace analysis of VOCs emitted from the fragranced laundry 

detergent and the fragrance-free laundry detergent used in this study, listed according to 

retention time 

Compound CAS # Fragranced 

Detergent 

Fragrance-free 

Detergent 

Acetaldehyde* 75-07-0 ✓ ✓ 

Ethanol* 64-17-5 ✓  

Acetone* 67-64-1 ✓ ✓ 

2-methyl-Pentane* 107-83-5 ✓  

2-methyl-2-Propanol 75-65-0  ✓ 

2-Propen-1-ol* 107-18-6 ✓  

2-methyl-Hexane* 591-76-4 ✓  

2,3-dimethyl-Pentane* 565-59-3 ✓  

3-methyl-Hexane* 589-34-4 ✓  

1,3-dimethyl-Cyclopentane 2453-00-1 ✓  

Ethylbenzene* 100-41-4  ✓ 

Heptane* 142-82-5 ✓  

methyl-Cyclohexane* 108-87-2 ✓  

2,3,4-trimethyl-Hexane 921-47-1 ✓  

(E)-3-Hexen-1-ol 928-97-2 ✓  

1-Hexanol* 111-27-3 ✓  

α-Pinene 80-56-8 ✓  

2-methyl-ethyl ester Pentanoic acid 39255-32-8 ✓  

Sabinene 3387-41-5 ✓  

3-Carene  13466-78-9 ✓  

β-Myrcene 123-35-3 ✓  

β-Ocimene 3779-61-1 ✓  

4-Hexen-1-ol, acetate 72237-36-6 ✓  

Acetic acid, hexyl ester 142-92-7 ✓  

Octanal 124-13-0 ✓  

d-Limonene* 5989-27-5 ✓  

β-Phellandrene 555-10-2 ✓  

2,6-dimethy-l-5-Heptenal 106-72-9 ✓  

2,6-dimethyl-7-Octen-2-ol 18479-58-8 ✓  

1,3,4-Trimethyl-3-cyclohexenyl-1-

carboxaldehyde 

40702-26-9 ✓  

Linalool* 78-70-6 ✓  

3-methyl-5-propyl-Nonane 31081-18-2  ✓ 

(E)- 7-Tetradecene 41446-63-3  ✓ 

Cyclododecane 294-62-2  ✓ 

Benzyl acetone 2550-26-7 ✓  

4-tert-Butylcyclohexyl acetate 104-05-2 ✓  

α-Terpinyl acetate  98-55-5 ✓  

2-Carene 554-61-0 ✓  

Lilial* 80-54-6 ✓  

* Classified as hazardous under Safe Work Australia, Hazardous Chemical Information System (SWA 

2018) 
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6.5 DISCUSSION 

This study investigated the concentrations of d-limonene emitted from residential dryer 

vents during use of fragranced and fragrance-free laundry products, and then changes in 

concentrations after switching from fragranced to fragrance-free laundry products. After 

four weeks of using fragrance-free products, d-limonene concentrations were reduced by 

up to 99.7% in dryer vent emissions and by up to 72.7% in laundry room air. What is 

notable is that this reduction was achieved after a relatively short period of time (one 

month); it was straightforward to implement and incurred no extra costs or apparent 

inconvenience on participants.   

A strength of this study is the participation of households that use the products in everyday 

life, demonstrating the practicably achievable reductions in concentrations by switching 

products. Yet this strength has a corresponding limitation in that the households continued 

to wash clothing as normal, which may have subjected the machines to track-in fragrances 

from clothing during the four-week period of using fragrance-free products. In addition, 

while reductions in d-limonene approached levels of fragrance-free households, it is 

conceivable that using fragrance-free products for a longer period of time would result in 

even further reductions, as the residual fragrance chemicals are removed from the 

machines and clothing. For instance, residual fragrance chemicals in machines could help 

explain the anomalous value for household #3 for sample (e) showing an increase in d-

limonene. The variety of d-limonene concentrations among households could also be 

attributed to differences in laundry equipment, laundry rooms, clothing, and factors such 

as water quality and ambient air quality. Due to the relatively small sample size, and the 

differences between the study sites, a statistical analysis of significance was not 

sufficiently powerful. Finally, while this study focused on d-limonene, given the results 

of the headspace analysis of both products, it is likely that other VOCs, particularly 

terpenes and resulting secondary pollutants, could also be reduced.  

6.6 CONCLUSIONS 

This study demonstrated the improvements to air quality after switching from fragranced 

to fragrance-free products. It found that, by a change to fragrance-free laundry products, 
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concentrations of d-limonene can be almost completely eliminated from the dryer vent 

emissions. This strategy may also reduce the formation and concentrations of secondary 

pollutants such as formaldehyde, acetaldehyde, and ultrafine particles. Findings from this 

study can provide an important foundation for future research, and for demonstrating cost-

effective strategies to reduce VOC emissions and personal exposures.   
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7 DISCUSSION AND CONCLUSIONS  

7.1 INTRODUCTION 

This research set out to address three main problems. First it aimed to better understand 

what is known about VOCs in Australia and what can be done to improve indoor air 

studies worldwide. Second it aimed to understand the typical VOCs that people are 

exposed to within indoor environments by investigating a range of indoor environments 

at a large university. Third it assessed a strategy to reduce VOCs exposure and effects by 

assessing a strategy to reduce emissions from residential clothes dryers.   

The research used a range of different methods. These included a quantitative systematic 

evaluation of 31 indoor VOC studies according to 13 analytic factors, as follows (i) state 

or territory, (ii) year and focus of study, (iii) type of indoor environment, (iv) building 

operational status, (v) sampling methods, (vi) sampling duration, (vii) number of air 

samples, (viii) analytical methods, (ix) number and type of VOCs, (x) concentration of 

compounds, (xi) comparison of studies, (xii) indoor to outdoor concentration ratios, and 

(xiii) seasonal variation. Next, indoor air sampling of 41 VOCs across 20 university 

environments in accordance with US EPA Compendium Methods TO-17 and TO-11A. 

Finally, an intervention study conducted in six households that included sampling of VOC 

emissions from residential clothes dryer vents during use of fragranced and fragrance-

free laundry products (in accordance with US EPA Compendium Method TO-17). 

This chapter summarises and discusses the implications of the main results of the 

research. As each of the experimental chapters (i.e., Chapter 4, Chapter 5, and Chapter 6) 

all contain a unique discussion, this chapter discusses the overarching themes, limitations, 

and wider implications of the results. The chapter also suggests areas for further research. 
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7.2 OVERVIEW OF THE RESEARCH 

This section provides an overview of the research and the function and linkages of each 

Chapter to the next. 

Chapter 1 provided context and statement of the problem. It also gave a brief overview 

of the knowledge gaps and a summary of the research aims. Chapter 2 provided a detailed 

literature review that identified the knowledge gaps addressed in this research. It also 

identified several other opportunities for future research. These are discussed in the 

section on opportunities for future research later in this chapter. Chapter 3 provided the 

research questions and connected them to the relevant section of the literature review. It 

described the approach taken to answer each research question and justification for the 

research methods used. 

Chapter 4 provided answers to research question 1. The study provided experimental 

methods, results, discussion and conclusions from a systematic evaluation of the 

Australian VOC research. This study examined and evaluated the sampling approaches, 

analytical techniques, and VOC data from indoor environments in Australia. It offered 

lessons learned and recommendations that can help improve indoor air quality studies in 

Australia and internationally. The study found that indoor concentrations of nearly all 

pollutants were higher indoors than outdoors, especially in new and renovated buildings. 

It revealed that indoor environments such as preschools, high schools and universities are 

not well understood in Australia. It also found that indoor VOC assessments of health 

care facilities, hospitals, day care centers, and aged care facilities are also lacking. These 

environments are especially important because their occupants may be more vulnerable 

to the effects of VOC exposure. Some primary schools had formaldehyde concentrations 

of up to 288 µg/m3. The implication is that some school environments may be a significant 

source of formaldehyde exposure. Further, research on formaldehyde levels in caravans 

are needed to determine if levels have changed due to possible changes in engineered 

wood products and insulation materials. Chapter 4 revealed that to enable comparisons 

among studies and with exposure guidelines, a standard approach for sampling and 

repointing of VOC data is needed. Finally, in order to understand levels of VOC exposure 
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and possible health effects, Chapter 4 concluded that what is also needed is a nationally 

representative study of indoor VOCs in Australia. 

Chapter 5 provided answers to research question 2. The study provided experimental 

methodologies, results, discussion, and conclusions from the investigation of indoor 

VOCs at an Australian University. It investigated VOCs, including carbonyls, within a 

variety of indoor environments at a large Australian university. The study determined the 

concentrations and prevalence of pollutants indoors, compared indoor to outdoor 

concentrations, and assessed the potential significance. It revealed that hazardous air 

pollutants were consistently higher in all indoor environments than outdoors. It also 

revealed the highest I/O ratios of the hazardous air pollutants formaldehyde, toluene, p-

xylene, and m-xylene were in a green building, which had received the highest green 

building rating in Australia. Also, the highest benzene levels were measured in renovated 

offices. The study found that air fresheners can contribute to indoor levels of alcohols, 

alkanes, terpenes, and aldehydes, and thus may impair rather than improve air quality. 

Finally, the study revealed that activities such as renovation and green certification may 

not necessarily result in improved air quality within these indoor environments, at least 

not in the years soon after construction and renovation. Chapter 5 concluded that 

university indoor environments can important but largely unrecognized sources of 

pollutant exposure. 

Chapter 6 provided answers to research question 3. The study provided experimental 

methods, results, discussion, and conclusions from the study of emissions from residential 

dryer vents during use of fragranced and fragrance-free laundry products. The study 

analysed and quantified VOC emissions from residential clothes dryer vents, compared 

emissions from use of fragranced and fragrance-free laundry products, and evaluated 

strategies to reduce hazardous VOC emissions and indoor air pollutants. The study 

demonstrated the improvements to air quality after switching from fragranced to 

fragrance-free products. It found that, by a change to fragrance-free laundry products, 

concentrations of d-limonene can be almost completely eliminated from the dryer vent 

emissions. This strategy may also reduce the formation and concentrations of secondary 

pollutants such as formaldehyde, acetaldehyde, and ultrafine particles. Findings from 
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Chapter 6 can provide an important foundation for future research, and for demonstrating 

cost-effective strategies to reduce VOC emissions and personal exposures. Chapter 7, this 

chapter, provides the conclusions, overarching themes, and wider implications of this 

research. It also suggests areas for possible future research.  

7.3 OVERARCHING THEMES, LIMITATIONS, AND WIDER IMPLICATIONS OF 

THE RESEARCH  

The evaluation of the Australian VOC research showed that terpenes such as d-limonene 

and α-pinene were among the most abundant compounds indoors, suggesting a need to 

better understand emission sources and reduction strategies of these pollutants. Relatively 

few studies investigated housing during the first year after construction, when most off-

gassing of new materials typically occurs. For these studies, the number of buildings 

sampled and number of geographical locations were limited. In contrast, established 

housing has received considerable attention, with several studies reporting a relatively 

high number of buildings and samples. Levels of VOCs and formaldehyde in new housing 

were the highest among all studies of domestic housing in Australia, indicating a need for 

greater attention to new and renovated buildings. Greater attention is also needed on 

indoor environments that are underreported such as universities and schools, and on 

indoor environments with vulnerable populations such as hospitals, and care facilities.   

The study of indoor air quality at a university revealed that the most prevalent VOCs were 

ethanol, d-limonene, and formaldehyde, and are associated with building materials, 

furnishings, and fragranced consumer products such as air fresheners and cleaning 

supplies. A green building had highest I/O ratios of formaldehyde, toluene, and xylenes, 

and renovated offices had highest I/O ratios of benzene. In some instances, higher I/O 

concentration ratios may be due to lower ambient VOC levels rather than higher indoor 

levels (i.e., hexaldehyde in classrooms). Sampling in colder months of the year would 

address a possible limitation of the study as well as provide additional insight into the 

seasonal variation of VOCs. Also, the durations for sampling (e.g., 2.5 hours, 7 hours), 

required to collect sufficient volume to meet MDLs, differed from the durations for 

health-based guidelines (e.g., 30 minutes), thus preventing direct comparisons. 
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Fragranced consumer products and building materials continue to be significant sources 

of indoor VOCs, and reduction strategies of these pollutants are needed.  

The emission measurements from residential clothes dryers revealed d-limonene 

concentrations of up to 118 µg/m3 during use of fragranced products, and d-limonene 

concentrations of less than 1 µg/m3 during use of fragrance-free products. After switching 

products for four weeks (i.e., from fragranced to fragrance-free), the concentrations of d-

limonene decreased by up to 99%. A limitation of the study was that the households 

continued to wash clothing as normal, which may have subjected the machines to track-

in fragrances from clothing during the four-week period of using fragrance-free products. 

For instance, residual fragrance chemicals in machines could help explain the anomalous 

value for household #3 for sample (e) showing an increase in D-limonene. A further 

limitation of the study was that due to the relatively small sample size, and the differences 

between the study sites, a statistical analysis of significance was not sufficiently powerful.  

Fragranced consumer products (i.e., laundry detergents) were targeted due to the 

prevalence and relatively high concentrations of terpenes within indoor environments.  

In summary, this research identified primary indoor air pollutants and understudied 

locations. It evaluated indoor air quality at a university and provided evidence that green 

and renovated buildings may not necessarily guarantee improvements for indoor air 

quality. It also indicated a need for targeted VOC reduction strategies. This research 

evaluated an approach to reduce VOC emissions from clothes dryers during use of 

laundry detergents and demonstrated that significant reductions were possible. In 

conclusion, this research provides novel scientific findings that can help improve indoor 

air quality both in Australia and internationally. 

7.4 OPPORTUNITIES FOR FUTURE RESEARCH 

The evaluation of Australian VOC research (i.e., Chapter 4) revealed that indoor 

environments such as preschools, high schools and universities are not well understood 

in Australia. Indoor VOC assessments of health care facilities, hospitals, day care centers, 

and aged care facilities are also lacking. These environments are especially important 

because their occupants may be more vulnerable to the effects of VOC exposure. Further, 
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research on formaldehyde levels in caravans are needed to determine if levels have 

changed due to possible changes in engineered wood products and insulation materials.  

The study of indoor VOCs at a large Australian university (i.e., Chapter 5) revealed that 

future opportunities could explore the effectiveness of strategies to reduce pollutants, 

such as through implementation and assessment of fragrance-free policies (the 

implementation and assessment of fragrance-free policies provided motivation for 

Chapter 6 of this thesis). A future extension of this study could be the comparison of 

indoor air quality levels before and after the implementation of fragrance-free policies, or 

a comparison of similar university environments with and without fragrance-free policies. 

The study also found that evaluation and selection of low-emitting construction materials 

and furnishings are an important consideration. Finally, the study revealed that evaluation 

of the green building certification scheme, and ongoing monitoring of indoor 

environments present important areas for future work.  

The study of emissions from dryer vents during use of fragranced and fragrance-free 

laundry products (i.e., Chapter 6) revealed several areas for further research. The 

formation and concentrations of secondary pollutants such as formaldehyde, 

acetaldehyde, and ultrafine particles may be reduced when switching to fragrance-free 

alternatives. Future studies could monitor and assess levels of these secondary pollutants.  

In addition, future work could include other areas within the home that are frequently 

associated cleaning products or personal care products such as the living room, bathroom, 

or kitchen. 

7.5 SUMMARY OF THE ORIGINAL SCIENTIFIC CONTRIBUTIONS MADE BY 

THIS RESEARCH 

This research identified primary indoor air pollutants and understudied locations. It 

evaluated indoor air quality at a university and provided evidence that green and 

renovated buildings may not necessarily guarantee improvements for indoor air quality. 

It also evaluated an approach to reduce VOC emissions from clothes dryers during use of 

laundry products and demonstrated that significant reductions were possible by switching 

from a fragranced to fragrance-free product.  
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This research has supplied important data and results to enable more informed decisions 

about how to create and maintain healthier indoor environments. In conclusion, this 

research provided novel scientific findings that can help improve indoor air quality both 

in Australia and internationally.  
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APPENDIX A 

A.1 HUMAN ETHICS PLAIN LANGUAGE STATEMENT 

Professor Anne Steinemann (supervisor)    

Department of Infrastructure Engineering  

ph: +61 3 8344 5001 

Mr. Nigel Goodman (PhD student)  

Email: ngoodman@student.unimelb.edu.au 

 

 

Project: “Evaluating personal exposure to volatile organic compounds (VOCs) in urban microenvironments 
and associated respiratory effects” 

 

Introduction 

According to the Australian Department of the Environment, we spend 90% or more of our time indoors. 

Volatile organic compounds (VOCs) emitted from consumer products such as air fresheners, cleaning 

supplies and personal care products are a major source of indoor pollutants. The exposures to indoor 

pollutants are increasing with people spending more time indoors and with greater energy efficient and 

tighter buildings. In addition to the enormous societal cost of ill-health, the global economic impact from 

lost workdays and productivity is estimated to be hundreds of billions of dollars annually. Despite this, we 

have relatively little knowledge and research on the quality of air in our homes, schools, stores, public 

buildings, and other indoor environments. In contrast to outdoor air, indoor air is essentially unregulated 

and unmonitored, even though pollutant levels are usually several times higher indoors than outdoors. 

The aims of this research project are to (1) identify, analyze, and prioritize the primary sources of indoor 

air pollutants, specifically volatile organic compounds; (2) compare pollutants indoors versus outdoors; (3) 

investigate pollutant emissions and exposures from sources indoors; and (4) develop pollutant exposure 

reduction strategies. 

This project has been approved by the Human Research Ethics Committee.   

What will I be asked to do? 

We are requesting permission to access and sample the air quality of a number of urban spaces 

(microenvironments).  

Sampling will involve the collection of indoor and outdoor air samples from a number of 

microenvironments on campus. Several categories of microenvironment have been identified, these 

include: University of Melbourne classrooms and meeting rooms, University of Melbourne apartments, 

University of Melbourne Residential Colleges. 

Samples will be collected using two small pumps (coffee cup size). The pumps will be supported on a metal 

platform located approximately 1.5m above ground.  Signs explaining the experiment will be placed on the 

platform and near the entrance to the microenvironment. Each pump will sample a small amount of air from 

the room and VOCs will be trapped on the surface of an absorbent material connected to the pump. The 

pumps will run for approximately 180 minutes and will be monitored throughout the test by the research 
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student Mr. Nigel Goodman. There is a small amount of noise associated with pumping; however, this is 

minimal. 

How will my confidentiality be protected? 

We intend to protect your anonymity and the confidentiality of your responses to the fullest possible extent, 

within the limits of the law.  Your name and contact details will be kept in a separate, password-protected 

computer file from any data that you supply. In the final report, you will be referred to by a pseudonym. 

We will remove any references to personal information and sampling location that might allow someone to 

guess your identity, however, you should note that as the number of microenvironments we seek to sample 

is very small, it is possible that someone may still be able to identify you.  The data will be kept securely 

in the Department of Infrastructure Engineering for five years from the date of publication, before being 

destroyed. 

How will I receive feedback? 

Once the thesis arising from this research has been completed, a brief summary of the findings will be 

available to you on application at the Department of Infrastructure Engineering.  It is also possible that the 

results will be presented at academic conferences.   

Do I have to take part? 

Participation in this study is voluntary.  Should you wish to withdraw at any stage, or to withdraw any 

unprocessed data you have supplied, you are free to do so without prejudice.   Your decision to participate 

or not, or to withdraw, will not affect your relationship with this department or affect any services you may 

receive now or in the future.  

Where can I get further information? 

Please contact the researchers if you have any questions or if would like more information about the project.  

The contact telephone number is: 03 8344 4291, email: ngoodman@student.unimelb.edu.au. 

If you have any concerns about the conduct of the project which you do not wish to discuss with the research 

team please contact the Manager, Human Research Ethics, Office for Research Ethics and Integrity, The 

University of Melbourne, on ph: +61 3 8344 2073, or fax: +61 3 9347 6739. 

How do I agree to participate? 

If you would like to participate, please indicate that you have read and understood this information by 

signing the consent form and returning it in the envelope provided.   

Department of Infrastructure Engineering 

The University of Melbourne, Victoria 3010 Australia 

T: +61 3 8344 9854 F: +61 3 8344 6215 

W: http://www.ie.unimelb.edu.au 
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A.2 CONSENT FORM 

PROJECT TITLE:    EVALUATING PERSONAL EXPOSURE TO VOLATILE ORGANIC COMPOUNDS 

(VOCS) IN URBAN MICROENVIRONMENTS AND ASSOCIATED RESPIRATORY EFFECTS  

Name of participant: 

Name of investigator(s): Professor Anne Steinemann, Dr. Amanda Wheeler, Dr. Phillip Paevere, Mr. Nigel 
Goodman 

1. I consent to participate in this project, the details of which have been explained to me, and I have 
been provided with a written plain language statement to keep. 

2.  I understand that after I sign and return this consent form it will be retained by the researcher. 

3. I understand that my participation will involve an interview and observation followed by air 
quality sampling within the agreed location (microenvironment) and I agree that the researcher may 
use the results as described in the plain language statement.  

4. I acknowledge that: 

(a) the possible effects of participating in the interview and observation and air quality sampling have 
been explained to my satisfaction; 

(b) I have been informed that I am free to withdraw from the project at any time without explanation or 
prejudice and to withdraw any unprocessed data I have provided; 

(c) the project is for the purpose of research; 

(d) I have been informed that the confidentiality of the information I provide will be safeguarded subject to 
any legal requirements; 

(g) I have been informed that a copy of the research findings will be forwarded to me, should I agree to this. 

I wish to receive a copy of the summary project report on research findings       □ yes    □ no 

(please tick) 

Participant signature: Date:  

Department of Infrastructure Engineering 

The University of Melbourne, Victoria 3010 Australia 

T: +61 3 8344 1501 F: +61 3 9349 4596 

W: http://www.ie.unimelb.edu.au/ 
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A.3 SIGNAGE  

(LOCATED AT THE ENTRANCE OF EACH INDOOR LOCATION DURING 

SAMPLING) 

Air quality research in progress 

We are collecting air quality samples 

from this room. 

Thank you for your patience 

 

This research is conducted by Melbourne 

School of Engineering researchers. 

 

Please contact Professor Anne Steinemann or Mr. Nigel 

Goodman for further details. 

email: ngoodman@student.unimelb.edu.au  
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APPENDIX B 

Table B1. Description of each indoor and outdoor sampling location, room dimensions, 

temperature and relative humidity measurements during sampling. 

Location Description of indoor and outdoor sampling 

locations 

Temp 

(°C) 

RH 

(%) 

Floor 

Area 

(m2) 

Ceiling 

Height 

(m) 

Volume 

(m3) 

Campus 

Services  

This location is the campus supermarket. The 

space consists of three aisles containing fresh 

and packaged food, stationary, cleaning 

supplies, and personal care products. The 

main odours are of groceries and cleaning 

products. The space is mechanically ventilated 

and air conditioned. The approximate 

occupancy rate was 25 persons per hour. The 

space was last renovated in 1994.  

23.2–

25.5 

34–

55 

109 2.5  276 

Campus 

services 

This location is the campus hairdressers. The 

space is furnished with a large reception 

counter (1.2 m x 1.5 m x 0.6 m), three large 

vinyl covered chairs, and three mirrored 

dressing tables made from painted medium-

density fibreboard (MDF) and glass. The main 

odours are of shampoo and hair products. The 

space is mechanically ventilated and air 

conditioned. There were approximately 5 

customers per hour. The space was last 

renovated in 1994.  

22.1–

22.9 

34–

54 

31.7   2.96  94 

Campus 

services 

ambient 

This location is an external fire escape 

(concrete) on the eastern side of a nearby 

building (third floor), approximately 15 m 

from a road. Duplicate samples for campus 

services were collected using the same paired 

ambient location as the green building (see 

below). 

22.5–

26.9 

33–

50 

- - - 

Restrooms This male restroom contains a toilet cubical, a 

urinal, and two wash basins each with a 

scented hand soap dispenser. Materials in the 

room include ceramic wall and floor tiles, 

masonry walls, painted timber doors, and a 

ceiling made from painted plaster board or 

plywood. An automatic air freshener, active 

every few minutes, provides the dominant 

odour. The space is mechanically ventilated. 

The approximate occupancy rate was 5 people 

per hour. The space was last renovated in 

1973.  

23.0–

24.1 

50–

53 

9.59 2.44  23.4 

Restrooms This female restroom contains a toilet cubical 

and single wash basin with scented hand soap 

dispenser. Materials in the room include 

ceramic floor tiles, and a laminex coated 

bench and cubical partitions made from 

compressed timber. The walls are painted 

masonry and the ceiling is painted plaster 

board or plywood. The space is mechanically 

23.3–

25.5 

52–

55 

9.28  2.73  25.4 
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Location Description of indoor and outdoor sampling 

locations 

Temp 

(°C) 

RH 

(%) 

Floor 

Area 

(m2) 

Ceiling 

Height 

(m) 

Volume 

(m3) 

ventilated. Additional ventilation is provided 

by a single window mounted fan. An 

automatic air freshener, active every few 

minutes, provides the dominant odour. The 

approximate occupancy rate was 7 people per 

hour. The space was last renovated during the 

1980’s.  
Restrooms 

ambient  

This location is the rooftop of the building 

(level 5). Materials include concrete and 

galvanized metal. The location is partially 

enclosed by a metal shelter. 

 

24.2–

25.1 

46–

50 

- - - 

Renovated 

offices  

This is a large open plan office. Its furnishing 

and materials include Laminex coated MDF 

desks and bookcases, small metal filing 

cabinets, chairs, computers, printers. The floor 

is made from sealed concrete. Walls are glass, 

concrete or fabric (covered plywood), and the 

ceiling is sealed concrete. There was a 

noticeable smell of new materials in this 

space. The space is mechanically ventilated 

and air conditioned. The space was occupied 

by 5-10 people during sampling. The space 

was last renovated in 2014.  

22.8–

23.2 

45–

52 

234 10.2 2390 

Renovated 

offices 

This space is a linkage corridor from the main 

office area to staff showers and restrooms. 

The walls are glass, concrete or painted 

plywood, and the ceiling is made from sealed 

concrete. There was a noticeable smell of new 

materials and fragrances from cleaning 

products and air fresheners in this location. 

The space is mechanically ventilated and air 

conditioned. The occupancy rate was 2 to 5 

people per hour. The space was last renovated 

in 2014.  

23.0–

26.5 

40–

53 

32.36 3.69 119 

Renovated 

offices 

ambient  

This location is the rooftop of the building 

(level 3), and included a staff recreational area 

accessible by an elevator. Sampling took place 

approximately 15 m away from the entrance to 

the elevator, and outdoor furniture. 

26 42 - - - 

Green 

building 

This location is a studio. The space is 

primarily constructed from timber (solid and 

veneered), including the floor and all walls. 

The room is dominated by a large timber 

conference table (~4 m x 2 m). The room has 

a strong timber/sealant smell. The space is 

mechanically ventilated and air conditioned. 

The room was unoccupied during sampling. 

The space was constructed in 2014.  

23.2–

23.6 

44–

54 

36.52  8.2 299 

Green 

building  

This location is a studio. The space has solid 

timber floors, and walls made from painted 

plasterboard and timber (solid and veneered). 

22.8–

23.2 

50–

55 

40.03  2.88 115 
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Location Description of indoor and outdoor sampling 

locations 

Temp 

(°C) 

RH 

(%) 

Floor 

Area 

(m2) 

Ceiling 

Height 

(m) 

Volume 

(m3) 

It also contains cabinets made from MDF, 

eight tables made from coated MDF, and 

twenty fabric covered chairs. The room has a 

strong timber/sealant smell. The space is 

mechanically ventilated and air conditioned. 

There were up to 13 people in the room during 

sampling. The space was constructed in 2014. 

Green 

building  

This location is a classroom. The space has 

linoleum floors and soft finish walls (felt) on 

the north, east and south walls. There are 15 

desks (laminex/MDF) and 32 chairs. The 

ceiling is finished with unpainted, sprayed 

concrete. There was a subtle odour of new 

materials. The space is mechanically 

ventilated and centralised air conditioning was 

active at the time of sampling. Automatic 

operable windows were closed. The space was 

unoccupied during sampling. The space was 

constructed in 2014. 

22.5–

23.1 

47–

50 

74.57  3.7  275 

Green 

building 

ambient 

This location is a large (14 m x 7 m) western 

balcony (level 6) that included concrete 

paving, plants, and garden material. Sampling 

took place approximately 5 m from the nearest 

seating area (unoccupied), and within 1.5 m of 

vegetation. 

20.1–

23.9 

43–

44 

- - - 

Meeting 

areas  

This location is meeting area at the centre of a 

building. The area has two large vinyl 

couches/chairs face onto a central coffee table. 

Walls are made from glass, or painted 

plasterboard, and floors are carpeted. There 

are some subtle material aromas and a strong 

odour of cleaning fluids/fragrances. The space 

is mechanically ventilated and air conditioned. 

The space was constructed in 2000. 

21.4–

23.0 

44–

50 

61.13  3.46  211 

Meeting 

areas   

This location is a waiting area and corridor 

providing access to classrooms and offices. 

Materials include painted plasterboard, 

carpeted pin boards, and painted medium 

density fibreboard (MDF) cabinetry. The floor 

is polished vinyl/linoleum. There is a musty 

damp smell throughout the space as well as a 

strong odour of cleaning fluids/fragrances. 

The space is mechanically ventilated and air 

conditioned. The space was last renovated in 

2000. 

21.0–

22.3 

44–

49 

63.36 3.67 232 

Meeting 

areas 

ambient 

This location is at ground level approximately 

three metres from the western wall of the 

building, with large trees, shrubs, and grasses 

nearby (within 10 metres). The sample point 

was approximately 30 m from the nearest 

seating area (unoccupied).  

22.4 45 - - - 
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Location Description of indoor and outdoor sampling 

locations 

Temp 

(°C) 

RH 

(%) 

Floor 

Area 

(m2) 

Ceiling 

Height 

(m) 

Volume 

(m3) 

Classroom  This classroom has 5 large benches (5 m x 1 

m) that have computers and smaller electronic 

devices (e.g., oscilloscopes, lock in amplifiers) 

on them. Each bench is covered with an 

electrically safe elastomer/rubber matt. There 

are several large (~2 m x 5 m) timber 

cupboards (MDF-lacquered). The floor is 

linoleum or vinyl and the ceiling of the room 

is made from suspended foam tiles. There is 

an odour of new materials. The space is 

mechanically ventilated and air conditioned. 

The space was occupied by 1 person during 

sampling. The space was last renovated in 

2014. 

21.1–

22.0 

48–

52 

115  3.68  426 

Classroom  This is a large classroom filled with 7 timber 

(lacquered MDF) benches (1 m x 2 m). One 

quarter of the space is separated by a clear 

plastic wall to provide space for an 

instrumental test rig. The door between the 

space and the main room was open on the day 

of sampling. The floor is linoleum or vinyl 

and the ceiling of the room is made from 

suspended foam tiles. There is an odour of 

new materials. The space is mechanically 

ventilated and air conditioned. The space was 

occupied by 2 people during sampling. The 

space was last renovated in 2014. 

22.5–

21.7 

49–

54 

82.82  3.36  278 

Classrooms 

ambient 

This location is an external metal stairwell 

near the rooftop of the building (level 4).   

21.1–

21.3 

52–

53 

- - - 
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Table B2. Statistical analysis of VOCs for campus services. Median I/O ratios for 

campus services for selected compounds. 

Compound 

MDL 

(µg/m3) 

Min 

(µg/m3) 

Max 

(µg/m3) 

Mean 

(µg/m3) σ 

MED 

(µg/m3) 

GM 

(µg/m3) GSD 

Outdoor 

(median) 

MED 

I/O 

ratio 

isobutane 0.03 1.7 11.58 5.97 3.6 5.3 4.8 2.0 1.13 5 

n-Butane 0.04 3.4 16.95 9.56 4.9 8.9 8.2 1.8 1.77 5 

Ethanol 0.03 9.9 461.98 179.15 186 122 61.3 5.4 0.99 168 

2-Methylbutane 0.03 3.2 22.98 10.13 7.9 7.2 7.5 2.2 1.59 5 

Benzene 0.02 0.24 0.99 0.53 0.31 0.45 0.5 1.8 0.26 3 

Trichloroethene 0.03 0.09 0.34 0.21 0.10 0.20 0.2 1.7 MDL - 

Methyl methacrylate 0.03 MDL MDL - - - - - MDL - 

Toluene 0.02 1.5 7.2 3.5 2.4 2.8 2.8 2.0 1.06 3 

Tetrachloroethene 0.03 MDL 0.64 0.29 0.25 0.24 0.2 3.6 0.08 3 

Ethylbenzene 0.01 0.32 1.2 0.70 0.34 0.62 0.6 1.6 0.20 4 

p-Xylene 0.02 0.63 2.3 1.3 0.64 1.1 1.2 1.6 0.50 3 

m-Xylene 0.01 0.20 0.99 0.59 0.28 0.58 0.5 1.8 0.25 3 

Styrene 0.03 0.14 1.5 0.59 0.56 0.34 0.4 2.3 0.09 - 

o-Xylene 0.04 0.50 1.5 0.85 0.42 0.68 0.8 1.6 0.29 5 

R(-)3,7-Dimethyl-

1,6-octadiene 0.03 0.13 2.3 1.1 0.91 0.98 0.61 3.3 MDL - 

α-Pinene 0.03 0.54 1.7 1.1 0.42 1.1 1.0 1.5 0.06 18 

β-Pinene 0.03 0.29 1.2 0.64 0.38 0.52 0.5 1.8 MDL - 

d-Limonene 0.03 5.7 30.5 15.3 9.54 12.5 12.6 1.9 0.05 331 

Eucalyptol 0.03 0.45 1.8 1.2 0.49 1.2 1.1 1.7 0.06 18 

2-Methyl-6-

methylene-2-octanol 0.03 MDL 3.6 1.0 1.5 0.26 0.2 7.5 MDL - 

Phenylethyl alcohol 0.03 MDL MDL - - - - - MDL - 

Phenylmethyl 

acetate 0.03 0.05 0.42 0.20 0.14 0.17 0.2 2.2 MDL - 

a-Methylbenzyl 

acetate 0.03 MDL - - - - 0.03 1.0 MDL - 

Naphthalene 0.03 0.13 0.21 0.16 0.03 0.16 0.2 1.2 MDL - 

Benzothiazole 0.03 0.16 0.51 0.30 0.15 0.27 0.3 1.7 MDL - 

4-tert-

Butylcyclohexyl 

acetate 0.03 MDL 3.1 1.1 1.27 0.62 0.2 8.3 MDL - 

Formaldehyde 0.03 4.0 18.8 8.8 6.0 6.3 7.2 1.9 2.10 3 

Acetaldehyde  0.04 1.7 9.2 4.1 3.0 2.7 3.2 1.9 0.71 4 

Acetone 0.07 6.1 10.7 8.3 1.7 8.2 8.1 1.2 2.86 3 

Acrolein  0.01 MDL MDL - - - - - MDL - 

Propionaldehyde 0.02 MDL 2.1 0.7 0.87 0.32 0.14 8.9 MDL - 

Crotonaldehyde  0.02 MDL - - - - - - MDL - 

MEK  0.10 0.33 0.86 0.60 0.25 0.60 0.54 1.6 MDL - 
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Compound 

MDL 

(µg/m3) 

Min 

(µg/m3) 

Max 

(µg/m3) 

Mean 

(µg/m3) σ 

MED 

(µg/m3) 

GM 

(µg/m3) GSD 

Outdoor 

(median) 

MED 

I/O 

ratio 

Methacrolein  0.02 MDL 0.33 0.09 0.14 0.02 0.03 3.7 MDL - 

Butyraldehyde 0.02 MDL 1.4 0.51 0.55 0.31 0.2 4.9 MDL - 

Benzaldehyde 0.04 MDL 0.99 0.43 0.36 0.35 0.3 3.4 MDL - 

Valeraldehyde  0.03 MDL 1.2 0.43 0.49 0.24 0.1 5.5 MDL - 

Glyoxal 0.01 0.11 0.44 0.28 0.13 0.28 0.3 1.7 0.45 - 

m-Tolualdehyde  0.03 MDL MDL - - - - - MDL - 

Methyl glyoxal  0.02 1.8 4.7 2.6 1.2 1.9 2.4 1.5 1.44 1 

Hexaldehyde  0.04 0.13 4.6 1.8 1.8 1.1 0.8 4.1 0.10 - 
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Table B3. Statistical analysis of VOCs for university restrooms. Median I/O ratios for 

university restrooms for selected compounds. 

Compound 

MDL 

(µg/m3

) 

Min 

(µg/m3

) 

Max 

(µg/m3

) 

Mean 

(µg/m3

) σ 

MED 

(µg/m3

) 

GM 

(µg/m3

) GSD 

Outdoo

r 

MED 

I/O 

Ratio 

isobutane 0.03 5.2 311 158 153 158 40.4 7.7 1.6 100 

n-Butane 0.04 4.5 169 87.08 82 87.0 27.5 6.2 2.6 33 

Ethanol 0.03 16.3 627 322 305 322 101 6.2 1.1 290 

2-Methylbutane 0.03 1.9 6.46 4.22 2.2 4.2 3.6 1.8 1.1 4 

Benzene 0.02 0.41 0.45 0.43 0.02 0.43 0.4 1.0 0.21 2 

Trichloroethene 0.03 0.16 0.22 0.19 0.03 0.19 0.2 1.2 0.13 1 

Methyl methacrylate 0.03 MDL MDL - - - - - MDL - 

Toluene 0.02 5.2 5.6 5.4 0.23 5.4 5.4 1.0 1.5 4 

Tetrachloroethene 0.03 0.14 0.19 0.16 0.03 0.16 0.2 1.2 0.05 3 

Ethylbenzene 0.01 0.55 0.64 0.60 0.04 0.60 0.6 1.1 0.25 2 

p-Xylene 0.02 1.1 1.3 1.2 0.09 1.2 1.2 1.1 0.47 3 

m-Xylene 0.01 0.39 0.45 0.42 0.03 0.42 0.42 1.1 0.18 2 

Styrene 0.03 2.2 3.8 2.9 0.79 2.9 2.9 1.3 MDL - 

o-Xylene 0.04 0.59 0.75 0.67 0.08 0.67 0.7 1.1 0.23 - 

R(-)3,7-Dimethyl-

1,6-octadiene 0.03 MDL 24.8 12.4 12.4 12.4 0.9 28.7 MDL - 

α-Pinene 0.03 0.60 1.9 1.3 0.66 1.3 1.0 1.8 0.04 30 

β-Pinene 0.03 0.50 1.7 1.1 0.59 1.1 0.9 1.8 MDL - 

d-Limonene 0.03 30.7 41.1 35.9 5.2 35.9 35.5 1.2 0.29 123 

Eucalyptol 0.03 2.8 5.03 3.9 1.1 3.9 3.8 1.3 MDL - 

2-Methyl-6-

methylene-2-octanol 0.03 MDL 56.4 28.2 28.2 28.2 1.3 43.4 MDL - 

Phenylethyl alcohol 0.03 MDL 17.7 8.9 8.8 8.9 0.7 24.3 MDL - 

Phenylmethyl acetate 0.03 0.28 9.9 5.1 4.9 5.1 1.7 6.0 MDL - 

a-Methylbenzyl 

acetate 0.03 1.9 15.8 8.8 6.9 8.8 5.5 2.9 MDL - 

Naphthalene 0.03 0.14 0.25 0.2 0.05 0.19 0.2 1.3 MDL - 

Benzothiazole 0.03 0.55 0.8 0.67 0.11 0.67 0.7 1.2 MDL - 

4-tert-

Butylcyclohexyl 

acetate 0.03 MDL MDL - - - - - MDL - 

Formaldehyde  0.03 3.9 9.8 6.9 2.9 6.9 6.2 1.6 1.7 4 

Acetaldehyde  0.04 2.7 3.7 3.2 0.52 3.2 3.2 1.2 0.63 5 

Acetone 0.07 6.7 10.7 8.7 2.0 8.7 8.5 1.3 1.6 5 

Acrolein  0.01 MDL MDL - - - - - MDL - 

Propionaldehyde 0.02 0.32 0.65 0.48 0.17 0.48 0.5 1.4 MDL - 

Crotonaldehyde  0.02 MDL MDL - - - - - MDL - 

MEK  0.10 0.58 1.1 0.82 0.24 0.82 0.8 1.4 0.20 4 

Methacrolein  0.02 MDL MDL - - - - - MDL - 
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Compound 

MDL 

(µg/m3

) 

Min 

(µg/m3

) 

Max 

(µg/m3

) 

Mean 

(µg/m3

) σ 

MED 

(µg/m3

) 

GM 

(µg/m3

) GSD 

Outdoo

r 

MED 

I/O 

Ratio 

Butyraldehyde  0.02 0.27 0.33 0.30 0.03 0.30 0.3 1.1 0.06 5 

Benzaldehyde 0.04 0.43 0.67 0.55 0.12 0.55 0.5 1.3 MDL - 

Valeraldehyde 0.03 0.17 0.27 0.22 0.05 0.22 0.2 1.3 MDL - 

Glyoxal 0.01 0.04 0.11 0.08 0.03 0.08 0.1 1.6 0.05 - 

m-Tolualdehyde  0.03 MDL MDL - - - - - MDL - 

Methyl glyoxal  0.02 0.34 0.55 0.45 0.11 0.45 0.4 1.3 0.40 1 

Hexaldehyde  0.04 0.42 0.92 0.67 0.25 0.67 0.6 1.5 MDL - 
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Table B4. Statistical analysis of VOCs for renovated offices. Median I/O ratios for 

renovated offices for selected compounds. 

Compound 

MDL 

(µg/m
3) 

Min 

(µg/m
3) 

Max 

(µg/m
3) 

Mean 

(µg/m
3) σ 

MED 

(µg/m
3) 

GM 

(µg/m
3) GSD 

Outdo

or 

MED 

I/O 

ratio 

isobutane 0.03 9.5 118 64 54.5 64 33.6 3.5 2.2 29 

n-Butane 0.04 15.9 239 127 111 127.5 61.7 3.9 3.3 38 

Ethanol 0.03 56.3 287 171 115 171.7 127 2.3 1.1 155 

2-Methylbutane 0.03 12.0 13.5 12.7 0.72 12.7 12.8 1.1 2.9 4 

Benzene 0.02 2.2 2.2 2.23 0.01 2.2 2.2 1.1 0.35 6 

Trichloroethene 0.03 1.3 1.4 1.34 0.01 1.3 1.4 1.1 0.21 6 

Methyl methacrylate 0.03 MDL MDL - - - - - MDL - 

Toluene 0.02 13.4 14.4 13.8 0.54 13.9 13.9 1.1 2.9 5 

Tetrachloroethene 0.03 0.44 0.47 0.46 0.01 0.46 0.5 1.1 0.11 4 

Ethylbenzene 0.01 1.9 2.4 2.2 0.22 2.2 2.2 1.1 0.59 4 

p-Xylene 0.02 5.2 9.9 7.6 2.4 7.6 7.2 1.4 1.5 5 

m-Xylene 0.01 1.8 2.5 2.2 0.35 2.2 2.2 1.2 0.57 4 

Styrene 0.03 0.7 0.93 0.83 0.10 0.83 0.83 1.2 0.07 12 

o-Xylene 0.04 2.7 3.3 3.0 0.31 3.0 3.1 1.2 0.76 4 

R(-)3,7-Dimethyl-1,6-

octadiene 0.03 MDL MDL - - - - - MDL - 

α-Pinene 0.03 12.6 13.8 13.2 0.58 13.2 13.2 1.1 0.15 86 

β-Pinene 0.03 10.3 11.5 10.9 0.65 10.9 10.9 1.1 0.09 127 

d-Limonene 0.03 5.9 6.9 6.4 0.54 6.4 6.4 1.1 0.12 53 

Eucalyptol 0.03 1.0 1.6 1.32 0.30 1.32 1.3 1.3 0.08 16 

2-Methyl-6-methylene-2-

octanol 0.03 0.30 0.33 0.32 0.02 0.32 0.3 1.1 MDL - 

Phenylethyl alcohol 0.03 MDL MDL - - - - - MDL - 

Phenylmethyl acetate 0.03 0.12 0.18 0.15 0.03 0.15 0.2 1.2 MDL - 

a-Methylbenzyl acetate 0.03 MDL MDL - - - - - MDL - 

Naphthalene 0.03 0.34 0.37 0.35 0.02 0.35 0.4 1.1 MDL - 

Benzothiazole 0.03 0.31 0.40 0.35 0.05 0.35 0.4 1.2 MDL - 

4-tert-Butylcyclohexyl 

acetate 0.03 MDL MDL - - - - - MDL - 

Formaldehyde  0.03 13.6 14.9 14.3 0.66 14.3 14.2 1.1 1.1 13 

Acetaldehyde  0.04 3.5 4.5 4.0 0.53 4.0 4.0 1.2 0.71 6 

Acetone  0.07 11.5 13.6 12.5 1.0 12.5 12.5 1.1 1.4 9 

Acrolein  0.01 MDL MDL - - - - - MDL - 

Propionaldehyde 0.02 0.39 0.42 0.41 0.02 0.41 0.4 1.1 MDL - 

Crotonaldehyde  0.02 MDL MDL - - - - - MDL - 

MEK  0.10 2.2 2.4 2.3 0.11 2.3 2.3 1.1 MDL - 

Methacrolein 0.02 MDL MDL - - - - - MDL - 

Butyraldehyde  0.02 0.58 0.69 0.63 0.06 0.63 0.6 1.1 MDL - 
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Compound 

MDL 

(µg/m
3) 

Min 

(µg/m
3) 

Max 

(µg/m
3) 

Mean 

(µg/m
3) σ 

MED 

(µg/m
3) 

GM 

(µg/m
3) GSD 

Outdo

or 

MED 

I/O 

ratio 

Benzaldehyde 0.04 0.28 0.28 0.28 0.00 0.28 0.3 1.1 MDL - 

Valeraldehyde  0.03 0.71 0.74 0.73 0.01 0.73 0.7 1.1 MDL - 

Glyoxal 0.01 0.19 0.23 0.21 0.02 0.21 0.2 1.1 0.23 - 

m-Tolualdehyde  0.03 MDL MDL - - - - - MDL - 

Methyl glyoxal  0.02 1.8 2.1 1.9 0.15 1.9 1.9 1.1 0.69 3 

Hexaldehyde 0.04 3.2 3.9 3.6 0.35 3.6 3.6 1.1 MDL - 
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Table B5. Statistical analysis of VOCs for a green building. Median I/O ratios for a 

green building for selected compounds. 

Compound 

MDL 

(µg/m3) 

Min 

(µg/m3) 

Max 

(µg/m3) 

Mean 

(µg/m3) σ 

MED 

(µg/m3) 

GM 

(µg/m3) GSD Outdoor 

MED 

I/O 

ratio 

isobutane 0.03 0.95 1.5 1.2 0.21 1.1 1.2 1.2 0.29 4 

n-Butane 0.04 1.9 3.6 2.9 0.73 3.4 2.9 1.3 0.50 7 

Ethanol 0.03 15.1 125 68.4 45.0 65.0 49.6 2.4 0.92 71 

2-Methylbutane 0.03 1.7 4.7 3.1 1.23 2.8 2.8 1.5 0.31 9 

Benzene 0.02 0.17 0.21 0.20 0.02 0.2 0.2 1.1 0.05 4 

Trichloroethene 0.03 MDL MDL - - - 0.03 1.0 MDL - 

Methyl methacrylate 0.03 MDL 4.6 1.54 2.13 0.03 0.2 10.7 MDL - 

Toluene 0.02 2.8 35.1 13.6 15.2 2.9 6.5 3.3 0.31 9 

Tetrachloroethene 0.03 0.05 0.09 0.07 0.01 0.07 0.07 1.2 0.07 - 

Ethylbenzene 0.01 0.37 1.4 0.77 0.46 0.53 0.7 1.8 0.06 9 

p-Xylene 0.02 0.76 3.0 1.7 0.98 1.4 1.5 1.8 0.11 12 

m-Xylene 0.01 0.26 1.0 0.59 0.34 0.46 0.5 1.8 0.04 11 

Styrene 0.03 0.31 21.8 7.5 10.1 0.51 1.5 6.7 MDL - 

o-Xylene 0.04 0.37 1.2 0.78 0.32 0.82 0.7 1.6 0.11 8 

R(-)3,7-Dimethyl-

1,6-octadiene 0.03 MDL 0.23 0.10 0.10 0.03 0.06 2.6 MDL - 

α-Pinene 0.03 1.8 4.3 3.0 1.02 3.03 2.8 1.5 0.07 44 

β-Pinene 0.03 0.58 2.12 1.6 0.70 2.02 1.4 1.8 MDL - 

d-Limonene 0.03 0.66 1.6 1.0 0.37 0.95 1.0 1.4 0.04 25 

Eucalyptol 0.03 0.18 0.44 0.31 0.11 0.30 0.3 1.4 MDL - 

2-Methyl-6-

methylene-2-octanol 0.03 MDL MDL - - - - - MDL - 

Phenylethyl alcohol 0.03 MDL MDL - - - - - MDL - 

Phenylmethyl acetate 0.03 MDL 0.06 0.04 0.02 0.03 0.04 1.4 MDL - 

a-Methylbenzyl 

acetate 0.03 MDL MDL - - - - - MDL - 

Naphthalene 0.03 0.08 0.25 0.18 0.07 0.20 0.2 1.6 MDL - 

Benzothiazole 0.03 0.04 0.29 0.18 0.11 0.23 0.2 2.5 MDL - 

4-tert-

Butylcyclohexyl 

acetate 0.03 MDL MDL - - - - - MDL - 

Formaldehyde  0.03 12.4 14.7 13.6 0.95 13.8 13.6 1.1 0.51 27 

Acetaldehyde  0.04 3.5 9.9 6.6 2.6 6.5 6.1 1.5 0.13 51 

Acetone  0.07 12.7 38.3 27.3 10.8 30.8 24.7 1.6 0.87 35 

Acrolein  0.01 MDL MDL - - - - - MDL - 

Propionaldehyde 0.02 0.34 2.3 1.18 0.83 0.89 0.9 2.2 MDL - 

Crotonaldehyde  0.02 MDL MDL - - - - - MDL - 

MEK  0.10 0.48 1.7 1.0 0.53 0.82 0.9 1.7 MDL - 

Methacrolein 0.02 MDL 0.22 0.14 0.09 0.17 0.1 3.3 MDL - 
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Compound 

MDL 

(µg/m3) 

Min 

(µg/m3) 

Max 

(µg/m3) 

Mean 

(µg/m3) σ 

MED 

(µg/m3) 

GM 

(µg/m3) GSD Outdoor 

MED 

I/O 

ratio 

Butyraldehyde  0.02 0.43 1.4 0.86 0.42 0.71 0.8 1.6 MDL - 

Benzaldehyde 0.04 0.50 0.97 0.7 0.22 0.52 0.6 1.4 MDL - 

Valeraldehyde  0.03 1.0 2.0 1.4 0.48 1.1 1.3 1.4 MDL - 

Glyoxal 0.01 0.22 0.39 0.29 0.07 0.26 0.3 1.3 0.03 9 

m-Tolualdehyde  0.03 MDL 0.12 0.06 0.04 0.03 0.04 2.1 MDL - 

Methyl glyoxal  0.02 1.1 1.8 1.5 0.27 1.5 1.5 1.2 0.12 12 

Hexaldehyde 0.04 4.4 6.3 5.6 0.90 6.2 5.6 1.2 MDL - 
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Table B6. Statistical analysis of VOCs for meeting areas. Median I/O ratios for meeting 

areas for selected compounds. 

Compound 

MDL 

(µg/m
3) 

Min 

(µg/m
3) 

Max 

(µg/m
3) 

Mean 

(µg/m
3) σ 

MED 

(µg/m
3) 

GM 

(µg/m
3) GSD 

Outdo

or 

MED 

I/O 

ratio  

Isobutane 0.03 1.4 1.5 1.4 0.04 1.4 1.4 1.0 0.52 3 

n-Butane 0.04 3.4 3.7 3.6 0.21 3.6 3.6 1.1 0.82 4 

Ethanol 0.03 20.3 23.9 22.0 1.82 22.0 22.0 1.1 0.55 40 

2-Methylbutane 0.03 0.85 0.85 0.85 0.00 0.9 0.9 1.0 0.43 2 

Benzene 0.02 0.22 0.22 0.22 0.00 0.22 0.2 1.0 0.10 2 

Trichloroethene 0.03 MDL MDL - - - - - MDL - 

Methyl methacrylate 0.03 MDL MDL - - - - - MDL - 

Toluene 0.02 1.7 1.7 1.7 0.01 1.7 1.7 1.0 0.54 3 

Tetrachloroethene 0.03 0.13 0.13 0.13 0.00 0.13 0.2 1.0 0.08 2 

Ethylbenzene 0.01 0.21 0.21 0.32 0.11 0.32 0.3 1.4 0.08 4 

p-Xylene 0.02 0.54 0.54 0.75 0.21 0.75 0.7 1.3 0.18 4 

m-Xylene 0.01 0.20 0.20 0.27 0.07 0.27 0.3 1.3 0.07 4 

Styrene 0.03 0.11 0.59 0.35 0.24 0.35 0.3 2.4 MDL - 

o-Xylene 0.04 0.70 0.70 0.73 0.03 0.73 0.7 1.1 0.08 9 

R(-)3,7-Dimethyl-1,6-

octadiene 0.03 MDL - - - - - - MDL - 

α-Pinene 0.03 0.20 0.47 0.34 0.14 0.34 0.3 1.5 0.07 5 

β-Pinene 0.03 0.17 0.17 0.17 0.00 0.17 0.2 1.0 MDL - 

d-Limonene 0.03 1.0 1.0 1.1 0.07 1.1 1.1 1.1 0.032 34 

Eucalyptol 0.03 0.15 0.17 0.16 0.01 0.16 0.2 1.1 MDL - 

2-Methyl-6-methylene-2-

octanol 0.03 MDL MDL - - - - - MDL - 

Phenylethyl alcohol 0.03 MDL MDL - - - - - MDL - 

Phenylmethyl acetate 0.03 MDL MDL - - - - - MDL - 

a-Methylbenzyl acetate 0.03 MDL MDL - - - - - MDL - 

Naphthalene 0.03 0.08 0.14 0.11 0.03 0.11 0.1 1.3 MDL - 

Benzothiazole 0.03 0.09 0.09 0.10 0.02 0.10 0.1 1.2 MDL - 

4-tert-Butylcyclohexyl 

acetate 0.03 MDL MDL - - - - - MDL - 

Formaldehyde  0.03 4.2 4.8 4.5 0.29 4.5 4.5 1.1 0.72 6 

Acetaldehyde  0.04 1.1 1.5 1.3 0.21 1.3 1.3 1.2 0.22 6 

Acetone  0.07 2.3 2.3 2.7 0.41 2.7 2.7 1.2 1.07 3 

Acrolein  0.01 MDL MDL - - - - - MDL - 

Propionaldehyde 0.02 MDL MDL - - - - - MDL - 

Crotonaldehyde  0.02 MDL MDL - - - - - MDL - 

MEK  0.10 MDL MDL - - - - - MDL - 

Methacrolein 0.02 MDL MDL - - - - - MDL - 

Butyraldehyde  0.02 MDL MDL - - - - - MDL - 
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Compound 

MDL 

(µg/m
3) 

Min 

(µg/m
3) 

Max 

(µg/m
3) 

Mean 

(µg/m
3) σ 

MED 

(µg/m
3) 

GM 

(µg/m
3) GSD 

Outdo

or 

MED 

I/O 

ratio  

Benzaldehyde 0.04 MDL MDL - - - - - MDL - 

Valeraldehyde  0.03 MDL MDL - - - - - MDL - 

Glyoxal 0.01 0.10 0.16 0.13 0.03 0.13 0.1 1.3 0.04 3 

m-Tolualdehyde  0.03 MDL MDL - - - - - MDL - 

Methyl glyoxal  0.02 0.90 0.90 0.94 0.04 0.94 0.9 1.1 0.23 4 

Hexaldehyde 0.04 0.08 0.08 0.12 0.04 0.12 0.1 1.4 MDL - 
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Table B7. Statistical analysis of VOCs for classrooms. Median I/O ratios for classrooms 

for selected compounds. 

Compound 

MDL 

(µg/m3) 

Min 

(µg/m3) 

Max 

(µg/m3) 

Mean 

(µg/m3) σ 

MED 

(µg/m3) 

GM 

(µg/m3) GSD 

Outdoo

r 

MED 

I/O 

ratio 

isobutane 0.03 2.67 2.99 2.9 0.13 2.9 2.9 1.1 0.92 3 

n-Butane 0.04 5.04 7.77 6.0 1.22 5.3 5.9 1.2 1.7 3 

Ethanol 0.03 25.52 50.62 35.6 10.9 30.7 34.1 1.3 3.8 8 

2-Methylbutane 0.03 4.72 6.05 5.2 0.61 4.8 5.2 1.1 1.8 3 

Benzene 0.02 0.77 0.97 0.87 0.08 0.88 0.9 1.1 0.24 3 

Trichloroethene 0.03 1.64 1.79 1.7 0.06 1.8 1.7 1.1 0.14 13 

Methyl 

methacrylate 0.03 MDL MDL - - - - - MDL - 

Toluene 0.02 13.19 81.8 36.8 31.9 15.4 25.5 2.3 2.6 6 

Tetrachloroethene 0.03 0.20 0.23 0.21 0.01 0.21 0.2 1.1 0.17 1 

Ethylbenzene 0.01 1.4 2.7 1.9 0.58 1.7 1.8 1.3 0.60 3 

p-Xylene 0.02 3.25 5.5 4.2 0.94 3.8 4.1 1.2 1.1 4 

m-Xylene 0.01 1.1 1.8 1.4 0.31 1.2 1.3 1.2 0.43 3 

Styrene 0.03 4.0 9.9 6.3 2.5 5.2 5.9 1.5 0.06 84 

o-Xylene 0.04 2.5 3.5 2.9 0.38 2.9 2.9 1.1 0.62 5 

R(-)3,7-Dimethyl-

1,6-octadiene 0.03 MDL MDL - - - - - MDL - 

α-Pinene 0.03 10.5 35.7 19.9 11.2 13.8 17.3 1.7 0.26 53 

β-Pinene 0.03 6.9 9.5 7.9 1.1 7.4 7.8 1.2 0.14 52 

d-Limonene 0.03 4.8 14.8 8.5 4.5 5.8 7.4 1.6 0.11 53 

Eucalyptol 0.03 0.60 1.1 0.86 0.20 0.87 0.8 1.3 0.05 16 

2-Methyl-6-

methylene-2-

octanol 0.03 MDL - - - - - - MDL - 

Phenylethyl 

alcohol 0.03 MDL - - - - - - MDL - 

Phenylmethyl 

acetate 0.03 MDL - - - - - - MDL - 

a-Methylbenzyl 

acetate 0.03 MDL - - - - - - MDL - 

Naphthalene 0.03 1.0 1.5 1.3 0.18 1.4 1.3 1.2 0.04 35 

Benzothiazole 0.03 3.4 5.7 4.5 0.97 4.4 4.4 1.2 MDL - 

4-tert-

Butylcyclohexyl 

acetate 0.03 MDL - - - - - - MDL - 

Formaldehyde  0.03 13.5 25.9 17.8 5.8 13.8 16.9 1.4 1.2 12 

Acetaldehyde  0.04 6.6 18.8 10.7 5.7 6.7 9.4 1.6 0.62 11 

Acetone  0.07 36.4 86.2 53.0 23.5 36.5 48.6 1.5 1.6 22 

Acrolein  0.01 MDL - - - - - - MDL - 

Propionaldehyde 0.02 1.2 7.8 3.4 3.1 1.3 2.3 2.4 MDL - 
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Compound 

MDL 

(µg/m3) 

Min 

(µg/m3) 

Max 

(µg/m3) 

Mean 

(µg/m3) σ 

MED 

(µg/m3) 

GM 

(µg/m3) GSD 

Outdoo

r 

MED 

I/O 

ratio 

Crotonaldehyde  0.02 MDL - - - - - - MDL - 

MEK  0.10 2.3 3.7 2.8 0.63 2.4 2.7 1.24 0.14 16 

Methacrolein 0.02 MDL 0.41 0.19 0.16 0.15 0.1 3.9 MDL - 

Butyraldehyde  0.02 1.0 2.5 1.5 0.71 1.0 1.4 1.5 MDL - 

Benzaldehyde 0.04 1.6 2.5 1.9 0.42 1.6 1.9 1.2 0.043 38 

Valeraldehyde  0.03 2.3 7.5 4.0 2.4 2.4 3.4 1.7 MDL - 

Glyoxal 0.01 0.18 0.23 0.20 0.02 0.19 0.2 1.1 0.08 2 

m-Tolualdehyde  0.03 MDL - - - - - - MDL - 

Methyl glyoxal  0.02 0.84 1.4 1.1 0.22 1.0 1.1 1.2 0.6 2 

Hexaldehyde 0.04 8.9 27.6 15.3 8.7 9.4 13.2 1.7 0.043 214 
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Table B8. The geometric mean concentrations, and sum of GM concentrations (i.e., 

ΣFBTX) of hazardous air pollutants.   

Compound 

Campus 

Services 

(µg/m3) 

Restrooms 

(µg/m3) 

Renovated 

Offices 

(µg/m3) 

Green 

building 

rooms 

(µg/m3) 

Meeting 

Areas 

(µg/m3) 

Classrooms 

(µg/m3) 

Outdoors 

(µg/m3) 

Formaldehyde  7.2 6.2 14.2 13.6 4.5 16.9 1.1 

Benzene 0.5 0.4 2.2 0.2 0.2 0.9 0.17 

Toluene 2.8 5.4 13.9 6.5 1.7 25.5 1.1 

p-Xylene 1.2 1.2 7.2 1.5 0.7 4.1 0.43 

m-Xylene 0.5 0.4 2.2 0.5 0.3 1.3 0.17 

o-Xylene 0.8 0.7 3.1 0.7 0.7 2.9 0.24 

ΣFBTX 13.0 14.3 42.8 23.0 8.1 51.6 3.2 
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APPENDIX C 

C.1 PLAIN LANGUAGE STATEMENT 

Professor Anne Steinemann (supervisor)    

Department of Infrastructure Engineering  

ph: +61 3 8344 5001 

Mr. Nigel Goodman (Ph.D. student)   

Email: ngoodman@student.unimelb.edu.au 

 

PROJECT TITLE: VOLATILE ORGANIC COMPOUNDS EMITTED FROM 

DRYER VENTS DURUING USE OF LAUNDRY PRODUCTS 

Introduction 

Thank you for your interest in participating in this research project. The following pages 

will provide you with further information about the project, so that you can decide if 

you would like to take part in this research.  

Please take the time to read this information carefully, and please feel free to ask any 

questions. We would be happy to clarify any details and to provide further information. 

Your participation is voluntary. If you don’t wish to take part, you don’t have to. If you 

begin participating, you can also stop at any time. 

What is this research about? 

Laundry products emit a range of VOCs, including hazardous air pollutants that have 

been linked to health risks such as asthma. Little is known, however, about emissions of 

these products from dryer vents, and the effectiveness of strategies to reduce risks. This 

study will analyse and quantify VOC emissions from dryer vents, compare emissions 

from use of fragranced and fragrance-free laundry products, and evaluate strategies to 

reduce hazardous VOC emissions and indoor air pollutants.   

What will I be asked to do? 

Should you agree to participate, you will be required to wash a standard load of towels 

under the following conditions: (i) with water only (i.e., no detergent), (ii) using a 

fragranced detergent, (iii) using a fragrance-free detergent. However, if you normally 

use only a fragrance-free detergent (and not a fragranced one), you will not be required 

to perform (ii) and will use only a fragrance-free detergent.  On each occasion that you 

wash the towels, you will be required to dry them in your clothes dryer. For a period of 

two months, you will be required to substitute your existing laundry detergent with a 

fragrance-free detergent. You will be required to use this product for all washing during 

the trial. In addition, you will be asked to dry at least one load of washing per week in 

your clothes dryer. Please note that all fragrance free detergents, including stain 

removers and fabric softeners, will be supplied by the research team. 
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What are the possible benefits? 

Fragranced consumer products, such as laundry supplies, are a source of exposure to 

potentially hazardous VOCs and health risks. By participating in this research, you will 

help to assess whether an intervention, namely switching to fragrance-free products, can 

reduce VOC emissions indoors and exposures to hazardous air pollutants. 

The research team will provide you with a gift voucher to the total of $100 that can be 

redeemed at your preferred supermarket (Coles or Woolworths). The vouchers are being 

offered in recognition of your time and use of your appliances, gas, electricity, and 

water. A set of new organic cotton towels will be provided to represent a standard load 

of washing. You are welcome to keep these at the end of the trial.  

What are the possible risks? 

1. Laundries can pose slip or trip hazards. To prevent hazards, we will wear closed 

toed shoes (i.e., no thongs or bare feet) in the laundry at all times and we will 

lean up any spills immediately. 

2. Damage to property is a possible risk. To reduce the risks, we will not operate 

any of your equipment (i.e., washers and dryers). You will be asked to do this. 

We will keep our sampling equipment in an unobtrusive position on a small 

portable table.  

3. We may require electricity, and the use of short power cables. The addition of 

these cables may pose an increased risk. All cables and equipment will be 

electrically tested before use. Power cables will be secured away from trafficable 

areas and kept away from moisture. 

4. The inclusion of a metal ladder (1.5 m x 600 mm x 1000 mm) will be necessary 

to support our sampling equipment and pumps. It may present a trip hazard. The 

ladder will positioned after the drying cycle has commenced. While the ladder is 

in place, we would be grateful if no one (other than the research team) entered 

the laundry area.  

5. There are risks associated with driving in traffic, driver fatigue and visiting 

locations in unfamiliar or remote areas. Before visiting you, we will familiarise 

ourselves with your location (i.e., Google Maps) as well as with the emergency 

services in the area (i.e., the nearest hospital). 

6. There are risks associated with visiting homes, including tripping or falling 

hazards, as well as the possible risks associated with pets and other animals. We 

would be grateful if you could to discuss any likely hazards with us. Together, 

we will develop appropriate risk reduction measures, such as: walking on a 

designated path, or calling you before our arrival to ensure that your pets are 

secured. 
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Do I have to take part? 

No. Participation is completely voluntary. You are able to withdraw (quit) at any time. 

If you do, you may also withdraw any unprocessed data you have provided.  

Will I hear about the results of this project? 

A copy of relevant publications can be made available to you upon request.  

What will happen to information about me? 

The location of your home will be recorded as a suburb name only. No other personal 

information will be recorded. 

Who is funding this project? 

The study received support from the Clean Air and Urban Landscapes Hub, at the 

University of Melbourne, through the Australian Department of the Environment and 

Energy; CSIRO Land and Water; CSIRO Oceans and Atmosphere (Climate Science 

Centre); and the Australian Department of Education and Training (Australian 

Postgraduate Award).   

Where can I get further information? 

If you would like more information about the project, please contact the researchers; 

Professor Anne Steinemann 03 8344 5001, or Mr. Nigel Goodman 03 8344 4291. 

Who can I contact if I have any concerns about the project? 

This research project has been approved by the Human Research Ethics Committee of 

The University of Melbourne. If you have any concerns or complaints about the conduct 

of this research project, which you do not wish to discuss with the research team, you 

should contact the Manager, Human Research Ethics, Office for Research Ethics and 

Integrity, University of Melbourne, VIC 3010. Tel: +61 3 8344 2073 or Email: 

HumanEthics-complaints@unimelb.edu.au. All complaints will be treated 

confidentially. In any correspondence please provide the name of the research team or 

the name or ethics ID number of the research project. 

 

 

Department of Infrastructure Engineering 

The University of Melbourne, Victoria 3010 Australia 

T: +61 3 8344 9854  

W: http://www.ie.unimelb.edu.au 

mailto:HumanEthics-complaints@unimelb.edu.au?subject=Complaint%20about%20a%20human%20research%20project&body=Ethics%20ID%20number%20or%20project%20name%3A%0AName%20of%20researcher%2Fs%3A%0ADetails%3A
mailto:HumanEthics-complaints@unimelb.edu.au?subject=Complaints%20about%20human%20research%20ethics%20project&body=Ethics%20ID%20number%20of%20name%20of%20project%3A%0AName%20of%20researchers%3A
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C.2 CONSENT FORM FOR PERSONS PARTICIPATING IN A RESEARCH PROJECT   

PROJECT TITLE: VOLATILE ORGANIC COMPOUNDS EMITTED FROM 

DRYER VENTS DURUING USE OF LAUNDRY PRODUCTS 

Name of participant: 

Name of investigator(s): Professor Anne Steinemann, Mr. Nigel Goodman: Email: 

ngoodman@student.unimelb.edu.au 

1. I consent to participate in this project, the details of which have been explained 

to me, and I have been provided with a written plain language statement to keep.  

2. I understand that the purpose of this research is to investigate VOC emissions 

from clothes dryer vents. The research will compare emissions from use of 

fragranced and fragrance-free laundry products, and evaluate strategies to reduce 

hazardous VOC emissions and indoor air pollutants.  

3. I understand that my participation in this project is for research purposes only. 

4. I acknowledge that the possible effects of participating in this research project 

have been explained to my satisfaction.  

5. In this project, I will be required to wash a standard load of towels under the 

following conditions: (i) with water only (i.e., no detergent), (ii) using a 

fragranced detergent, (iii) using a fragrance free detergent.  However, if I 

normally use only a fragrance-free detergent (and not a fragranced one), I will 

not be required to perform step (ii) and will use only a fragrance-free detergent. 

On each occasion that I wash towels, I will also be required to dry them in my 

clothes dryer. For a period of one months, I agree to substitute my existing 

laundry detergent with a fragrance free detergent. I agree to use this product for 

all washing during the trial.  I also agree to dry at least one load of washing per 

week in my clothes dryer.  

6. I understand that my participation is voluntary and that I am free to withdraw 

from this project anytime without explanation or prejudice and to withdraw any 

unprocessed data that I have provided.  

7. I understand that the data from this research will be stored at the University of 

Melbourne and will be destroyed after 5 years.  

8. I have been informed that the confidentiality of the information I provide will be 

safeguarded subject to any legal requirements; my data will be password 

protected and accessible only by the named researchers. 

9. I understand that after I sign and return this consent form, it will be retained by 

the researchers.   

 

Participant signature: Date:  
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