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ABSTRACT
Benzene is a volatile organic air pollutant that is ubiquitous in the environment. It is
frequently reported in urban airsheds, principally as a result of evaporative emissions
from motor vehicles. Increasingly stringent fuel quality standards have resulted in
lower mean benzene concentrations in many urban airsheds, however the
concentrations reported indoors can be higher than those in urban airsheds. Mean
indoor benzene concentrations can reach one order of magnitude higher than those
reported in urban airsheds. Long term exposure to very high benzene concentrations
can result in leukemia, however the health risks of long term non-industrial exposure
in the general public are currently uncertain.

An important part of determining the risks of non-industrial benzene exposure is to
first determine the influence of various activities on 24-hour personal benzene
exposure. Previous research has identified commuting in a private motor vehicle and
refuelling with low benzene fuel as statistically significant contributors to nonindustrial benzene exposure in the Northern Hemisphere, however none has
quantified the increase in benzene exposure as a result of these activities over a 24hour period in the Mediterranean climate. The results of the 1987 TEAM study in the
South Bay section of California reported that automobile exhaust was a significant
contributor

to

non-industrial

benzene exposure based

on

exhaled

breath

concentrations (p<0.05) and commuting in a private vehicle (p=0.0003) and refuelling
(0.05)

were important

contributors based

on

personal

benzene exposure

concentrations (Wallace et al., 1988).
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The aims of this thesis were to identify the roles and importance of selected activities
in personal exposure to benzene, to determine the increase in 24-hour personal
benzene exposure attributable to these activities and quantify the risk posed by these
activities in a Mediterranean climate. In particular, the aim of this thesis was to
investigate whether commuting in a private motor vehicle and refuelling are
significant contributors to non-industrial personal benzene exposure in a
Mediterranean climate, or whether lifestyle and climate interact.

This research was composed of a personal exposure study, a source monitoring study
and a risk assessment. A cross-sectional personal exposure study was conducted for
two reasons. Firstly, to quantify the mean personal benzene concentrations to which a
representative sample of the general public of Perth was exposed as a result of their
daily activities and behaviours. Secondly, to quantify the frequency of commuting by
private motor vehicle and refuelling with low benzene fuel in Perth. Fifty participants
were recruited for the personal exposure study, and asked to wear a monitor for 24hour periods (including weekends) in summer and winter and record their activities
and locations in a diary. Prior to the monitoring they were asked to complete a
questionnaire seeking background information on their home, lifestyle and
behaviours. The results of the research revealed that there was not a statistically
significant difference between the personal benzene exposure concentrations in
summer and winter. An analysis of the questionnaire and time activity diary data
using a generalised linear mixed model revealed that the time spent commuting in a
private motor vehicle (β= 0.281, p<0.0001) and refuelling with low benzene fuel (β =
0.194, p=0.033) were statistically significant contributors to non-industrial benzene
exposure. Each hour spent commuting resulted in a mean increase in 24- hour
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personal exposure of 0.74 µgm-3 (β= 0.729 µg m-3, p< 0.0001). The mean increase in
exposure per hour of commuting in a private motor vehicle was larger in winter (β=
0.8 µg m-3, p=0.008) than summer (β= 0.67 µg m-3, p=0.004). Refuelling increased
personal exposure by 1.50 µg m-3 (1.49, p<0.0001) in each 24-period when refuelling
was reported.

Benzene source monitoring was conducted at selected locations in Perth for two
reasons. Firstly, data quantifying non-industrial personal benzene exposure during
refuelling and commuting in a private vehicle in Perth was needed, and secondly, to
make an assessment of risk attributable to these activities.

Benzene source measurements were conducted in two carparks in the Central
Business District (CBD), in the vicinity of the northbound and southbound lanes of
the Kwinana Freeway, and at a petrol station. The 7- day arithmetic mean benzene
concentrations in the carparks were 4.49 µg m-3 and 1.23 µg m-3. The 7- day mean
benzene concentrations northbound on the Kwinana Freeway was 2.78 µg m-3, and
the mean benzene concentration southbound was 2.57 µg m-3. Benzene emissions in
the carpark and on the Kwinana Freeway were measured during vehicle idling, which
is representative of vehicle speed during heavy vehicle traffic. Benzene emissions at
the petrol station were monitored in the vicinity of the petrol bowser, which is
representative of emissions during refuelling. The 24- hour mean benzene
concentration at the petrol station bowser was 38.15 µg m-3.

The results of this research revealed that refuelling and commuting in a private
vehicle are the most significant contributors to non-industrial benzene exposure in
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Perth, and that the contribution of these two activities in Perth is far greater than in
previous published research, on the basis of the results obtained from the generalised
linear model. The results of this research quantified the increase in non-industrial
benzene exposure from refuelling and commuting in a private motor vehicle in a
Mediterranean climate for the first time, and quantified the lifetime excess cancer risk
attributable to these activities in a Mediterranean climate for the first time. The
lifetime excess cancer unit risks of these two activities in a Mediterranean climate
were 7.4x10-5 or 7.4 per 100000 population for commuting and 15.03 x 10-4 or 15 per
10000 for refuelling.
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CHAPTER 1: INTRODUCTION

Human exposure assessment is becoming a very important issue, both from a research
and regulatory point of view (Callahan, 1995; Pellizzari, 2001). Historically, regulatory
authorities measured the concentrations of pollutants in media such as air, rather than the
population exposure (Ott, 1990). In the late 1960s, it was discovered that the actual
concentrations to which people come into contact can be substantially different from
ambient concentrations (Brice and Roesler, 1966; Ott and Eliassen, 1977; Ott, 1990). The
“Total Human Exposure” monitoring approach was devised in the 1980s to determine
human exposures to pollutants with precision and accuracy (Repace et al., 1980; Ott,
1990). This approach considers all locations people visit in a 24-hour period and
determines the exposure distribution of the general population (Ott, 1990).

Personal exposure is defined as “the contact of any pollutant concentration with a
susceptible surface of the human body” (Duan, 1982; Ott, 1982; Ott, 1985). Total
exposure to a pollutant is a function of the amount of time spent in contact with various
concentrations of the pollutant (Duan, 1982). The health effects associated with exposure
to a pollutant are a function of the amount that enters the body (commonly called the
internal dose) and a number of biophysical variables including body size, metabolism and
the amount delivered to the target organ (Sexton and Ryan, 1988).

Benzene is a naturally occurring organic compound that has a characteristic aromatic
odour. It has a low boiling point (80.1°C), a vapour pressure of 13.3 kPa at room
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temperature and is the smallest and most stable aromatic hydrocarbon (Snyder et al.,
1993). Benzene has a low flash point (-11.1°C) and is highly flammable (GdCH, 1988;
ATSDR, 1989; IPCS, 1993). Benzene is formed during incomplete combustion of fossil
fuels including petroleum products, coal and wood (NRC, 1986; USEPA, 1995a; USEPA,
1995b).

1.1 BENZENE IN FUEL

The use of benzene in fuel represents approximately 10% of its total usage worldwide
(RIVM, 1988). It is present in leaded gasoline, and is added to unleaded fuel to improve
engine antiknock characteristics (RIVM, 1988; Caprino and Togna, 1998). In Australia,
the benzene content of fuel has historically been low, ranging from 5% (v/v) in 1990 to
2.9% (v/v) for leaded petrol and 2.6% (v/v) in unleaded petrol in 1998 (Australian
Institute of Petroleum, 1998). Under the Fuel Quality Standards Bill, introduced in 2000,
the Australian Federal Government introduced a maximum benzene content of 1% (v/v)
on 1 January 2006 (Commonwealth of Australia, 2000). This limit has been met in
Western Australia since the introduction of regulations in the Environmental Protection
Act (Parliament of Western Australia, 1999).

In an international context, the benzene content of petrol sold at retail outlets in North
America is also 1% v/v (Wallace, 1996; Menkes and Fawcett, 1997). Throughout Europe,
a major petroleum industry survey has found considerable variation in the benzene
content of petrol, ranging from less than 1% in Finland (Vainiotalo et al., 1999) to as high
as 5% in Norway and Ireland with the majority of retail outlets in Europe selling petrol
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with a benzene content of 2-3% (CONCAWE, 1994). In European Union member states,
the maximum benzene content of marketed unleaded petrol was reduced to 1% (v/v)
under amendments to Directive 98/70/EC from 1 January 2000 European Commission
Directorates General, 2000; Commision of the European Communities, 2001).

1.2 BENZENE IN THE ENVIRONMENT

Benzene is emitted into the environment from natural and anthropogenic sources,
however the latter contributes the most significant portion of the emission (IPCS, 1993
#995). Anthropogenic sources in the environment include automobile exhaust,
automobile refuelling operations, industrial emissions and woodsmoke (USEPA, 1993;
CONCAWE, 1994; Kalabokas et al., 2001).

Benzene is a compound that is present in many locations in widely variable
concentrations. In ambient environments, the benzene concentrations are usually only a
few micrograms pre cubic metre (µg m-3), however there are a number of locations where
the benzene concentrations are orders of magnitude higher. These locations are referred
to as “hotspots”. Common hotspots in large cities include roadsides and areas of heavy
traffic, tunnels, industrial areas and petrol stations (CONCAWE, 1994; Cheng et al.,
1997; Moschonas and Glavas, 2000).

3

1.3 NON-INDUSTRIAL PERSONAL EXPOSURE TO BENZENE

Research conducted on personal exposure to benzene has evolved in the last few decades.
Early research focused on the use of fixed site monitoring to determine ambient
concentrations in the vicinity of major sources and in urban, residential and rural areas to
estimate the degree of personal exposure of those individuals. The use of fixed site
monitoring stations using standard methods is an established and widely applicable
method of determining pollutant concentrations in background, urban and hotspot areas
(Skov et al., 2001a). The data from these fixed-site monitoring stations can be used to
highlight the differences in potential exposure of nearby residents in the vicinity of
hotspots such as industrial areas and major transport routes compared to those living in
typical residential areas where the presence of such sources in the vicinity are rare
(CONCAWE, 1996; Derwent et al., 2000; Kalabokas et al., 2001).

With an increase in research and public interest in community health, however, the use of
fixed site monitoring stations for community health purposes has declined over the last
couple of decades due to a number of perceived shortcomings. Firstly, monitoring
stations can’t always be located as close to a population as may be needed to accurately
determine the exposure (Stock et al., 1985). Secondly, and of greater importance in terms
of personal exposure, the mobility of individuals within populations is such that a number
of outdoor and indoor microenvironments are visited in any one day. Therefore, the
ability of a fixed site monitor to characterise personal exposure in this context is
questionable at best, largely due to the variability in concentrations between ambient
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locations and the concentrations to which individuals are potentially exposed in indoor
and outdoor microenvironments (Stock et al., 1985; Lipfert and Wyzga, 1995; Boudet et
al., 2001).

With the development of personal samplers, researchers were able to characterise
personal exposure in a range of environments that more closely reflected an individual’s
lifestyle and behaviours. More recent research has integrated this understanding and
attempted to determine the contribution of each source to an individuals exposure.

There are two categories of samplers used in studies of non-industrial personal exposure
in the general public, active and passive samplers. Active samplers incorporate a small
sampling pump that draws surrounding air containing a contaminant through the sampler
and onto the surface of an adsorbent material at a known rate. Passive samplers (also
referred to as diffusive samplers) take up air contaminants at a rate determined by
diffusion according to a number of physical parameters of the passive sampler (Brown et
al., 1984; Ballach et al., 1999). For a number of decades, passive samplers are preferred
to active sampling in the assessment of industrial exposure and have a number of
perceived advantages over these alternative methods (Bartley et al., 1983a; Bartley et al.,
1983b; Brown, 2000). Apart from being less expensive than a comparable active sampler
because there is no need for an attached pump, passive samplers are commonly
lightweight and unobtrusive. Therefore, these samplers are less likely than active
samplers to influence the behaviour of the individual wearing them, which is a crucial
finding in the context of non-industrial exposure assessment where the purpose of the
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monitoring campaign is to examine exposure during as wide a range of activities
performed and locations visited as possible in everyday life (Wallace et al., 1985;
Woolfenden, 1997; Brown, 2000). On this basis, passive samplers were chosen as the
most appropriate method of monitoring non-industrial personal exposure to benzene in
Perth.

1.4 HEALTH EFFECTS OF NON-INDUSTRIAL PERSONAL EXPOSURE TO
BENZENE

Benzene was first identified as a human toxin in the 19th Century, and the results of a
number of early case studies concerning industrial exposure suggested that benzene was a
carcinogen (Mallory et al., 1939; Browning, 1965; Goldstein, 1977). Although it has
subsequently been proven in many industrially exposed populations that chronic
industrial exposure to very high concentrations of benzene causes leukemia (Infante et
al., 1977; Goldstein, 1989; Paustenbach et al., 1992) there is lively debate regarding the
health effects of lifetime exposure to the significantly lower concentrations of benzene
monitored in various locations that are frequented by the general public in the course of
their daily lives. The most significant route of personal exposure to benzene is inhalation,
which accounts for 99% of the exposure from all routes (Wallace, 1989a; Wallace,
1989b; Hattemer-Frey et al., 1990).

The Total Exposure Assessment Methodology (TEAM) studies were the first major
studies in the North America to develop and demonstrate methods to measure human
exposure (Pellizzari et al., 1987a; Pellizzari et al., 1987b; Wallace, 1987a). The TEAM
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studies were conducted in New Jersey, North Carolina, North Dakota and Northern and
Southern California in the North America between 1980 and 1987 involving personal
monitoring of 800 participants from indoor and outdoor air and drinking water (Wallace,
1987a; Wallace, 1996). In terms of personal exposure, these studies were the first to
identify the crucial and significant role played by activities including driving an
automobile and exposure to tobacco smoke, in personal exposure to benzene, in contrast
to previous studies that focused on the contribution made by point sources (Pellizzari et
al., 1987a; Pellizzari et al., 1987b; Wallace, 1987a).

Since the completion of the TEAM studies, considerable research has been conducted in
Europe and the North America to characterise the sources of benzene and in particular the
contribution made by these sources to personal exposure. A number of large populationbased studies have been conducted to examine the behaviour and activities of participants
over a known time period (eg. 24 hours) whilst a monitor is being worn, in order to
determine how these factors influence interaction with, and subsequent exposure to, the
sources of benzene. Participants in these studies were asked to record their activities and
locations (commonly called microenvironments) in time/activity diaries (Jantunen et al.,
1998; Klepeis et al., 2001). A microenvironment is defined as “a location of
homogeneous pollutant concentration that a person occupies for some finite period of
time” (Duan, 1982). Some typical microenvironments where personal exposure
monitoring is regularly conducted include homes, offices, restaurants, automobiles, buses
and trains (Lofgren et al., 1991; Scherer et al., 1995; Mann et al., 2001).
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On average, people spend approximately 85% of their time indoors (Klepeis et al., 1995;
Leech et al., 1996) and approximately 66% indoors at home (Schwab et al., 1990;
Freeman et al., 1999) making this microenvironment potentially important with respect to
personal exposure. Indoor sources of benzene in homes include tobacco smoke, consumer
products, construction materials and attached garages (Kirchner et al., 1993; Thomas et
al., 1993). Outdoor sources of benzene in homes include motor vehicle exhaust, industrial
areas and petrol stations (Perry and Gee, 1995; Baek and Jenkins, 2001; Skov et al.,
2001b). Numerous studies have examined benzene concentrations in homes (Schneider et
al., 1999; Kingham et al., 2000), however the focus of the majority of these has been on
the influence of indoor and outdoor sources on indoor air quality rather than personal
exposure, with the exception of tobacco smoke (Wallace, 1987d; Scherer et al., 1995).
Tobacco smoke inhaled by non-smokers is commonly called sidestream smoke (Wallace,
1987d). Sidestream smoke includes benzene concentrations that are orders of magnitude
higher than those emitted by other sources (Jermini et al., 1976; DHHS, 1989).

Active smokers receive approximately 90% of their benzene exposure from cigarette
smoking (Wallace, 1996) and this complicates the apportionment of benzene exposure
due to other sources that have been identified as significant in a number of large
population-based studies (Pellizzari et al., 1987a; Pellizzari et al., 1987b; Wallace,
1987a). A number of previous studies of non-industrial benzene exposure have included
smokers as participants, including the TEAM studies (Wallace, 1987a; Wallace, 1996).
This research aimed to avoid the distortion of the results associated with this factor by
excluding smokers from participating.
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1.5 RISK ASSESSMENT OF NON-INDUSTRIAL PERSONAL BENZENE
EXPOSURE

Risk assessment is a tool that has been used by environmental regulators in Europe and
the North America to assess the risks associated with ambient concentrations of air
pollutants over the last couple of decades, and to determine whether the sources require
legislation or regulation in order to reduce the risk associated with personal exposure for
the general public (USEPA, 1998a; USEPA, 1999c; CALEPA, 2003). The outcome of
the risk assessment calculation is expressed as “unit risk” which is defined as “the
additional lifetime cancer risk occurring in a hypothetical population in which all
individuals are exposed continuously from birth throughout their lifetimes to a
concentration of 1µg m-3 of the agent in the air they breathe” (USEPA, 1985).

From an Australian perspective, air pollution has been identified as the environmental
issue of most concern to the general public in recent years (Australian Bureau of
Statistics, 1996; Australian Bureau of Statistics, 1999). A number of monitoring
campaigns have been conducted in selected large cities in Australia over the last decade
to monitor air pollutants including benzene and determine the sources that contribute to
higher concentrations in ambient air (Bardsley, 1997; Duffy and Nelson, 1997; DEPWA,
2000).. These campaigns have consistently monitored lower concentrations than those
found in other cities around the world (Pendleton, 1995; Brocco et al., 1997;
Moschandreas et al., 2001).
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While the benzene concentrations in ambient air in Australian cities are well
characterised, there are very few data that characterise personal exposure to benzene. The
small number of studies that have been conducted have targeted exposure as a result of
conducting specific activities or in sectors of the general public, rather than the general
public as a whole (Australian Institute of Petroleum, 1993; Duffy and Nelson, 1997;
Torre et al., 1998).

1.6 THE CLIMATE OF PERTH, WESTERN AUSTRALIA

The climate of Perth is Mediterranean, with warm dry summers and mild cool winters
(Hobbs et al., 1998). Long-term summer temperature data for Perth show an average
summer maxima of between 27°C-30°C and winter maxima of 15°C-18°C
(Commonwealth Bureau of Meteorology, 2003). Perth is the windiest city in Australia,
with an annual mean wind speed of 4.3m s-1, which is approximately 30% higher than
that of any other Australian capital city (Linacre and Hobbs, 1977; Commonwealth
Bureau of Meteorology, 1989). This climatic regime is significantly different from the
more temperate climates of some parts of North America and Northern Europe where the
majority of personal exposure research has been conducted (Gordon et al., 1999;
Hoffmann et al., 2000; Jurvelin et al., 2001).

The higher average temperatures experienced in Perth compared to the more temperate
climatic regions is expected to increase the volatility of benzene and combined with the
high frequency of strong winds, subsequently reduce the residence time and the ambient
concentrations of benzene in the Perth airshed. As a result it is expected that non10

industrial personal exposure to benzene amongst the non-smoking general public in Perth
will be different to that of the general public in North America and Northern Europe.

1.7 RESEARCH QUESTION

This research will investigate non-industrial personal benzene in a Mediterranean climate.
It will investigate the question of whether commuting in a private motor vehicle, and
refuelling with low benzene fuel, are significant contributors to personal benzene
exposure in a Mediterranean climate, or whether lifestyle and climate interact, especially
in a warm and windy city, and the brevity of time spent refuelling, to raise the relative
importance of other factors, including the use of cleaning products, paints and
construction materials.

Previous published research has showed a lack of agreement on whether these activities
are significant contributors to non-industrial personal benzene exposure in North America
and Europe. The results of the 1987 TEAM study in the South Bay section of California
reported that automobile exhaust was a significant contributor to non-industrial benzene
exposure based on exhaled breath concentrations (p<0.05) and commuting in a private
vehicle (p=0.0003) and refuelling (0.05) were important contributors based on personal
benzene exposure concentrations (Wallace et al., 1988).

In contrast, several authors have concluded that refuelling does not make a statistically
significant contribution to non-industrial benzene exposure due to both its brevity and its
episodic nature (Leung and Harrison, 1998; Freeman et al., 1999). A number of selected
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refuelling studies have reported an arithmetic mean refuelling time of 5 minutes or less
(Smith, 1999; Vainiotalo et al., 1999; Egeghy et al., 2000). During refuelling, benzene
concentrations of up to three orders of magnitude higher than the concentrations found in
urban airsheds are frequently reported (Guldberg, 1992; Egeghy et al., 2000).

Previous research has also reported higher personal benzene exposure during commuting
in a private motor vehicle compared to other commuting modes, especially in peak traffic
periods (Jo and Choi, 1996; Duffy and Nelson, 1997). There is a lack of agreement as to
the extent to which the climate influences non-industrial personal exposure during
commuting in a private motor vehicle. A number of studies have investigated the
influence of ventilation on commuting in a private motor vehicle, and several selected
studies have reported that non-industrial personal benzene exposure is significantly
higher when vehicle windows and vents are closed compared to when they are open (Lui
et al., 1989; Duffy and Nelson, 19997; Jo and Park, 1999a). Two studies have
contradicted this finding, however the results were influenced by the make of the vehicle
(Weisel et al., 1992; Lawryk et al., 1995).

1.8 THESIS STRUCTURE

This thesis is structured such that Chapter 2 provides the theoretical background to this
research.
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Chapter 3 describes the materials and methods used to monitor non-industrial personal
exposure to benzene in Perth and the methods used to determine the contribution of
sources to exposure.

Chapter 4 presents the findings of the pilot trial that was conducted in Perth to determine
the feasibility of the methods chosen for this research, and Chapter 5 presents the full
findings of this research.

Chapter 6 synthesises the findings by detailing a risk assessment of the commuting in a
private motor vehicle and commuting in a private motor vehicle in a Mediterranean
climate.

Chapter 7 discusses the findings of this research; commencing with a discussion of the
new knowledge this research contributes with respect to the increase in 24- hour nonindustrial personal benzene exposure attributable to commuting in a private vehicle and
refuelling.

Chapter 8 discusses the conclusions prompted by the findings of this research and the
implications

for

future

research,

both

in

Australia

and

internationally.
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CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION
This chapter establishes the theoretical framework for this research. In order to
establish the framework, the extensive literature describing non-industrial personal
benzene exposure will be discussed. There are four central tenets to this discussion;
the numerous ways individuals are exposed to benzene as a result of their activities
and behaviours, the variety and number of outdoor and indoor microenvironments in
which personal exposure can occur, the benzene concentrations in these
microenvironments and the health effects of personal exposure to benzene. This
literature review will commence with a discussion of the uses and sources of benzene
and the benzene concentrations in these outdoor and indoor microenvironments.

The results from large population level studies of non-industrial personal benzene
exposure will then be discussed. These studies have identified four common exposure
scenarios. However, personal exposure during commuting in a private vehicle and
refuelling and the reported contributions that these activities have made to nonindustrial personal benzene exposure will be emphasised in accordance with the
research question.

Health effects are an important end point of personal exposure to air pollution, and
benzene is no exception. A literature review of non-industrial personal exposure to
benzene is not complete without a discussion of the health effects of that exposure.
The health effects of long-term exposure to very high concentrations of benzene in
industrial settings have been well defined and characterised, however the long-term
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health effects of non-industrial personal exposure are currently the subject of fierce
academic debate from a number of perspectives.

The location in which personal exposure studies are conducted has an influence on
activities and behaviours and consequently also influences non-industrial personal
exposure to benzene. The seasonal nature of the climate in cities may influence
behavioural changes and some of these changes may result in increased non-industrial
personal benzene exposure. The design or physical layout of the city may also
influence non-industrial personal benzene exposure, particularly if residents have to
commute long distances in private motor vehicles in peak traffic flows between their
home and their employment or other essential daily destinations.

The application of risk assessment to air pollution data is increasing, as regulators
attempt to mitigate the health and environmental impacts resulting from air pollution.
A variety of risk assessment techniques are available, however in terms of nonindustrial personal benzene exposure, a risk assessment must address the duration of
the activity or contact with the source and the benzene concentration emitted, and
must take into account a number of physiological parameters. The application of risk
assessment to non-industrial personal benzene exposure will conclude the literature
review.

2.2 USES OF BENZENE

Benzene is a naturally occurring organic compound that has a characteristic aromatic
odour. It is the smallest and most stable aromatic hydrocarbon (Synder et al., 1993).
Benzene is highly volatile, having a relatively low boiling point (80.10C) at 760 mm
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Hg and a vapour pressure of 13.3 kPa, which causes it to evaporate rapidly at room
temperature. Benzene is also a highly flammable substance, with a flash point of –
11.1°C (GdCH, 1988; RIVM, 1988; IPCS, 1993).

Benzene is used in industrial, commercial and scientific contexts. Worldwide,
approximately 10% of the total use of benzene is in gasoline (RIVM, 1988). It is
present in leaded gasoline, and is sometimes added to unleaded gasoline to improve
antiknock characteristics. However, the use of benzene in this way is highly regulated,
with the European Union previously requiring that a maximum of 5% can be added to
leaded and unleaded gasoline. In some European countries and North America, the
benzene content of some fuels is as low as 1% (Caprino and Togna, 1998). Recently,
more stringent regulations have been introduced in European Union member
countries limiting the maximum benzene content of gasoline to 1% (v/v) from 1
January 2000 under Directive 98/70/EC (Palmgren et al., 2000). In Australia, the
benzene content in petrol has historically been low, ranging from 5% v/v in 1990
(Standards Australia, 1990) to between 2.6%-3.3 v/v in 1998 (AIP, 1998). This was
reduced further under the Federal Government’s Fuel Quality Standards Act 2000
within which the maximum benzene content has been set at 1% v/v from 1 January
2006 (Commonwealth of Australia, 2000). In Western Australia, the maximum
benzene content of 1% v/v was introduced in 2001 under regulations in the
Environmental Protection Act (Parliament of Western Australia, 1999). In a unified
approach, a worldwide charter has also recently been established to limit the
maximum benzene content in markets with little or no minimum emission control
requirements to 5% v/v and to 1% v/v in markets with the most advanced emissions
control requirements (ACEA, 2000).
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The major industrial use of benzene is in the production of organic chemicals,
especially ethylbenzene, which represents more than 50% of the total industrial use of
benzene in North America, and 73% of the total industrial use in the Netherlands
(RIVM, 1988).

In the past, benzene was widely used as a solvent; however, the use of benzene in this
manner has been reduced in most developed countries (less than 2% of current use),
where other less toxic solvents have replaced it (IPCS, 1993 #995). It is still used as a
solvent in scientific laboratories and in a number of products such as industrial paints,
rubber cements, adhesives, paint removers and degreasing agents. It is also used in the
production of artificial leather and rubber products and in the shoe industry (Mara and
Lee, 1978; Gilman et al., 1985).

2.3 SOURCES OF BENZENE

Benzene is released into the environment from natural and anthropogenic sources,
however the latter contribute the most significant portion of the emissions (IPCS,
1993). Anthropogenic sources in the environment include automobile exhaust,
automobile refuelling operations and industrial emissions. There appears to be a
widely held belief that automobile exhaust is the most significant of these sources,
with many studies confirming that individuals can be exposed to significant
concentrations in the vicinity of heavy traffic (Mukund et al., 1996; NIWA, 1998),
petrol stations (AIP, 1998; CONCAWE, 1994), major intersections and roadways
(Roorda-Knape et al., 1998; Zielinska et al., 1998). Tobacco smoke (Graedel, 1978;
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IARC, 1982; ATSDR, 1989) and consumer products are also important sources of
benzene (Wallace, 1987a; Wallace et al., 1989).

While automobile refuelling operations and industrial emissions are important point
sources of benzene, the Total Exposure Assessment Methodology (TEAM) studies of
personal exposure to benzene in North America have revealed that the most important
sources of benzene are those that are associated with personal activities and not with
point sources (Wallace et al., 1989) despite a clear focus on the latter in previous
research (Pellizzari et al., 1987a; Pellizzari et al., 1987b; Wallace, 1987a). These
studies were conducted in New Jersey, North Dakota and Northern and Southern
California between 1980 and 1987 involving personal monitoring of exposure for 800
participants from indoor and outdoor air and drinking water (Wallace, 1987a;
Wallace, 1996) and were one of the first studies in North America to develop and
demonstrate these methods to measure human exposure (Pellizzari et al., 1986).

For non-smokers, the largest source of benzene is automobile exhaust or gasoline
vapour emissions, which includes emissions due to outdoor air (refuelling operations,
major intersections and heavy traffic) and indoor exposures due to evaporative vehicle
emissions from attached garages of homes (Thomas et al., 1993), activities such as
driving (Wallace, 1996) and exposure to consumer products (Table 2.1). Compared to
these sources, point sources such as petrochemical plants or refineries are a small
source of benzene for most people.
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Table 2.1: Contribution of different sources to exposure for non-smokers from the
TEAM studies (Wallace, 1987b; Wallace, 1996).
Source

Contribution to exposure (%)

Ambient air

40

Personal/indoor air

25

Driving an automobile

19

Environmental tobacco smoke

10

Petrochemical plants/refineries

6

Sidestream smoke, or environmental tobacco smoke (ETS) is an important source of
benzene for non-smokers (Wallace, 1987b) and perhaps due largely to the significant
concentrations of benzene that are emitted from sidestream smoke. While mainstream
smoke from cigarettes contains approximately 55 µg m-3 of benzene (Wallace, 1996),
studies conducted on compounds emitted from sidestream smoke have revealed
benzene concentrations up to 500 µg m-3 (Jermini et al., 1976; DHHS, 1989; Martin et
al., 1997).

The difference in benzene concentration emitted from mainstream and ETS is
attributed to the temperature difference in the burning zone of the cigarette during
puffing (800°C-900°C) compared to the temperature between puffs (600°C). The lower
temperature between puffs results in incomplete combustion of tobacco during
sidestream smoke generation (NRC, 1986).

Consumer products such as paints, adhesives, model/hobby glues, primers, paint
strippers, marking pens and a range of rubber products emit benzene (Ozkaynak et al.,
1987; Rastogi, 1993). Chamber studies of these products by the National Air and
Space Administration (NASA) have shown that these products emit benzene in
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concentrations ranging between 0.01µg g-1 to 140µg g-1 of material (Ozkaynak et al.,
1987). Construction materials such as latex caulk and particle board (Tichenor, 1987;
Tichenor and Mason, 1988) textured carpet and carpet glue (Wallace et al., 1987c)
also emit benzene. Although these products contribute only a small amount to indoor
benzene concentrations when compared to tobacco smoke and evaporative automobile
emissions in houses with attached garages (Wallace et al., 1989) their contribution
can still be significant due to the widespread application and use of some of these
products.

Combustion sources including boilers, residential wood stoves, fireplaces and
furnaces can also be important benzene sources in indoor environments (USEPA,
1995a; USEPA, 1995b; Zhang and Smith, 1996; Chattopadhyay et al., 1997).
Benzene is formed through incomplete combustion, and given that combustion in the
residential sector is generally less efficient than in the commercial sector, there is
significant potential for exposure (USEPA, 1995a; USEPA, 1995b; USEPA, 1998a;
USEPA, 1998b). Studies conducted on woodsmoke have revealed benzene
concentrations of 0.6-4.0 g kg-1 of wood combusted in these devices (USEPA, 1993).
Approximately 90% of the firewood in the world is burned in households for cooking
and heating (Smith et al., 1993) and approximately half these use wood for cooking
(Smith, 1987). Consequently, there are a significant number of individuals exposed to
benzene on a daily basis from this source alone.

Incense has been used for ceremonial purposes for many centuries, and is also used to
add fragrance to the air or clothing (Knight et al., 2001; Lofroth et al., 2001). One
study comparing benzene emissions from incense burning to emissions from cigarette
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smoking reported a similar amount of benzene was emitted during the burning of
incense sticks (440 µg g-1) to that emitted during the smoking of some types of
cigarettes (440-480 µg g-1) (Lofroth et al., 1991). An investigation of benzene
emission from incense using an environmental chamber and found concentrations up
to 1780µg g-1 of incense burnt and importantly, that concentrations can remain high
for a couple of hours after the initial burning (Madany and Crump, 1994). A similar
trend was found in an office, however the initial concentration was much lower (64
µg g-1). Based on their results, the authors concluded that incense is a potentially
significant source of benzene exposure if used frequently in indoor environments with
low ventilation rates.
2.4 BENZENE CONCENTRATIONS IN AMBIENT ENVIRONMENTS

Worldwide, considerable effort has been put into measuring benzene concentrations
in ambient environments, especially in the last decade or two. Many studies have
shown the concentrations monitored in ambient environments can be highly variable,
largely dependent on the prevailing meteorological conditions at the time monitoring
is occurring, and the proximity of the monitoring to important point sources (Singh et
al., 1992; Brocco et al., 1997).

Ambient monitoring of benzene is conducted in a variety of locations, including urban
(city) centres (Pendleton, 1995; Moschonas and Glavas, 1996) industrial areas
(Mohan Rao et al, 1997a; Mohan Rao et al., 1997b; Kalabokas et al., 2001), roadsides
and areas of heavy traffic (Zweidinger et al., 1988; Roorda-Knape et al., 1998), petrol
stations (CONCAWE, 1994; Uren, 1996) and tunnels (Zielinska et al., 1998; Hsieh et
al., 1999). In cities around the world, these locations are commonly identified as
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“hotspots” where it is expected that individuals will be exposed to high concentrations
of benzene. The benzene concentrations monitored in each of these locations will be
discussed.
2.4.1 URBAN CENTRES

The recirculation of pollutants plays an important part in the benzene concentrations
found in urban air sheds in Australia, resulting in pollutant plumes being carried away
from the urban areas of major cities in the morning, only to return in the afternoon
(Environment Australia, 2000). Investigations in Perth and Sydney have recorded
higher benzene concentrations in urban centres than at some other sites in those cities
(NSWEPA, 1998; DEPWA, 2000). The benzene concentrations found in urban areas
in Perth and Sydney (Table 2.2) are similar to those of some urban areas overseas,
such as Christchurch and Tainan City, and at least one order of magnitude less than
the concentrations monitored in Rome and Greece (Table 2.3). Benzene
concentrations in these environments have generally been low and are strongly
influenced by diurnal variations in the most significant benzene source, motor
vehicles (Environment Australia, 2000). A pilot study of air toxics in Sydney revealed
significant diurnal variations in benzene concentrations, typical of areas of heavy
traffic flow (NSWEPA, 1998). This was also reflected in research undertaken in
Melbourne, where congested traffic conditions were shown to limit pollutant
dispersion (VICEPA, 1999). In Perth, studies have shown that ambient benzene
concentrations are similar to other cities and are similarly influenced by motor vehicle
emissions all year round, however, the use wood heaters in winter significantly
increases the ambient benzene concentration (DEPWA, 2000).
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Table 2.2: Ambient benzene concentrations monitored in selected urban areas in
Australia.
Location

Author

Sampling period

Mean benzene
concentration
(µg m-3)

6 sites across Perth

DEPWA, (2000)

24-hour time integrated samples

0.48-6.9*1

NSWEPA, (1998)

24-hour time integrated samples

0.96-8*2

Torre et al., (1996)

24-hour time integrated samples

1.6-4.5

(urban, suburban,
coastal)
Sydney
(18 sites) (urban,
suburban and coastal)
6 sites in Melbourne in
vicinity of industrial
zone
*1, *2

denote annual mean concentrations

While benzene concentrations in many urban areas are influenced by motor vehicle
emissions, data from several cities outside Australia (Table 2.3) clearly show that the
benzene concentrations can be significantly higher (eg. at least one order of
magnitude higher) than those monitored in the corresponding areas in Australia.
However, it is important to note the differences in sampling periods used by authors
in the monitoring conducted in Australia in Table 2.2 compared to the corresponding
times used by authors of some international studies in Table 2.3. While some authors
used similar sampling periods to the Australian data, allowing reasonably direct
comparison, the use of a variety of other sampling periods makes direct comparison
far more problematic, as the mean benzene concentrations can differ according to the
sampling period.
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Table 2.3: Benzene concentrations monitored in a range of urban locations.
Location

Author

Sampling period

Mean benzene
concentration
(µg m-3)
0.96-8*3

Sydney, New South

NSWEPA,

24-hour time integrated

Wales

(1998)

samples

Rutland, USA

USEPA,

24-hour samples collected

(1999a)

twice weekly

Greece

Moschonas

3 four-day sampling periods

2.6-59.8

urban centre

and Glavas,

3.84-35

0.99-23.90

(1996)
18 urban sites in

Pendleton,

24-hour samples every sixth

Texas, USA

(1995)

day

Christchurch, New

Stevenson and

3 month samples

Zealand urban area

Narsey. (1999)

5.2

residential outer
suburbs
*3

denotes annual mean

Many of the authors of these studies in urban centres reported the dominance of motor
vehicles as the most important source of benzene in these areas (Wallace, 1996;
Cheng et al., 1997).
2.4.2 INDUSTRIAL AREAS
Industrial areas are also hotspots of benzene concentrations. Data from around the
world suggests that significant benzene concentrations can be emitted from some
industrial processes (Table 2.4).
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Table 2.4: Benzene concentrations monitored in selected industrial areas in Australia
and overseas.
Location

Author

Sampling period

Mean benzene
concentration
(µg m-3)

West Footscray,

Bardsley, (1997)

Victoria
North Fremantle,

DEPWA, (2000)

24-hour integrated

1.2

samples
Dean et al., (1996)

South Wales
Corinth, Greece

0.96-15.7

samples

Western Australia
Castlereagh, New

24-hour time integrated

48/72 hour time

1.9-4.8

integrated samples
Kalabokas et al., (2001)

24-hour time integrated

2.6*4

samples
Nueces County,

TNRCC, (1994)

Texas, USA
Mumbai, India

24-hour time integrated

3.7*5

samples
Mohan Rao (1997a;
Mohan Rao (1997b)

3 hour samples

19*6(BARC
complex)
26*7 (Thana
Creek)
28*8 (Mahul)

*4

denotes median concentration

*5

denotes annual mean

*6, *7, *8

denotes geometric means

The high benzene concentrations illustrate that industrial areas can be important
emission sources in urban centres, despite the overwhelming dominance of motor
vehicle exhaust as a contributor to benzene concentrations in the majority these
locations.
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2.4.3 ROADSIDES AND AREAS OF HEAVY TRAFFIC

Heavy traffic areas are another hotspot where high benzene concentrations have been
monitored in Australia and overseas (Table 2.5).
Table 2.5: Benzene concentrations monitored in selected streets and areas of heavy
traffic.
Location

Author

Sampling period

Mean benzene
concentration
(µg m-3)

6 major roads in

(Leung and

Birmingham, UK

Harrison, (1999)

Creek Road in Greenwich,

Jones, (1998)

UK

60 minutes

1.6-11.8

1 hour samples (tubes)

5.1 (tubes)

12 hour samples

11.4 (canisters)

(canisters)
6 motorways in south of

Roorda-Knape et

weekly

5.76

the Netherlands

al., (1998)

Tullamarine Freeway,

VICEPA, (1999)

12 hours

8.3-12.5

Shell Petroleum,

12 hours

9.6

30 seconds

13.1

3 months

17.3*9

Essendon Victoria
Spring Street, Victoria

(1995)
George Street, Sydney,

Dawson et al.,

New South Wales

(1994)

Khyber Pass Road,

Stevenson and

Auckland, New Zealand

Narsey, (1999)

*9

denotes annual mean

Many authors noted that benzene concentrations peaked during peak times for
commuters (morning and afternoon), when traffic congestion was at a maximum
(Zweidinger et al, 1988; VICEPA, 1999).
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2.4.4 PETROL STATIONS

Significant concentrations of benzene have been monitored at petrol stations in the
several European countries, including the United Kingdom, Belgium, France and
Greece (CONCAWE, 1994; CONCAWE, 1996; Uren, 1996). Data from these
stations is presented in Table 2.6. At all service stations, higher concentrations were
monitored at the petrol pump than at the boundary of the forecourt, and
concentrations were predominantly higher during the day and there was a greater
difference between the highest and lowest concentrations at the forecourt during the
day than at night at these stations (CONCAWE, 1994). The maximum benzene
content of petrol from one service station in Sweden in summer was 13.1%, more
than twice that of any other service station, however the benzene concentrations
monitored at the forecourt of that station were less than half that of other stations
(CONCAWE, 1994).
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Table 2.6: Benzene concentrations monitored at or in the vicinity of selected petrol
stations in Europe and Australia.
Location

Author

Sampling period

Mean benzene concentration
(µg m-3)

18 petrol stations in the

Jones, (2000)

2 week periods

0.48-2.79*10

CONCAWE,

2 week periods

1.6-6.9 (diffusive)

(1996)

(diffusive tubes)

1.1-2.3 (active)

UK
petrol station in the UK

12 hours (active
tubes)
12 service stations in 9

CONCAWE,

European countries *11

(1994)

12 service stations in

Uren, (1996)

London

12 hours

day 3.8-52.9
night 4.1-40.2

2 week periods

9.3-61.1

(tubes), continuous
monitoring using
automated sampling

11 stations throughout

AIP, (1998)

8 hour periods

50-190

Australia
*10
*11

denotes yearly mean
denotes countries participating Germany, Belgium, Portugal, Ireland, France, Italy, Sweden,

Norway, Greece.

In recent years, measures have been put in place to reduce the emissions of benzene
from petrol stations. Legislation in the United Kingdom has placed legal obligations
on petrol stations to capture and recover emissions from petrol tankers while
dispensing fuel and from underground storage tanks. The stage 1 vapour recovery
process involves the installation of an additional pipe from the petrol tanker during
dispensing. The vapour from the underground tanks is recovered into the tanker
creating a closed loop (USEPA, 1984; Jones, 2000). Petrol stations in the United
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Kingdom with a petrol throughput greater than 1000 m-3 per annum have been obliged
to fit Stage 1 vapour recovery systems since December 31, 1998, and stations with a
throughput of less than 500 m-3 per annum were required to fit the Stage 1 controls by
December 31, 2004 (Jones, 2000).

Evidence suggests that this recovery process can significantly reduce the emission of
benzene from petrol stations. Benzene concentrations at three petrol stations with a
throughput greater than 1000 m-3 per annum and fifteen stations with a throughput of
less than 1000 m-3 per annum were monitored, and a significant reduction in emission
of benzene from the stations with Stage 1 vapour recovery systems was reported by
the authors (Jones, 2000).

In some European countries, Stage 1 vapour recovery is taken one step further. In
order to further reduce benzene emissions, improved tanker loading techniques (i.e.
introduction of submerged top and bottom loading and fixed roofs or secondary seals
for tanks) is combined with stage 1 vapour recovery. This is referred to as Stage 1A
controls, and this can reduce benzene emissions by 95%-99% (Klimont et al., 2000).
One additional option currently being investigated is the use of large on-board
canisters which can reduce refuelling emissions by 95%, however due to difficulties
experienced during adoption for use in North America, there is considerable debate
concerning the viability of this approach in Europe (Chem Systems, 1996; Klimont et
al., 2000). Despite considerable doubt concerning the effectiveness of larger canisters,
all new passenger cars sold in Europe have been required to fit small carbon canisters
(which can reduce emissions by 85%) in order to reduce evaporative gasoline
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emissions under European Union directive 91/441/EEC since 1993 (Klimont et al.,
2000).
2.4.5 MOTOR VEHICLE TUNNELS

The benzene concentrations monitored in vehicle tunnels are the highest for any
hotspot, and are frequently at least two orders of magnitude higher than
concentrations in ambient environments (Table 2.7). In tunnels, exhaust emissions are
important contributors, especially when vehicle speed is reduced, as several authors
have noted (Barrefors, 1996; Hsieh et al., 1999).
Table 2.7: Benzene concentrations monitored in selected motor vehicle tunnels.
Location

Author

Sampling period

Mean benzene concentration
(µg m-3)

Fort McHenry and

Zielinska et al.,

1 hour (canister and

Tuscarora tunnel

Tuscarora tunnels,

(1996)

tubes)

63.4

Baltimore, MD, USA

Fort McHenry tunnel
250.2

Zefun and Lishin

Hsieh et al.,

2 hours (Lishin Tunnel)

Lishin tunnel

tunnels, Taipei

(1999)

1 hour (Zefun Tunnel)

87
Zefun tunnel
82

Scandinavian urban road

Barrefors and

30 minute sampling in

tunnel

Petersson, (1992)

peak times

231

(morning/evening) and
throughout the day
Tingstad and Gnistang

Barrefors, (1996)

30 minute sampling

Tingstad tunnel

tunnels, Goteborg,

during peak period

330

Sweden

(morning)

Gnistang tunnel
194
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These concentrations are clearly orders of magnitude higher than those found in some
urban areas (Table 2.2 and Table 2.3). High concentrations will result if traffic flow
is impeded, as was the case in several of the tunnels (Barrefors and Petersson, 1992;
Barrefors, 1996; Zielinska et al., 1996). Direct comparison of the benzene
concentrations in the above table is made more difficult by the variation in sampling
times used by the authors, and the difference in sampling methods applied. One study
used both active canisters and tube sampling to monitor benzene concentrations in the
Fort McHenry and Tuscarora Tunnels, and found that the concentrations monitored
using the active tube samplers were higher than those obtained using the canisters
(Zielinska et al., 1996). Although there was evidence of a drop in sample mass from
both the tube samplers and the canisters, the difference in concentrations obtained by
the two techniques was not discussed.

In contrast to the use of active sampling, two of the studies used passive canisters to
monitor benzene concentrations (Lonneman et al., 1986; Hsieh et al., 1999). While it
is possible to have high concentrations due to impeded traffic flow, these authors did
not report traffic data, and therefore it is difficult to substantiate the role of impeded
traffic flow, even in the case where sampling methods were similar.

2.5 BENZENE CONCENTRATIONS IN INDOOR ENVIRONMENTS

Studies conducted overseas suggest that on average, individuals spend more than 85%
of their time indoors (Jenkins et al., 1992; Klepeis et al., 1995), and up to 66% is
spent at home (Schwab et al., 1990; Freeman et al., 1999). Results from the TEAM
studies in the United States and other studies throughout Europe have revealed that
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indoor concentrations of benzene can be many times higher than concentrations
outdoors (De Bortoli et al., 1986; Wallace et al., 1988; Rothweiler et al., 1992). Many
other studies conducted in the last two decades have also recognised that the indoor
concentrations of benzene are higher than those outdoors (the indoor/outdoor ratio is
greater than one) (Yocom, 1982; Lebret et al., 1986; Bergerow et al., 1995).

In the home, significant sources of benzene are tobacco smoke (Wallace, 1987a;
Heavner et al., 1995), wood heaters, stoves and fireplaces (USEPA, 1993; USEPA,
1995a; USEPA. 1995b) and a range of consumer products. Products which emit high
benzene concentrations include paints, solvent products, particle board (De Bortoli et
al., 1986; Tichenor, 1987), latex caulk, nylon carpet, rubber and vinyl floor coverings
(Bayer and Papanicolopoulos, 1990; Kirchner et al., 1993). Drapery materials,
cellulose wool and expanded polystyrene also emit high concentrations (Yu and
Crump, 1998; Van Veen et al., 1999) and a garage attached to the house (Furtaw et
al., 1993; Thomas et al., 1993) also contributes to personal exposure.

While the influence of indoor sources on indoor benzene concentrations has been
previously demonstrated, it is essential to consider the influence of additional factors
such as the total volume of air in the indoor environment, the emission and removal
rate of benzene indoors, the building ventilation rate and outdoor concentrations on
indoor concentrations (Fellin et al., 1998; Kulmala et al., 1999).

A number of outdoor sources such as motor vehicles, industrial areas and service
stations can also contribute to benzene concentrations in the home by migration
indoors, and personal exposure in the home may be considerable in the vicinity of
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these sources (Guldberg, 1992; Reverente et al., 1996). The benzene concentrations
reported in indoor environments such as homes and offices are presented in Table 2.8.
Table 2.8: Benzene concentrations monitored in selected homes in Australia and
overseas.
Location

Author

Sampling period

Mean benzene concentration
(µg m-3)

26 homes in

Pleil et al., (1985)

Research Triangle

2 minute grab

0.57

sample

Park, North
Carolina, USA
Dunedin, New

Stevenson and Narsey,

3 months

1.25

Zealand

(1999)

28 homes

Kingham et al., (2000)

24 hours

1.2-2.2

Levsen et al., (1996)

14 days

2.4-3.3

Mukerjee et al., (1997)

24 hours

2.4*12

Phillips et al., (1998)

24 hours

2.3-3.4

Schneider et al., (1999)

7 days

3.53-4.27

Heavner et al., (1995)

3 hours

3.86-5.54

Lebret et al., (1986)

5-7 days

6.3*13

Huddersfield, UK
42 homes
Hannover,
Germany
9 homes in Lower
Rio Grande Valley,
Texas, USA
Sydney, New
South Wales
20 homes in Erfurt,
Germany
49 homes in
Columbus, Ohio,
USA
300 homes in the
Netherlands
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*12,13

denotes median concentration

According to the authors of these studies, a number of factors contributed to the high
concentrations monitored in some homes. The authors of one study suggested that the
higher concentrations were attributable to sources such as building materials and
consumer products (Lebret et al., 1986), while others attributed the high
concentrations to activities such as fuel combustion for heating and cooking and
storage of solvents and gasoline (Otson et al., 1993; Otson et al., 1994) however this
was based on assumption rather than statistical analysis, because previous research
had shown benzene to be emitted from these sources (Otson et al., 1992). Due to a
strong relationship between outdoor VOC sources and indoor VOC concentrations,
one author postulated that vehicle emissions significantly add to indoor benzene
concentrations, and that in winter, activities such as cooking and heating also
contributed (Baek et al., 1997). This belief was based the differences in the indoor
benzene/toluene ratio between the seasons, and the strong influence of migration
indoors from ambient sources. Others also shared this view, stating that
concentrations were significantly higher indoors for homes where the vehicle was
kept in a garage attached to the house (Brown and Crump, 1998). Yet another
possible source of higher concentrations inside a particular house compared to outside
was postulated by other authors to be related to the former industrial use of the site on
which the house was constructed (Brown, 1996a; Brown, 1996b).

Caution must be exercised in comparing the benzene concentrations in Table 2.8, for
two reasons. Firstly, it is clear that the authors have used a range of sampling periods
in their studies. Secondly, a number of different methods have also been used to
monitor the benzene concentrations. The methods employed include canisters (Pleil et
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al., 1985; Mukerjee et al., 1997), tedlar gas sample bags (Srivastava et al., 2000), and
the remainder of the authors used either active or passive stainless steel tubes, or
passive sampling badges (Otson et al., 1993; Schneider et al., 1999).

In the cases where monitoring was conducted over 24 hours, one of the authors used
active sampling with stainless steel tubes (Kingham et al., 2000), two used passive
stainless steel tubes (Otson et al., 1993; Phillips et al., 1998) and one monitored
benzene concentrations using active and passive canisters (Mukerjee et al., 1997).
This makes interpretation of the benzene concentrations difficult if the different
methods can produce different data. However, a 24-hour sampling period
characterises the range of concentrations that can occur in a home during periods of
non-occupancy and full occupancy and will be used in this research.

Given the predominant use of active and passive stainless steel tubes to monitor
benzene concentrations by the authors in these studies, consideration must be given to
the differences in sampling period required by the two methods, especially the
significantly longer sampling period required by passive tubes to collect similar
sampling volumes to the active tubes. It is difficult to conclude that the home is a
significant contributor to non-industrial benzene exposure when the methods and
sampling periods used by studies such as those in Table 2.8 are so variable and can
potentially give rise to different data.

Office environments (Table 2.9) have also been shown to have higher benzene
concentrations than outdoors (Tables 2.2 and 2.3). Due to the proximity of offices to
major roads, the authors of two studies attributed the high benzene concentration
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inside the offices to motor vehicle emissions (Reverente et al., 1996; Baek et al.,
1997). Also, the number of individuals frequently entering and exiting the office
building contributed to higher concentrations, particularly during peak periods as
vehicle derived emissions entered the building each time the doors were open
(Reverente et al., 1996). Diurnal variations in the indoor/outdoor concentration ratio
were noted by one author, given that the difference in indoor/outdoor concentration is
twice as high during office hours compared to non-office hours (Ekberg, 1994). The
positioning of the intake for ventilation near the loading dock could increase the
concentration of benzene throughout the building, as could the lack of ventilation of
hydraulic elevator fluid, due to the absence of exhaust fans in the elevator shaft
(Weschler et al., 1990; Brickus et al., 1998).

Once again, both active and passive sampling was used to monitor benzene
concentrations in the studies presented in Table 2.9. Active sampling using stainless
steel tubes was the most common method used by all but three of the authors. Tedlar
gas sample bags were used by one author (Srivastava et al., 2000), as was the case for
the homes they monitored, however the use of this method is not very common, with
the majority of authors using either passive or active samplers. Similarly to the
monitoring conducted in homes, a range of sampling periods have been used by the
authors in the above studies, and while it is important to acknowledge the validity of
sources such as nearby motor vehicle emissions, monitoring over an entire workday
(8 hours) would yield more representative concentrations of benzene from a wider
variety of sources (of both outdoor and indoor origin) than monitoring during peak
traffic periods.
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Table 2.9: Benzene concentrations monitored in selected office environments.
Location

Author

Sampling period

Mean benzene concentration
(µg m-3)

New Jersey, USA

Weschler et al.,

3-4 weeks

0.9-1.4

Daisey et al., (1994)

8 hours

0.98±2.7*14

Queen Street,

Stevenson and

3 months

3.1-4.6*15

Auckland New

Narsey, (1999)

2.5

(1990)
12 office buildings
in San Francisco,
USA

Zealand
Metropolitan

Reverente et al.,

morning (8-10am ) and

Manila, Philipines

(1996)

evening (4-6pm) peak
hours

6 office in The

Kim et al., (2001a);

2 hours (morning and

University of

Kim et al., (2001b)

afternoon)

Baek et al., (1997)

2 hours (morning and

5.9

Birmingham, UK
12 offices in Taegu
and Seoul (Korea)

12.6

afternoon)

Hobart, Tasmania

Mesaros, (1998)

7 days

14

Rio de Janeiro,

Brickus et al., (1998)

6 hours

15.9-34.5

Srivastava et al.,

30 minutes

48.32 (smoking permitted)

Brazil
Mumbai, India

(2000)
*14

*15

37.44 (non- smoking)

denotes geometric mean
denotes annual average
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2.6 BENZENE IN INDOOR ENVIRONMENTS OTHER THAN HOMES AND
OFFICES

Elevated benzene concentrations have also been monitored in a range of other public
buildings such as libraries, shopping centres, restaurants and pubs (Table 2.10).
Active sampling was used by all but one of the authors of these studies presented.
While the benzene concentrations in ambient microenvironments (urban centres,
industrial areas, roadsides, petrol stations and tunnels) and indoor microenvironments
(homes, offices, restaurants, pubs) are higher in some cities or countries than in
others, it is crucial to note the methods used to monitor benzene concentrations in
these outdoor and indoor microenvironments. Therefore, direct comparison of
concentrations within the same location (ambient and indoor) can be misleading as
the mean benzene concentration reported in the literature may be affected by
differences in sampling methodologies.
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Table 2.10: Benzene concentrations monitored in selected public buildings.
Building type and

Author

Sampling period

location

Mean benzene
concentration
(µg m-3)

Manila, Philipines

Reverente et al.,

morning (8-10 am) and

bank

(1996)

evening (4-6 pm) peak

1.3-2.4

hours

1.5-5.4

shopping centre
restaurant
Gymnasium in

20.9
Brown, (2002)

30 minutes

1.8-6.7

Birmingham,UK

Kim et al., (2001a);

2 hour periods

3 libraries

Kim et al., (2001b)

(morning and

8.8

2 cinemas

afternoon)(dept. store,

10.5

2 department stores

library)

15.5

6 restaurants

3 times per cinema

22.7

6 pubs

once per restaurant

31.7

Melbourne

once per pub
12 restaurants in Taegu

Baek et al., (1997)

and Seoul, South Korea

2 hours (lunchtime and

12

evening)

library in Mumbai,

Srivastava et al.,

India

(2000)

underground carparks

Brown et al.,

in Sheffield, UK

(1999a)

30 minutes

34.24

2 weeks

21.3-33.7

2.7 BENZENE CONCENTRATIONS IN PERSONAL EXPOSURE STUDIES

Personal exposure studies of benzene frequently concentrate on exposure in four main
scenarios:
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 exposure in houses with attached garages
 exposure to ETS in the home.
 exposure while refuelling at petrol stations
 exposure during commuting
2.7.1 PERSONAL EXPOSURE TO BENZENE IN HOUSES WITH ATTACHED
GARAGES
Significant benzene concentrations have also been monitored in a number of studies
concerning personal exposure to benzene in houses with attached garages (Table
2.11). Benzene concentrations in both the garage and the house can be orders of
magnitude higher than those in ambient environments, particularly on warm days
(Thomas et al., 1993; Weisel and Lawryk, 1993). Internal doors between the garage
and the house facilitate the movement of significant benzene concentrations into the
house, especially if left open for long periods after vehicles are parked in the garage.
In order to reduce exposure to high concentrations of benzene in houses with attached
garages, garage doors should be left open for a short time after the vehicle is parked in
the garage. This simple measure can greatly reduce benzene exposure (Furtaw et al.,
1993).
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Table 2.11: Benzene concentrations in selected houses with an attached garage.
Location

Author

Sampling period

Mean benzene concentration
(µg m-3)

42 homes

Levsen et al.,

Hannover,

(1996)

14 days

living room
1.4-17.6

Germany

garage
1.2-80.9

4 homes in

Thomas et al.,

consecutive 12 hour

garage

Bayonne and

(1993)

periods

10±4.8-100±60

Elizabeth, USA

main living area
5.8±2.9-32±8.5
bedroom
5.6±2.8-36±12
Akland, (1993)

5 minutes

51.2*16

New Brunswick,

Tsai and Weisel

grab sample every 7

garage

New Jersey, USA

(2000)

minutes (garage), house

80-192

every 30 minutes

adjacent room

Residential
garages, USA

108.6-208
rest of house
19.52-64
*16

denotes mean based on time/activity data

Benzene concentrations up to 80.9 µg m-3 were monitored in the garage containing a
parked car, a lawn mower, a canister of petrol and various solvents (Levsen et al.,
1996). When the lawn mower, petrol canister and solvents were removed, the benzene
concentration in the garage and all rooms in the house was 1.2 µg m-3. In a subsequent
monitoring campaign, the car was parked in the garage, however the other sources

41

were removed. The concentration of benzene monitored in the garage was 43.2 µg m-3
and the living room of the house was 6.1 µg m-3 (Levsen et al., 1996).

As a result of measuring benzene concentrations in houses with attached garages and
houses without attached garages, another author reached a similar conclusion (Pleil et
al., 1985). In summer, benzene concentrations in houses with attached garages were
as high as 76.8 µg m-3 compared to 3.6 µg m-3 in houses without attached garages. In
winter, the disparity was not so significant, however the benzene concentrations in the
houses with attached garages were approximately three times higher than those in
houses without attached garages. Using a modelling approach, one study reported a
mean benzene concentration in a garage with a vehicle present of 70.5 µg m-3 and 6.3
µg m-3 in the house with the vehicle parked in the garage in winter, and 238.7 µg m-3
in the garage with a vehicle present and 2.1 µg m-3 in the house with the vehicle
parked in the garage in summer (Furtaw et al., 1993). The large difference in
concentrations between summer and winter was postulated to be the result of a
combination of increased hot-soak emissions after the vehicle engine is turned off,
and heating of the fuel tank which in turn increases benzene emissions during the day
in summer (Pierson et al., 1999; Tsai and Weisel, 2000).
2.7.2 PERSONAL EXPOSURE TO BENZENE FROM ENVIRONMENTAL
TOBACCO SMOKE (ETS) IN THE HOME

As a result of numerous investigations of exposure to tobacco smoke in homes, it has
been determined that the presence of a smoker in the home can increase a nonsmokers exposure to benzene by 50-70% (Wallace et al., 1987d; Gilli et al., 1994;
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Gilli et al., 1996). The results of seven studies of exposure to ETS in homes are
presented in Table 2.12.
Table 2.12: Personal benzene exposure to benzene from ETS in homes.
Location

Author

Sampling period

Mean benzene concentration
(µg m-3)

12 homes in Birmingham, UK

Kim et al, (2001a);

3 two hour periods

1.7 (homes without smokers)

(6 with smokers, 6 without)

Kim et al., (2001b)

over 24 hours

16.3 (homes with smokers)

Sydney, Australia

Phillips et al., (1998)

24 hours

2.3*17(homes with smokers)
3.4*18(homes with non smokers)

10 non- smoking households

Scherer et al., (1995)

1 week

homes without smokers

(39 people)

11.5*19

20 smoking households

homes with smokers

(43 people)

13.6*20

Munich Germany

California, USA20

Miller et al., (1998)

24 hours

12.0-12.6*21

4 houses with smokers

Thomas et al., (1993)

consecutive 12 hour

20±9.8

periods

14±6.6

Bayonne and Elizabeth, USA

19±11
27±10
apartments with smokers and

Gilli et al., (1994);

8am-8pm,

21.9-28.55

non-smokers

Gilli et al., (1996)

midnight-8am

Wallace (1987d)

consecutive 12 hour

New Jersey

periods s

21*22 (smoker)

North West Italy
Houses in New Jersey and
California, USA (322 nonsmokers, 200 smokers)

5.3*23(non-smoker)
California
14.5 *24(smoker)
1.6 *25(non-smoker)
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*17,18
*20

denotes median concentrations

denotes data from the California Exposures Database

*19, 20, 21, 22, 23, 24, 25

denotes geometric means

As a result of their work, one author concluded firstly that ETS makes only a small
contribution (15 %) to an individual’s personal exposure to benzene compared to
other sources in the home (Scherer et al., 1995). Non-smokers living in households
with a smoker had more exposure to ETS than in households without a smoker
(Miller et al., 1998) however this difference was not significant. Two other authors
agreed (Heavner et al., 1995; Phillips et al., 1998) with this conclusion, and one
calculated that the contribution of ETS to benzene exposure was between 5-13%
(Heavner et al., 1995). Secondly, ETS was only one source of benzene exposure, and
for non-smokers living in homes without a smoker, outdoor air is the most important
source. One author noted a seasonal effect, and concluded that the differences
between non-smokers exposures in homes with and without smokers were significant
during fall autumn and winter but not in spring and summer (Wallace et al., 1987d).
Another study examined benzene concentrations in homes with and without smokers,
and while concentrations were significantly higher in the former study, a factor
analysis revealed that ETS was not a significant source of benzene in the homes with
smokers (Kim et al., 2001a; Kim et al., 2001b).
2.7.3 PERSONAL EXPOSURE DURING REFUELLING

A number of studies conducted in North America and Europe have shown that
individuals can be exposed to high benzene concentrations while refuelling (Table
2.13). A number of authors suggest that refuelling is an activity during which
individuals can be exposed to the highest acute petrol vapour concentrations
(Vayghani and Weisel, 1999; Vainiotalo et al., 1999). In their opinion a number of
44

factors such as the type of fuel used, the duration of refuelling, the number of vehicles
refuelling and meteorological factors such as wind speed and temperature influence
the degree of personal exposure, and all these factors need further investigation before
benzene exposure during refuelling can be fully understood (Lindstrom and Pleil,
1996; Vayghani and Weisel, 1999).
Table 2.13: Personal exposure to benzene during refuelling in the United States of
America and Europe.
Location

Author

Sampling period

Mean benzene concentration
(µg m-3)

North Carolina, USA

Lindstrom and Pleil

grab sample, 40 seconds,

(1996)

1.5,2,4,8,16 and 32 minutes

13.1

post refuelling
Stockholm, Sweden

Coker et al., (1991)

68-83 seconds

180-430

Birmingham, UK

Lueng and Harrison

10 minutes

190.4

(1998)
USA

(Ellis, 1984 #1316)

0.5-2 minutes

524.8

USA

Bond et al., 1986

1.5 minutes

736

Helsinki, Finland

Vainiotalo et al.,

23-189 seconds

900

Backer et al., (1997)

10 minutes

1300

Toronto, Canada

Smith (1999)

1-3.5 minutes

1355

USA

Guldberg (1992)

0.5-2 minutes

2880*26

North Carolina, USA

Egeghy et al., (2000)

3 minutes

2900±5800*27

USA

Clayton

0.5-2 minutes

2944

0.5-2 minutes

3520

(1999)
Fairbanks, Alaska,
USA

Environmental
Consultants (1983)
USA
*26

Tironi et al., (1986)

denotes data from a literature review of other studies

45

*27

denotes median sampling time

The authors of the study in North Carolina agreed that fuel type influenced personal
exposure to benzene, finding that exposure was lowest when customers were
refuelling with diesel and highest when refuelling with mid grade gasoline (Egeghy
et al., 2000). However, they were not surprised that personal exposure was lowest
when refuelling with diesel, given the very low benzene content in diesel (less than
0.02%) (IARC, 1989). Interestingly, seasonal effects in personal exposure to benzene
while refuelling were reported in the North Carolina study (Egeghy et al., 2000).
Exposure to benzene was highest in autumn and lowest in spring, and that the
seasonal differences may have been influenced by properties in the fuel and
meteorological differences (Guldberg, 1992; Lynge et al., 1997; Periago et al., 1997).
This contrasted with earlier findings which suggest that exposure is highest in winter,
when individuals also tended to lean over the fuel dispensing nozzle while refuelling
and therefore place their heads directly in the vapour stream (Tironi et al., 1986).

In order to reduce personal exposure to benzene while refuelling, Stage 2 vapour
recovery is used (USEPA, 1984; Klimont et al., 2000). Passive or active vapour
balancing systems are introduced between the automobile fuel tank and the petrol
station bowser, and these can reduce the benzene exposure while refuelling by up to
85% if operated correctly (Chem Systems, 1996; CONCAWE, 1990). These controls
were first introduced into the United States in some Californian counties in 1974
(CONCAWE, 1988).
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A European assessment of on-board vehicle evaporative and refuelling emissions
reported that vapour control systems can be more than 85% efficient (CONCAWE,
1988). Two European model vehicles were fitted with on-board carbon canisters and
used in the assessment. The refuelling emissions test was conducted on both vehicles
in a Sealed Housing for Evaporative Emissions (SHED) using fuels with a range of
volatilities and at high ambient temperatures. The four fuels had Reid Vapour
Pressures (RVP) of 62-103 kPa, which was typical of fuels available in Europe. Each
vehicle was refuelled from 10% full to 95% full, because the fuel dispensing nozzle
automatically shut off at 95% full and the hydrocarbon losses were measured. The
temperatures of the fuel in the vehicle tank and in the dispensing nozzle (17°C-28°C)
were controlled according to fuel volatility and represented the upper end of ambient
temperatures in Europe (CONCAWE, 1988). The hydrocarbon losses during
refuelling in the first private motor vehicle at a temperature of 28°C and a fuel RVP
of 62 kPa were 1.39 g L-1 and after the canister was fitted the hydrocarbon loss was
0.4 g L-1, which was a reduction of 97.1%. In the second private motor vehicle, the
hydrocarbon loss at 28°C and a fuel RVP of 62 kPa decreased from 1.35g L-1 prior to
the canister being fitted to 0.006g L-1, which represented a reduction of 99.6%. At
17°C and 103 kPa, the losses in the two private motor vehicles were 97.5% (1.77 g
L-1-0.004 g L-1 and 99.75 % (1.75 g L-1- 0.005 g L-1) respectively (CONCAWE, 1988).

One study in Finland reported the personal exposure of 20 customers during
refuelling at 2 petrol stations, one of which had Stage 1 vapour recovery systems in
place and the other had Stage 2 vapour recovery systems in place (Hakkola and
Sarrinen, 2000). Active sampling was used to collect breathing zone exposure
samples during refuelling, and the refuelling time ranged from 23-207 seconds at one
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petrol station, and 18-120 seconds at the petrol station (Hakkola and Sarrinen, 2000).
The geometric mean personal C3-C11 hydrocarbon exposure for the 20 customers at
the petrol station fitted with Stage 1 vapour recovery was 85 mg m-3 (range 2.1 mg
m-3 - 531 mg m-3) and the geometric mean personal C3-C11 hydrocarbon exposure for
the 20 customers at the petrol station fitted with Stage 2 controls was 3.4mg m-3
(range 0.2 mg m-3- 16 mg m-3). A Mann-Whitney statistical test showed that the
difference in exposures between the Stage 1 and Stage 2 petrol station was significant
(p<0.05).
Despite being regarded an episodic activity (Leung and Harrison, 1998; Freeman et
al., 1999), these studies illustrate that individuals are potentially exposed to
significant benzene concentrations during refuelling. Whilst one estimate reported
that individuals spend 5 minutes in total at the service station on average
(NESCAUM, 1989; CONCAWE, 1999) and they may refuel their automobile as
many as 70 times per year (NESCAUM. 1989) for 50-55 years of their life on
average (USEPA, 1984; American Petroleum Institute, 1985), the potential long term
exposure resulting from refuelling is very significant.

Whilst conceding that individuals can be potentially exposed to significant benzene
concentrations during refuelling, one author concluded that this activity makes a small
contribution to overall benzene exposure, given that it is an episodic activity (Leung
and Harrison, 1998). Furthermore, and compared to other activities, only a small
amount of time is spent refuelling. This contrasts with the findings of two studies
which concluded that automobile related activities such as refuelling contribute
significantly to total non-industrial personal exposure to benzene (Wallace and
Pellizzari, 1986; Hoffmann et al., 2000).
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Currently in Australia, there are no measures in place at service stations to reduce
non-industrial personal benzene exposure during refuelling. Given this is the case, and
based on the very high benzene concentrations reported at petrol stations in North
America and Europe and the similar maxima in benzene content of unleaded petrol
between Perth and some European countries, refuelling was identified as a potentially
significant source of non-industrial benzene exposure, and therefore an ideal activity
to investigate in this research.
2.7.4 PERSONAL EXPOSURE DURING COMMUTING

Internationally, far more extensive research has been conducted to investigate
personal exposure to benzene during commuting compared to refuelling. The research
has focussed on three main factors; the influence of commuting mode, ventilation
conditions and catalytic converters on non-industrial benzene exposure during
commuting. However, a complete review of the literature should also consider
commuting distance, as this is also a potentially vital piece in the puzzle.

2.7.4.1 Influence of commuting mode on non-industrial personal benzene
exposure

A number of studies have shown that individuals are exposed to high concentrations
of benzene during commuting in private motor vehicles (Chan et al., 1991a; Chan et
al., 1991b; Jo and Choi, 1996). Personal exposure to benzene during commuting by
private motor vehicle, walking and cycling in Boston, Massachusetts was examined
using 25 non-smokers, 9 drivers, 7 train passengers, 6 walkers, and three cyclists
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(Chan et al., 1991a; Chan et al., 1991b). The results are presented in Table 2.14.
Similar research was conducted in Korea comparing personal exposure during
commuting in a private motor vehicle and a bus across urban and suburban areas (Jo
and Choi, 1996). Benzene concentrations were monitored on 35 commuting trips in
the cabin of two private motor vehicles and 21 buses in the morning (7:00-9:00) and
evening peak traffic periods (5:00-7:30 pm). Benzene concentrations inside the
private motor vehicle cabins were higher than inside the buses, and higher during
commuting in the suburban area compared to the urban area. This was postulated to
be due to a four-fold difference in vehicle speed due to denser traffic in the urban
segment (Jo and Choi, 1996) which would have allowed greater emissions from
nearby motor vehicles to enter the vehicle cabins as a result of increasing source
strength (Weisel et al., 1992). A significant link between benzene concentrations and
traffic speed was reported by the authors of two studies (Dor et al., 1995; van Wijnen
et al., 1995), with higher in-cabin concentrations when vehicles were idling, and
during traffic jams when the distance between vehicles was small. A number of
studies have also shown that personal exposure to benzene was higher during
commuting along urban routes than on rural routes (Lawryk and Weisel, 1996; Jo and
Park, 1999a).
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Table 2.14: Personal exposure to benzene during commuting.
Location

Author

Sampling period

Mean benzene concentration
(µg m-3)

Boston

Chan et al.,

47 minutes (walking)

cycling (9.2)

Massachusetts,

(1991a; Chan et

54 minutes (cycling)

walking (10.6)

USA

al., (1991b)

76 minutes (driving)

driving (17)

New Jersey and

Lawryk and

90-120 minutes morning (7-

suburban

New York, USA

Weisel, (1996)

9am) and evening (5-7 pm)

13.1±8.8-13.8±7.8
New Jersey Turnpike
16.2±19.5
Lincoln Tunnel
26.4±27.1

Munich,

Rommelt et al.,

morning (7-9am) and

Germany

(1999)

evening (3-5pm) peak hours

Taegu and

Jo and Choi,

morning (7-9am) and

Hayang, South

(1996)

evening (5-7:30pm) peak

Korea

hours

buses and trams 15

car (AM) (29.5)
(PM) (31.7)
bus (AM) (20.9)
(PM) (19.5)

Southampton, UK

Bevan et al.,

morning (8-9am) and

commuting by bicycle

(1991)

evening (4:30-5:30 pm)

37.4-75.4

peak hours
Paris, France

Dor et al., (1995)

90 minutes

in car 38-46

Amsterdam, The

Van Wijnen et

morning (8-10am) and

inner city route

Netherlands

al., (1995)

evening (3-6pm) peak hours

car 43-62
rural route
car 12-25
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2.7.4.2 Influence of ventilation conditions on non-industrial personal benzene
exposure during commuting in a private motor vehicle

A number of studies have examined the influence of ventilation conditions on nonindustrial personal benzene exposure during commuting in private motor vehicles.
These studies have compared low ventilation conditions (eg. windows and vents
closed, interior fan off) and high ventilation conditions (eg. windows open). One such
study was conducted in South Korea using two urban and one rural route with four
difference vehicles (3 fuel injected and one carburetted engine) and buses. Seasonal
effects were also examined, with sampling being conducted in the morning and
evening peak traffic periods (7:00-9:00 and 5:30-7:30) in summer and winter (Jo and
Park, 1999a). The benzene concentration was significantly higher (p<0.05) in the
private vehicle with the windows and vents closed than with the windows and vents
open and the fan on (Jo and Park, 1999a) which agreed with previous research that
reported higher non-industrial personal benzene exposure under higher under low
ventilation conditions than under high ventilation conditions (Lui et al., 1989; Duffy
and Nelson, 1997). A couple of studies examining the influence of ventilation
conditions on personal exposure have contradicted this finding, however the results
were dependent on vehicle make (Weisel et al., 1992; Lawryk et al., 1995).

In studies of non-industrial personal benzene exposure in private motor vehicles, one
basic assumption is made, regardless of the number of vehicles or commuting trips on
which these studies are based. This assumption is that the vehicles chosen are in good
mechanical order, and many of the vehicles used in these studies are scrutinised prior
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to the commencement of the study in order to prove this is the case (Lawryk and
Weseil, 1996; Fedoruk and Kerger, 2003).

Benzene concentrations in vehicles with mechanical problems in the emission control,
fuel distribution or exhaust systems have been shown to be significantly higher than
those without these problems (Lawryk et al., 1995; Lawryk and Weisel, 1996) and
this would significantly contribute to the personal exposure of the driver and
passengers, dominating the influence of other potential factors such as ventilation or
fuel type.
2.7.4.3 Influence of catalytic converters on non-industrial personal benzene
exposure during commuting in a private motor vehicle

A number of studies have been conducted to examine the influence of catalytic
converters on non-industrial personal benzene exposure during commuting in a
private motor vehicle. The traditional method to evaluate this influence has been the
chassis dynamometer test, however this method is now being adapted to include the
typical driving conditions in urban areas, where frequent braking and acceleration
may be required (Heeb et al., 1999).

The addition of catalytic converters has been compulsory in Australia since 1986
(Duffy and Nelson, 1997; Duffy et al., 1998). One study conducted in New South
Wales quantified the emission rates of 75 vehicles (some fitted with catalytic
converters and some without) that were characteristic of the general Australian
passenger vehicle fleet using a chassis dynamometer study, which is a commonly
used evaluation tool. The dynamometer test is required to establish emission
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standards under the USEPA 1975 Federal Test Procedure, however these tests have
not been shown to reflect on-road driving conditions, particularly in respect to speed
and power distribution and engine cold start (Cadle et al., 1994).

Of the 75 vehicles, 56 were equipped with catalytic converters and 19 did not have
catalytic converters and were fuelled with unleaded petrol (Duffy et al., 1998).
Benzene emissions ratios from 46 of the 56 vehicles fitted with a catalytic converter
were at least 5 times less than that of the vehicles that were not fitted with a catalytic
converter, and the emission rates of the remaining 10 vehicles were comparable with
those not fitted with a catalytic converter. This result was similar to the findings of a
study of more than 15000 vehicles in Melbourne where 20% of the vehicles fitted
with catalytic converters had similar emission rates similar to those of vehicles
without catalytic converters (Zhang et al., 1995). The largest emission rates occurred
in the cold transient phase of the driving cycle, however this stage represents the
engine and emission control devices are operating at conditions that are far less than
the optimum, and the maximum of unburnt and partially burnt fuel will occur (Duffy
et al., 1998).

Other studies have also found that the emissions during this phase make the largest
contribution to the total emissions from vehicles fitted with catalytic converters
(Hoekman, 1992). Although emissions will continue throughout the operation of the
vehicle engine, in the context of a commuting journey, the vehicle engine is likely to
have reached a temperature higher than that of a typical cold start, and therefore the
emissions rates derived in the dynamometer test will be different to those of an onroad vehicle in traffic, especially if the vehicle is idling during peak hour traffic.
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Leaving aside the possibility of catalytic converter malfunction, a postulation of the
authors given the emission ratios of the 10 worst vehicles fitted with catalytic
converters compared to vehicles without, the authors made a significant discovery in
terms of the ability of the catalyst to remove exhaust components. Using a ratio of the
cold start emissions to the cold transient emissions, the authors found that benzene
was the least efficiently removed of the aromatic exhaust components (Duffy et al.,
1998). In their opinion this was likely to be a result of the competition between
benzene produced by toluene demethylation and benzene oxidation (McCabe et al.,
1991). In a more recent study, also based on the 1975 Federal Test Procedure and
including additional acceleration and braking situations to more appropriately reflect
on-road driving conditions, the benzene conversion efficiency was found to be less
than 80% at urban driving speed (below 50 km h-1) than at speeds between 50-120 km
h-1 (where the efficiency was greater than 95%) in vehicles with catalytic converters
(Heeb et al., 2000). The decreased conversion efficiency of the catalyst at lower
vehicle speeds typical of heavy traffic is an important factor, although the relationship
between benzene emissions and vehicle velocity and acceleration is not as
pronounced in vehicles fitted with catalytic converters as in those vehicles without
catalytic converters in an urban driving cycle (Heeb et al., 1999).
2.7.4.4 Contribution of commuting to non-industrial personal benzene exposure

Although the analysis of time/activity diaries completed by participants in a number
of studies such as the EXPOLIS (Jantunen et al., 1999; Jurvelin et al., 2001) and the
National Human Activity Pattern and National Human Exposure Assessment
(NHEXAS) surveys in the United States of America (Freeman et al., 1999; Klepeis et
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al., 2001) have shown that although the amount of time spent commuting accounts for
less than 10% of the total time spent in all microenvironments on average, the TEAM
studies proposed that commuting contributes approximately 20% of the total personal
exposure of an individual’s personal exposure to benzene (Wallace, 1987a; Wallace,
1996). Since the TEAM studies, a number of others have estimated that commuting
contributes less than 5% of the total personal exposure (Carrer et al., 2000; Schifter et
al., 2002) although, of the number of studies that have examined personal exposure
during commuting, none have attempted to quantify the increase in non-industrial
personal benzene exposure as a result of commuting in a private motor vehicle.
2.7.4.5 Non-industrial personal benzene exposure during commuting in Australia

Two studies have examined personal exposure to benzene during commuting in
Australia’s most populous cities, Melbourne and Sydney (Duffy and Nelson, 1997;
Torre et al., 1998). The study conducted in Melbourne used one private motor vehicle
that was serviced prior to the monitoring period, and compared driver exposure to a
tram passenger, a cyclist and a walker (Torre et al., 1998). The ventilation conditions
used in the vehicle during the monitoring (windows closed, air conditioning and fan
off and vent open) were chosen to be typical of those used by commuters in temperate
weather, and the monitoring was conducted during peak hour traffic. The study
objective was purely to compare exposure between transport modes during a fixed
commute time, rather than to examine the influence, if any, of ventilation on personal
exposure.

Sampling was undertaken along an arterial road used by both cars and trams, and an
additional lane for cyclists commuting to the city centre during peak hour. Typical of
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major commuting routes in major cities, the road was characterised by heavy traffic
volume and low vehicle speed. The sampling was performed over a set time period of
35 minutes, according to the average amount of time the typical tram passenger
spends commuting in the morning. A similar time period was used by the walker,
although only three kilometres were travelled in this time, compared to eight
kilometres in the tram and by the cyclist (Torre et al., 1998). The exposure of the
driver was three times that of the walker, which is similar to the ratios found in other
studies comparing these two modes of transport (Chan et al, 1990; Chan et al.,
1991a). Lower concentrations were monitored when the wind speed in Melbourne
was highest and more effective in dispersing vehicle emissions, which replicated a
finding of an earlier study (Weisel et al., 1992).

Although only a pilot, the Melbourne study represented the first attempt to assess the
risk during commuting in Australia using personal monitoring data rather than the
previous approach of combining ambient fixed site monitoring data with dispersion
modelling of vehicle emissions data (Hearn, 1992).

In the Sydney study, four vehicles were used, three fitted with catalytic converters and
one without. Three ventilation conditions were used, vents open, closed and air
conditioner on (Duffy and Nelson, 1997). Although the statistical significance of the
influence of ventilation conditions was not determined due to a small sample size,
opening the vents reduced the in-cabin benzene concentrations to 90% of those
outside the vehicle, and using the air conditioner and driving with the vents closed
reduced the in-cabin concentrations to 70% of those outside the vehicle. The study
also examined the influence of a vehicle being parked in an enclosed car park prior to
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being driven in evening peak hour traffic. Currently, only limited data are available to
describe the concentrations of benzene in carparks (Brown et al., 1999; Fadel et al.,
2001), and these data suggest that concentrations in carparks are much higher than
those monitored in other indoor microenvironments and outdoors (Brown et al., 1999;
Fadel et al., 2001).

Very high in-vehicle concentrations were found prior to the evening ignition, and
these remained for the beginning of the evening commute (Duffy and Nelson, 1997).
For the vehicles without catalytic converters, the in-vehicle concentrations prior to
ignition were an order of magnitude higher than those monitored in the morning
commute, which the authors attributed to hot soak emissions. The average in-vehicle
benzene concentration during the evening commute was nearly double that of the
morning commute. For vehicles with catalytic converters, the concentrations
monitored during the evening commute were just under one and a half times that of
the morning commute. However, by their own admission, the authors did not conduct
any control tests on vehicles that were not parked in the enclosed car park prior to the
evening commute, and therefore they postulated that the effects of commuting time
and parking in the enclosed car park were combined.

Lastly, benzene concentrations were monitored in one air-conditioned and one nonairconditioned bus during morning and evening commutes in Sydney along a serviced
route from the north of the city, through the central business district to the south of the
city (Duffy and Nelson, 1997). Benzene concentrations were approximately half those
of the vehicles fitted with catalytic converters, and one quarter of those of the noncatalyst equipped vehicles. These differences in concentration between buses and
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private vehicles were attributed to buses travelling at a higher speed in priority lanes,
and the lower emissions and evaporative losses in diesel buses compared to petrol
fuelled private vehicles.

Public transport routes are commonly aligned with major freeways or highways,
although this is not always the case (Lofgen et al., 1991; Dor et al., 1995; Kuo et al.,
2000). Although the results of a number of studies imply that commuter exposure in
trains and buses is much less than that of private vehicles except where the routes are
close to freeways or highways, many of the buses use diesel fuel rather than unleaded
petrol which is the most common fuel for private passenger vehicles in Australia
(Australian Bureau of Statistics, 2000a). The benzene content of diesel is commonly
less than 0.02% (IARC, 1989).

The results of a major population survey conducted in Australia in the year 2000
reported that private motor vehicle ownership in Western Australia was the highest of
all Australian states (93%), and more than 80% of Western Australians drove a car,
bus or van to and from work or study in that year (Australian Bureau of Statistics,
2000a). In terms of other modes of transport to and from work or study in Western
Australia, only 5% of those surveyed commuted by bus, 3% by train or walked, and
only 2% cycled to work (Australian Bureau of Statistics, 2000a). This highlights the
dominance of private motor vehicle transport in Western Australia, and has important
implications for non-industrial personal benzene exposure in Perth, given that
personal benzene exposure is higher in private motor vehicles than other transport
modes (Chan et al., 1991a; Chan et al., 1991b; Lawryk and Weisel, 1996).
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2.7.4.6 Implications of private motor vehicle transport for non-industrial
personal benzene exposure in Perth

This literature review has discussed the influence of several factors on non-industrial
personal benzene exposure, however it is also necessary to consider the implications
of the choice of commuting mode. Recent research analysed the relationship between
the urbanised land area in a city and the total vehicle kilometres travelled in that city
based on the average daily vehicle kilometres travelled (VKT) in selected North
American, European, Asian and Australian cities (Lyons et al., 2003). The total
urbanised land area in Perth in 1990 was 107,463 hectares, and the population was
1.14 million. The total VKT in Perth in 1990 was 10.1 x 109 kilometres, which was
more than the VKT of several of the European cities including Copenhagen (8.9 x
109) and Hamburg (9.6 9 x 109) despite these cities having larger populations (1.7
million and 1.65 million respectively) and smaller urbanised land areas (59928 ha and
41497 ha respectively). The authors employed a box model incorporating
meteorological variables, vehicle emissions and source strengths, and in addition to
reporting a strong correlation between VKT and urbanised land area, implied a linear
increase between pollutant concentrations emitted from vehicles and increases in the
square root of the urbanised land area (Lyons et al., 2003), as VKT is used by some
authors as a surrogate for vehicle emissions in urban areas (Cameron et al., 2003). In
terms of non-industrial personal benzene exposure, Perth’s higher VKT and larger
urbanised land area relative to selected European cities increases the potential
influence of vehicle emissions as a source of benzene in Perth. Commuting distance
has been reported to be an important factor in non-industrial personal benzene
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exposure during commuting in a private motor vehicle, particularly from urban to
suburban areas in large cities as a result of lower vehicle speeds and increased traffic
density in urban areas (Jo and Choi, 1996). As a result of higher VKT, commuting in
a private motor vehicle is potentially a more significant source of non-industrial
personal benzene exposure in Perth than in selected European cities. The high
frequency of private motor vehicle ownership in Perth, and the dominance of the
private motor vehicle as a commuting mode to and from work are also likely to
increase the significance of the contribution of commuting in a private motor vehicle
to non-industrial benzene exposure, and therefore commuting was an ideal activity to
investigate in this research.

2.8 HEALTH EFFECTS OF PERSONAL EXPOSURE TO BENZENE

Although individuals are exposed to benzene via more than one route, only exposure
via inhalation will be characterised for this research, as inhalation is the dominant
route, accounting for more than 99% of the total personal exposure to benzene
(Hattemer-Frey et al., 1990; Wallace, 1996).

Benzene was identified as a human toxin in the 19th century (Goldstein, 1977;
Goldstein, 1989). A number of early case studies dealing with industrial exposures
suggested that benzene was a carcinogen (Mallory et al., 1939; Vigliani and Saita,
1964; Browning, 1965), however there was a need to conduct detailed
epidemiological studies to confirm the suggestion. Since then, many of these studies
have established that benzene is a human leukemogen, based on consistent evidence
of a causal relationship between long term chronic benzene exposure and myeloid
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leukemia (Goldstein, 1989). Perhaps the most famous of these is the “Pliofilm” cohort
study, which is regarded as the most intensely studied group of workers exposed to
benzene (Infante et al., 1977; Infante and White, 1992; Paustenbach et al., 1992). The
cohort study, conducted in the United States between 1975 and 1977, examined 1165
male workers who were exposed to benzene during the manufacture of rubber
hydrochloride at two locations in Ohio (St Marys and Akron) between 1940 and 1950
(Rinsky et al., 1987; Paustenbach et al., 1992) A statistically significant increased risk
of leukemia was found by comparing the leukemia deaths in the cohort compared to
those expected based on the death rates of the population of North America (Infante et
al., 1977).

The symptoms of acute exposure to benzene include staggering gait, vomiting, loss of
consciousness and collapse. Acute exposure to high concentrations may cause
dizziness, euphoria, headache and fatigue (Theines and Haley, 1972; Sandmeyer,
1981).

While the exact mechanism of benzene toxicity is unknown (Travis et al., 1990;
Smith, 1996) the metabolism of benzene in the body is required before the toxic
effects of benzene are manifested (Snyder and Kocsis, 1975; Travis et al., 1990). It is
believed that benzene is metabolised in the liver, however the target organ is the bone
marrow. Two toxic metabolites of benzene (catechol and hydroquinone) have been
shown to accumulate in the bone marrow following benzene exposure (Rickert et al.,
1979). Aplastic anaemia has been shown to develop in individuals who are exposed to
high concentrations of benzene over long time periods. Aplastic anaemia is a disorder
where elements in the bone marrow are replaced by fat. In response, humans can
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display a smaller white blood cell count (leukopenia), resulting in infection,
thrombocytopenia (a reduced platelet count), resulting in haemorrhage and a decrease
in the red blood cell count, resulting in anaemia (Goldstein, 1977; Goldstein, 1989).

2.9 EVALUATION OF EXPOSURE METRICS

A number of exposure metrics are used to describe personal exposure to benzene.
Four exposure metrics that are commonly used are:

 exposure to ETS
 exposure while commuting (motor vehicle, bus, train, walking)
 time spent indoors at home or work
 exposure to benzene while refuelling

The advantages and disadvantages of using these exposure metrics are outlined in
Table 2.15.
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Table 2.15: Advantages and disadvantages of common exposure metrics.
Exposure metric

Advantages of use

exposure to ETS

occurs in homes and public areas,

Disadvantages of use


although high concentrations of benzene are
emitted, ETS is frequently found not to be a

(eg. restaurants, pubs) although

significant contributor to personal exposure
smoking public areas is banned in
many countries

(see Table 15)


other sources in the home also emit high
concentrations of benzene, making ETS
attribution problematic

exposure during

majority of population commute

commuting

during peak times (significant



exposures in peak periods not always
measured (averaged in longer term means)

potential of exposure to high
concentrations)
indoor exposure

large proportion of an individual’s



exposure

time is spent indoors (home/work)

low variability of time spent
indoors across the population

work patterns/ responsibilities may influence
a number of outdoor sources contribute to
personal exposure indoors



large number of indoor sources of benzene
in the home (high variability in exposures)
due to activities (eg painting, use of
solvents)

exposure to

frequent acute exposure to high

benzene while

concentrations



many factors can influence personal
exposure while refuelling (eg. wind
direction, number of vehicles refuelling)

refuelling



refuelling is episodic (once a week for most
people)



exposure can be highly variable in space and
time
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2.10 RISK ASSESSMENT OF NON-INDUSTRIAL PERSONAL BENZENE
EXPOSURE

For the last couple of decades, the most common risk assessment approach used by a
number of regulatory authorities has been to quantitatively assess the risk posed by
ambient concentrations of air pollutants (USEPA, 2000; USEPA, 2002). The calculation
of risk in this manner relies on a modelling approach, and the choice of model is
dependent on an understanding of the mechanisms of carcinogenesis (Anderson, 1985).
The Linear Multistage Model (LMM) has been the model of choice for the USEPA over
the last two decades because it closely replicates the crucial stages of cancer initiation,
promotion and progression (Anderson et al., 1983; Office of Technology Assessment,
1988).

A number of authors have based more recent assessments on this model (Cox and Ricci,
1992; Cox and Ricci, 1993; Crump, 1994) however these assessments have been
challenged with concerns of unreliable and conservative estimates at the lowest exposure
levels which are more applicable to non-industrial exposure. This criticism has previously
been levelled at the model (Johannsen, 1990; Krewski et al., 1991).

The calculation of unit risk using the LMM approach has a number of advantages. Firstly,
it is reasonably simple and does not require expert knowledge in order for widespread
application. Secondly, it is applicable to a wide range of carcinogens and is suitable for
human exposure studies (WHO, 2000). It also incorporates an extrapolation from
65

occupational to environmental exposure with respect to the exposure duration. However,
the major disadvantage of the use of this approach is that the exact mechanism of benzene
carcinogenesis is currently not well understood (Travis et al., 1990; Smith, 1996) and
therefore it is likely that any models on which it is based will only provide predictive
estimates of non-industrial benzene exposure.

Quantitative risk assessment involves four stages, study selection, calculation of unit risk,
extrapolation towards zero dose and application to a general population (WHO, 2000).
Firstly, a reliable (eg. the most representative) human study must be selected, on the basis
that exposure is estimated with confidence and there is a statistically significant excess
cancer risk (WHO, 2000). Once the study is chosen, the relative risk can be calculated
(within 95% confidence limits), and the relative risk is used to calculate the excess
lifetime cancer risk of personal exposure (unit risk):

P (RR - 1)
UR = 0
x

(WHO, 2000)

where: P0 = background lifetime risk (usually taken from age/cause specific death or
incidence rates)
RR= relative risk (ratio between observed and expected number of cancer cases in
the exposed population), also expressed as standard mortality ratio
x= lifetime average exposure (standardised lifetime exposure for the study
population on a lifetime continuous exposure basis). X represents a conversion from
occupational 8 hour, 240 day exposure over a number of working years and can be
calculated as 8 hr TWA x 8/24x240/ 365 x (exposure duration)/life expectancy (70
years).
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As with many methods, there are a number of assumptions that require discussion in
order to place the unit risk calculation into context. The first assumption is that the
relative risk is a function of cumulative exposure. Secondly, there is no threshold dose for
carcinogens, and this is partly due to the lack of complete understanding of the
mechanisms of carcinogenesis (WHO, 2000). This is particularly applicable to benzene,
where although the target organ is known (eg. bone marrow) (Rickert et al., 1979) the
exact mechanism of benzene toxicity is still unknown (Travis et al., 1990; Smith, 1996).
The third assumption of linear extrapolation of dose response is frequently reported in
epidemiological studies (WHO, 2000), and lastly, the average relative risk increases by a
consistent amount as the age/cause specific rate increases in a population (WHO, 2000).

A risk assessment of personal exposure to Volatile Organic Compounds (VOCs) for
office workers, schoolchildren, cooks and food service workers and housewives was
recently conducted in Hong Kong, based on methods described in the USEPA Integrated
Risk Information System (Guo et al., 2004). Their risk assessment was based on 8-hour
personal exposure, and also incorporated a number of physiological parameters including
inhalation rate (m3 hr-1) and body weight (kg) (Guo et al., 2004). A number of
assumptions were made in their calculation, including mean body weights of 70 kg for
men and 60 kg for women (USEPA, 1998a; USEPA, 1998b). It is an assessment of the
oral risk for ingested benzene (USEPA, 1998a; USEPA, 1998b).

This literature review has discussed a number of microenvironments in which the
reported benzene concentrations are higher than those in ambient airsheds (including
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during these two activities). Although these concentrations are higher than ambient
concentrations, a risk assessment method that extrapolates from occupational to
environmental concentrations is perhaps more applicable for calculating average relative
risk for the general public than a method that is based on physiological parameters which
may not represent the “average” person in that cohort.
2.11 CONCLUSION

This literature review has established the framework for this research, commencing with
a discussion of the four central tenets of non-industrial personal benzene exposure; the
ways individuals are exposed to benzene, the microenvironments where exposure can
occur, the concentrations to which individuals can be exposed in these locations and the
health effects of personal exposure.

This review has also discussed the benzene concentrations to which individuals can be
exposed during commuting in a private motor vehicle and refuelling and the contributions
these activities have been reported to make to non-industrial benzene exposure in large
population based studies in North America and Europe.

This review has also highlighted the debate concerning non-industrial personal benzene
exposure in a number or microenvironments, and in particular, discussed the literature
that challenges the small contribution some authors attribute to activities including
commuting in a private motor vehicle and refuelling. Despite some authors describing
these activities as short term or episodic (and therefore only making a small contribution
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to 24-hour average exposure, this review has shown that the benzene concentrations
during these activities can be orders of magnitude higher than those recorded in homes or
offices, where individuals spent much longer periods of time on a daily basis on average.
In discussing these issues, this review has established the need to quantify the increase
attributable to commuting in a private motor vehicle and refuelling over a 24-hour period
and assess the risk of these activities, which form the basis of the research question.
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CHAPTER 3: A PILOT TRIAL OF PERSONAL EXPOSURE TO
BENZENE IN PERTH
3.1 OBJECTIVES

The principal objective of the pilot trial was to test methods to be used in this research.

The specific objectives of the pilot trial were:
 assess the performance of Perkin Elmer ATD 400 stainless steel for the passive
sampling of benzene exposure over 24 hours in Perth
 assess the validity of a 24 hour sampling period with respect to the uptake rate of
benzene on Chromosorb 106 over that time period
 evaluate the performance of a self administered questionnaire in defining the
behaviours of the participants which may influence personal exposure and a
time/activity diary in defining the environments individuals visit over a 24 hour
period and the activities performed while in these microenvironments
 trial the logistics of conducting a personal exposure study
 to assess the methodologies when used by individuals with different backgrounds,
behaviours, lifestyles, exposure patterns and exposure concentrations

3.2 PARTICIPANT RECRUITMENT

In order to satisfy the objectives, targetted recruitment was used to select ten suitable
individuals likely to be exposed to a wide range of benzene concentrations. The inclusion
criteria used to target participants in the pilot trial were:
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 all participants must be over 18 years of age;
 the participants must be non smokers;
 participants must not be employed in industrial occupations in which they are likely
to be exposed to elevated BTEX concentrations (eg. automobile mechanics, couriers)

 different participants must use different transport modes (eg. drive automobiles, catch
trains/ buses or cycle) to and from work every day;

 some participants must spend significant amounts of time in and around the home (eg.
child minding or retired); and

 an equal number of both genders.

The recruitment criteria were determined after an extensive review of the international
literature describing non-industrial personal exposure to benzene. During the literature
review particular attention was paid to a number of factors that were identified as
potential contributors to exposure, and these factors formed the basis for the selection
criteria. As far as possible in a sample size of ten recruits, the aim was to recruit
individuals from a wide range of backgrounds to represent a variety of lifestyles and
therefore a range of exposures to benzene.

For the purposes of the pilot trial it was essential to recruit non-smokers because active
smokers receive nearly all of their benzene exposure from smoking (Wallace, 1996) and
therefore this complicates the apportionment of exposure from other sources (Pellizzari et
al., 1987a; Wallace, 1987a).
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A review of time/activity studies in the published literature showed that the majority of
an individual’s time every day is spent indoors at home, making this microenvironment a
potentially important contributor to non-industrial exposure (Schwab et al., 1990;
Freeman et al., 1999). Although there are numerous outdoor and indoor sources that
contribute to benzene exposure in homes, there are other microenvironments where
exposure can be equally significant, including commuting (Chan et al., 1991a; Chan et
al., 1991b; Jo and Choi, 1996). Exposure is higher during commuting in private vehicles
than other modes (buses, trams, cycling or walking) and therefore it was important to
recruit individuals who used different modes of transport (Chan et al., 1991a; Chan et al.,
1991b; Jo and Choi, 1996) in order to get a range of personal benzene exposure
concentrations within the ten participants.

Time/activity patterns are known to vary by age, sex and employment (Leech et al., 1996;
Klepeis et al., 2001) and careful consideration of these factors was taken into account in
recruitment of participants for the pilot trial. Firstly, an equal number of both genders
were recruited. Recruits below the age of 18 years of age were not selected in this pilot
trial, despite growing evidence that the behaviours and activities of children expose them
to higher concentrations of air pollutants such as benzene (USEPA, 2001b; Armstrong et
al., 2002). From an exposure assessment point of view, changes in behaviour and
physiology with age can have important implications for risk assessment. Physiological
changes impact both exposure and the susceptibility to health effects as a result of
exposure (USEPA, 2001). As a result, the exposure assessment of children needs to be
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assessed separately from that of adults. The exclusion of participants under 18 years of
age was based on ethical considerations of participant honesty in reporting in the self
administered time/activity diary and questionnaire (eg. smoking status), and the ease of
use of the time/activity diary and questionnaire without intervention or interference from
those administrating the materials in the pilot trial.

Previous studies involving children in the sample population have shown that in some
cases, adults have provided proxy information regarding children’s activities. While this
is mainly the case for children under 10 years old, adult involvement raises serious
concerns of lack of independence and potential bias (Klepeis et al., 2001; Chau et al.,
2002).

A number of studies conducted in non-industrial settings demonstrate the contribution of
the workplace to total exposure to benzene, especially if the workplace is in the vicinity
of major sources or the employee spends significant amounts of time outdoors (Schwab et
al., 1990; Baek et al., 1997; Brickus et al., 1998).

Participants were recruited from Murdoch University via an email mailing list within the
School of Environmental Science, from the Department of Environmental Protection and
family friends. In order to ensure anonymity, a Personal Identification number (PIN) was
allocated to all participants in the pilot trial. The PIN was alphanumeric in nature (each
participant was given a number between 1 and 10), and was recorded on the consent
form, questionnaire, time/activity diary and record sheet prior to the provision of these
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materials to each participant. Prior to the commencement of the pilot trial, the
questionnaire, time/activity and other materials were submitted to the Murdoch
University Human Research Ethics Committee and approved under Permit number
208/2000.
3.3 PERKIN ELMER ATD 400 STAINLESS STEEL TUBE DESIGN

Perkin Elmer™stainless steel tubes have been used to monitor personal exposure to
volatile organic compounds including benzene in a number of microenvironments
including offices and shops (Baek et al., 1997; Reverente et al., 1996), homes,
commuting (Lawryk et al., 1995; Kuo et al., 2000), during refueling (Vayghani and
Weisel, 1999) and in the EXPOLIS study (Jantunen et al., 1998; Jurvelin et al., 2001).

The use of passive Perkin Elmer™ ATD 400 stainless steel tubes has increased in recent
times as passive sampling is being more rigorously investigated as a scientifically valid
alternative to pumped sampling. Passive sampling of ambient environments using these
tubes has rapidly increased in recent years (Mowrer et al., 1996; Ballach et al., 1999;
Muir et al., 2001) and their application of passive sampling to homes and other
microenvironments is also starting to increase (Brown et al., 1992; Crump and Madany,
1993; Crump et al., 1997).

The samplers used in the pilot trial were Perkin-Elmer™ ATD 400 stainless steel tubes
(Figure 3.1). The outer diameter of each tube was 6.35 mm, internal diameter 5mm and
the length was 90 mm. The adsorbent material used in the samplers was Chromosorb 106
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(mesh size 60/80). Chromosorb 106 is a polyaromatic cross-linked resin that can be used
to adsorption of a range of volatile organic compounds due to its high adsorption capacity
(Cao and Hewitt, 1993a). It has the highest specific surface area and lowest pore size of
all the Chromosorb adsorbents and is classified as a medium strength adsorbent (Kilic
and Ballantine, 2000).

diffusion cap
stainless steel gauze
Chromosorb 106 adsorbent
stainless steel gauze

Swagelok™ fitting

Figure 3.1: Diagram of a passive BTEX fitted with a diffusion cap as worn by each
participant.

The selection of Chromosorb 106 as the absorbent to be used in the Perkin Elmer™ ATD
400 stainless steel tubes was made after reviewing the literature on adsorbent/adsorbate
pairings in air quality monitoring. The appropriate adsorbent/adsorbate pairing allows a
constant uptake rate independent of concentration and exposure time, and the adsorbate
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concentration above the surface of the adsorbent can be assumed to be zero (Norstrand
and Kristensson, 1994).

In the case of inappropriate pairings, the adsorbate concentration above the adsorbent can
increase with time, reducing the concentration gradient and the uptake rate. Reverse
diffusion (diffusion from the adsorbent back to the ambient air) can occur if the ambient
concentration surrounding the sampler decreases (Norstrand and Kristensson, 1994; Kilic
and Ballantine, 2000). At the beginning of sampling, a concentration gradient is
established in the air gap between the ambient air and the surface of the adsorbent. The
pollutant is adsorbed on the front of the adsorbent and diffuses through the adsorbent
column (Brown and Wright, 1994). If the adsorbent is too weak (eg. the uptake rate is
low), in response to increases in pollutant concentration at the adsorbent surface, the
partial pressure decreases and the concentration gradient decreases (Brown and Wright,
1994).

The evaluation of adsorbent/adsorbate pairings has received extensive attention in the last
decade or two, particularly in the context of monitoring programs conducted for specific
pollutants such as benzene, rather than a suite of pollutants as is the context in which the
majority of ambient monitoring campaigns are conducted. By comparing a series of
isotherms constructed from the repeated exposures of Perkin Elmer™ stainless steel tubes
containing Tenax-TA, Chromosorb 106 and Spherocarb to test atmospheres of benzene,
styrene and 1,3-butadiene, Van den Hoed and Van Asselen (1991) compared
experimental and ideal uptake rates for each combination and discovered that
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Chromosorb 106 was a more suitable adsorbent for benzene than Tenax-TA, due to a
difference of only 1% between the average experimental and ideal uptake rates for
benzene/Chromosorb 106 compared to a difference of 9.8% for benzene/Tenax-TA for
exposure doses above 100 ppmv min-1. Using an exposure chamber to calibrate Perkin
Elmer™ stainless steel tubes, Cao and Hewitt, (1994a) also found the difference between
experimental and ideal uptake rates to be less than 5% for exposure doses below 100
ppmv min-1.

3.4 SAMPLING METHODOLOGY

The samplers were pre-cleaned before each sampling period by heating under a stream of
ultra high purity helium and then sealed to 3 psi with Swagelok™ caps containing PTFE
ferrules. This was sufficient to allow for the lower pressure the samplers experienced
during transportation by air to CSIRO Division of Atmospheric Research for analysis.
The samplers were transported by airfreight, tightly sealed in a metal container. Charcoal
bags were added to absorb any benzene in the unlikely event they penetrate the metal
container.

Each participant was provided with 9 Elmer ATD 400 stainless steel tubes, and was asked
to wear each sampler for 24 hours on seven consecutive days. A 24-hour sampling period
was used in the pilot trial in order to obtain a highly time resolved and representative
activity and behaviour regime from each participant whilst reducing participant burden by
as much as practicable and not disrupting their typical activities and behaviours. To
determine the validity of a 24-hour sampling period, a comparison between active and
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passive sampling was conducted by staff members of the Division of Atmospheric
Research at a petrol station to measure the uptake rate of benzene on Chromosorb 106.
Side by side comparison of active and passive sampling is a widely used method
validation technique for passive sampling and can be performed in the field or under
controlled conditions in a laboratory using an exposure chamber (Brown and Wright,
1994). The uptake rate over 24 hours was within 5% of the published 8 hour uptake rate
for benzene on Chromosorb 106 of 1.72 ng ppm-1 min-1 and the diffusion coefficient of
0.097 cm2 sec-1 was similar to the experimentally determined value of 0.0932 cm2 sec-1
(Lugg, 1968) which is still referenced today (Pannwitz, 1994). Therefore the uptake rate
of 1.72 ng ppm-1 min-1 published by Wright (1993) was used for the pilot trial.

As there was no sampling pump from which the exposure time could be obtained, each
participant was also asked to complete a record sheet by noting the date and time the
sampler was opened and closed, and any comments which could influence analysis on the
record sheet, including if the sampler came into contact with water during exposure. For
ease of use of the record sheet, the sampler serial numbers were recorded for each
participant prior to the provision of the record sheet to each participant. The average daily
temperatures during the exposure period (required for analysis of the samplers were
obtained from the daily maximum and minimum temperatures provided by the
Commonwealth Bureau of Meteorology (Commonwealth Bureau of Meteorology, 2001).

On one day, the participant was asked to wear a duplicate sampler, and the remaining
sampler was kept by the participant as a field blank. Whilst wearing the sampler, a

78

time/activity diary was completed by each participant by outlining locations visited and
activities performed every 15 minutes throughout each 24-hour period, which is similar to
the time resolution incorporated into the majority of time/activity diaries used in large
surveys (Echols et al., 1999; Freeman et al., 1999). This contrasted with the design used
in a number of large studies where participants were asked to complete a retrospective
diary (Jantunen et al., 1998; Klepeis et al., 2001), however this design was chosen to
maximise participant reporting accuracy, to reduce investigator bias and for logistical
reasons. Only one investigator conducted the pilot study and it was not possible to visit or
contact each participant every day and interview them to determine the previous days’
activities, which is a method commonly used in large population based exposure surveys
using a number of investigators (McCurdy et al., 2000).

The time/activity diary was structured in a similar manner to diaries used in previously
published personal exposure studies that focused on time spent in specific
microenvironments such as indoors and outdoors at home or work and commuting and
activities performed in these microenvironments (Robinson, 1988; Freeman et al., 1999).
In addition to accounting for a range of locations and activities, provision was made
within the diary to account for the presence of smokers nearby, as a number of studies
have shown this to be an important factor in non-industrial exposure to benzene (Freeman
et al., 1991; Klepeis et al., 1995; Freeman et al., 1999). The requirement of each
participant to complete a diary for each day of personal monitoring addressed a limitation
of the NHAPS study design where only one 24-hour period was used for each participant,
which the authors acknowledged did not take into account the likelihood of variations in
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activities from day to day (Klepeis et al., 2001), and would not be likely to reveal those
activities that are infrequent and episodic (Freeman et al., 1999).

Prior to the

commencement of the personal monitoring, each participant was asked to complete a
questionnaire requesting information concerning their age, gender, lifestyle and a number
of questions concerning their home, as these factors were frequently identified as
potentially important contributors to exposure in the literature (Thomas et al., 1993;
Hoffmann et al., 2000).

An initial appointment was made with each recruit, during which information about the
study was given. Each participant was given some background information about the
study and then instructions concerning the use, handling and storage of samplers,
time/activity diary and record sheet. The participants were then given a clipboard
containing these materials. A demonstration sampler was also provided, and the operation
of the sampler was described (eg. opening and closing Swagelok™ fittings with spanners,
installation and removal of the diffusion cap and pen clip in order to attach the sampler to
a shirt pocket or similar). The sampler was attached to the shirt pocket in order to be
situated as close to the breathing zone of the participant as possible. Each participant was
trained and tested to ensure they could successfully operate the sampler during the
personal exposure monitoring. Participants were then asked to sign the written consent
form and spend approximately 5 minutes completing the questionnaire.

Throughout the trial, regular contact was maintained with the participants to ensure that
the samplers were worn, the diaries completed and any problems encountered could be
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resolved. Upon completion of the personal exposure monitoring, an additional
appointment was made with each participant to obtain feedback concerning the level of
participant burden and any possible improvements to the materials, and to collect the
samplers, questionnaire, time/activity diary and record sheet.

In order to ensure ease of use of the samplers and associated materials, a kit was designed
for each participant containing the following items:

 9 Perkin Elmer ATD 400 stainless steel tubes
 diffusion caps
 pen clips
 spanners
 aluminium foil
 badge

Each Perkin Elmer ATD 400 stainless steel tube was wrapped in baked aluminium foil,
enclosed in a plastic vial, and a coloured sticker was placed on the vial to denote the day
on which the sampler was to be used. Matching coloured stickers were also used to
denote the day on which each corresponding diary was to be completed.

3.5 ANALYSIS OF BENZENE CONCENTRATIONS
The analysis of the personal benzene concentrations was performed at the Division of
Atmospheric Research in Victoria. Each analytical run consisted of flushing the system
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with at least two injections prior to performing two standard injections. Perkin Elmer
ATD 400 stainless steel tubes were unpacked from the tin and aluminium foil and the
Swagelok™ fittings were replaced with PTFE storage caps. The samples were loaded into
the Perkin-Elmer AutoSystem XL™ for analysis and upon completion of the run, two
more flushes of the standard lines and two standard injections were performed. The mean
response of the four standard injections was used to calculate the concentration/area
response for that run. The BTEX standard was a 10.1 ppm mixture of benzene, toluene,
ethylbenzene, m-xylene and o-xylene with an accuracy of ±2%. The standard was
purchased from Scott Specialty Gases, San Bernadino, CA, USA. The concentrations
expressed as mixing ratios are shown in Table 1. Since the chemical properties of pxylene are similar to m-xylene, the m-xylene calibration-response was applied to pxylene. The standard gas was transferred onto the GC column via the ATD 400. A loop
with a volume of 0.812 ml was heated to 80°C and filled at a flow rate of 50-60
ml/minute with the standard gas, which was injected into the helium carrier gas stream in
the ATD 400. The mass of each species injected during each calibration is given in Table
3.1.
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Table 3.1: Mass of gases for one ATD loop injection.
Gas

Gas concentration

Mass injected

(ppmv)

(ng)

Benzene

10.1 ± 2%

22.11

Toluene

10.1 ± 2%

26.08

Ethyl-benzene

10.1 ± 2%

30.05

m-xylene and p-

10.1 ± 2%

30.05

10.0 ± 2%

29.75

*1

xylene

o-xylene
*1

denotes the same concentration for both species

(An assumption of standard pressure was used.)
Adsorbed benzene was removed from each tube using the ATD 400. The ATD 400
analytical conditions are shown in Table 3.2.
Table 3.2: ATD 400 conditions for analysis of samples and standards.
Procedure

Setting

Mode

2

Primary desorption

220°C

Primary desorption time

1 min

Transfer line temperature

200°C

Cold trap low temp

-30°C

Cold trap high temp

220°C

Cold trap hold at high temp

1 min

Valve temperature

175°C
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The Perkin Elmer ATD 400 stainless steel tubes were heated to 220oC for 1 minute and
a portion of the sample (controlled by the split flow ratio of 15-20%) was transferred in a
helium gas stream onto a cold trap cooled to -30oC. The concentrated sample was
removed from the cold trap by heating the trap to 220oC for 1 minute. Although the
maximum temperature limit of Chromosorb 106 is 250°C (Cao and Hewitt, 1993b; Kilic
and Ballantine, 2000; Woolfenden, 2001), the optimum desorption temperature is 220°C
(Cao and Hewitt, 1993b; Cao and Hewitt, 1993c). The sample and helium carrier gas
were introduced into the Perkin-Elmer AutoSystem XL™ gas chromatograph via a
200oC-heated line. The GC configuration is summarised in Table 3.3.
Table 3.3: GC configuration.
Item

Description

Column

SGE BP20 P/N 054442
25 m x 0.32 mm I.D. fused silica capillary column
with 1.0 µm BP20 bonded phase

Injector

ATD 400 (mode 2)

Temperature program

3-stage program; 60 oC to 220 o C in 12.33 minutes

Carrier gas

UHP Helium @ 50 psig

Detector

Flame Ionization Detector

Benzene was separated on a SGE BP 20 column using a temperature program that began
at 60oC and increased to 220oC over 12.3 minutes (Table 3.4). The column temperature
program was part of a sample method developed using Turbochrom software™ that
controlled the GC. The eluting peaks were recorded using a Flame Ionisation Detector
(FID). The response from the FID was expressed in microvolts and this output was
recorded as a chromatogram using Turbochrom software™.
84

Table 3.4: Oven temperature program.
Oven ramp

Rate (°C min-1)

Temperature (°C)

Hold time (min.)

initial

0

60

5

1

10

100

0

2

30

200

0

Benzene was identified using peak retention times, which were determined from the
standard injections performed for that run. Automatic integration processing parameters
used were: bunch factor of 3 points; noise threshold of 30 µV and area threshold of 500
µV. Each chromatogram was manually inspected and if necessary manually integrated to
determine peak areas. The sample peak areas were multiplied by the standard response of
mass per unit area to determine sample masses. Both the limit of detection (LOD) and
limit of quantification (LOQ) were calculated according to the ISO standard 6879 “Air
Quality-Performance Characteristics and related concepts for air quality monitoring
methods” (ISO, 1995). According to ISO standard 6879, a “zero” sample has a 5%
probability of causing a measured concentration above the LOD, and samples with a
measured concentration below the LOD were determined as being at half the LOD (ISO,
1995). The field blanks were used to set the “zero” concentration of the measurements,
again in accordance with ISO 6879, and the formula used to determine the concentration
of benzene in each Perkin Elmer ATD 400 stainless steel tube was:

benzeneconcentration =

( arearaw " ( areablank) batch )
calibration # uptakerate # samplingtime
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where area= peak area (µV) from the TurboChrom™ Software

Artifact formation on Chromosorb 106 during storage prior to use is another confounding
factor, even when the Swagelok™ fittings are tightly secured as recommended
(Woolfenden, 1997; Woolfenden, 2001). The findings of one study are of particular
concern given the analytical technique used in the pilot trial (GC/FID). The authors
examined the artifact signals on Chromosorb 106 amongst other adsorbents using
GC/FID and compared this to the use of GC/RGD (reduction gas detector), which has
greater sensitivity and selectivity for reactive hydrocarbons compared to the FID (Cao
and Hewitt, 1994a). In particular, the size of the artifact peaks after only one week of
storage using the identical temperature program used with the FID were substantial, and
given the samplers were sealed with the Swagelok™ fittings, it was concluded that many
artifacts were generated by the Chromosorb 106 during storage and the only practical
way to reduce artifact formation was to minimise the sampling and storage times or
decrease the amount of adsorbent used. As the sampling times were kept at 24-hours for
the entire period of the pilot trial, and it was not possible to reduce the amount of
adsorbent without damaging the sampler, the storage times were kept to a minimum and
upon completion of the pilot trial, all samplers were collected from each participant and
promptly returned to CSIRO for analysis.
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3.6 RESULTS

3.6.1 BENZENE PERSONAL EXPOSURE CONCENTRATIONS
The detection limit of benzene in the pilot trial was 0.38 µg m-3 and the limit of
quantification was 1.15 µg m-3. Only 51% of the benzene samples analysed were above
the limit of quantification. The daily range in personal benzene exposure concentrations
was 0.1 µg m-3 to 68.2 µg m-3 for the pilot trial, however the highest concentration
occurred on a day when the participant was not wearing a duplicate sampler, and
therefore it cannot be fully verified. There was good agreement between the first and
duplicate samplers, with a 5% difference in mean benzene concentrations and a standard
deviation of ± 2.24 µg m-3 from near zero to 48 µg m-3.

The analysis of the blank samplers in the participant kits revealed benzene concentrations
on Chromosorb 106 that were approximately double that of the field blanks used over a
four week exposure period (Brown et al., 1999), however the benzene concentrations
found on the field blanks in the latter work are approximately equivalent to typical blanks
from 7-day ambient passive monitoring campaigns. Unfortunately, repeated conditioning
of the Perkin Elmer™ stainless steel tubes does not reduce the blank benzene
concentrations on Chromosorb 106 (Wright et al., 1998).

The blank sampler benzene concentrations for each participant are presented in Table 3.5.
The highest blank benzene concentration was 3.04 µg m-3 and the lowest blank benzene
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concentration was 1.82 µg m-3. The arithmetic mean blank benzene concentration was
2.26 ±0.40 µg m-3.
Table 3.5: Benzene blank sampler concentrations by participant.
Participant Identification

Benzene concentration

Participant Identification

Benzene concentration

number (PIN)

(µgm-3)

number (PIN)

(µg m-3)

P001

2.05

P006

2.21

P002

1.82

P007

1.86

P003

2.59

P008

2.30

P004

3.04

P009

2.01

P005

1.98

P010

2.69

The arithmetic mean benzene concentration for each participant in the pilot trial is
presented in Figure 3.2.

Figure 3.2. Arithmetic mean participant personal benzene exposure for the pilot trial.
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An analysis of the personal benzene exposure data for the pilot trial showed that P001
had the lowest arithmetic mean benzene exposure (0.51 µg m-3), and P010 had the highest
arithmetic mean benzene exposure (10.56 µg m-3).
3.6.2 TIME/ACTIVITY DIARY

The arithmetic mean amount of time recorded by each participant in the time/activity
diary is presented in Figure 3.3. The highest mean amount of time recorded in the
time/activity diary was 24.5 hours by P008 and the lowest was 22.6 hours by P009.

Figure 3.3: Mean amount of time recorded in the time/activity diary in the pilot trial.

The arithmetic mean amount of time (hours) per day spent in indoor and outdoor
microenvironments is presented in Figure 3.4. The highest mean number of hours per day
was spent indoors at home (16.11 hours), and the lowest arithmetic mean number of
hours was spent outdoors at home (0.54 hours per day).
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Figure 3.4: Mean amount of time spent in indoor and outdoor microenvironments during
the pilot trial.

A total of 30 locations were visited and 30 activities were performed by the participants
during the pilot trial and feedback indicated that the time/activity diary was relatively
simple to complete.
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3.7 DISCUSSION

The samplers measured a range of benzene concentrations, were easily operated by
participants and importantly did not cause any behavioural change during the pilot trial.
The close agreement between the first and duplicate samplers (5%) up to 48 µg m-3
showed the accuracy of the passive samplers, even with a small sample size of 10
participants.

The participants had little difficulty completing the time/activity diary, and the thirty
activities and locations reported during the pilot trial showed that the time/activity diary
defined the environments individuals visit over a 24-hour period and the activities
performed while in these microenvironments. The design of the kits and provision of
clipboards containing the materials was appreciated by the participants and enabled them
to perform the monitoring and complete the questionnaire and diary again without
causing excessive burden. The uptake rate of the passive sampler over 24 hours at the
petrol station was very close to the published 8-hour uptake rate, suggesting that the
sampler could be used to accurately measure non-industrial benzene exposure over 24
hour periods. Therefore, all materials were considered appropriate for use in this research.
In terms of logistics, all participants who initially agreed to participate completed the
monitoring, were contactable throughout the trial and provided beneficial feedback. As
already acknowledged, it may have been preferable to interview each participant daily
about the previous day’s activities rather than ask them to complete a diary during the
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monitoring, however this was not viewed by any of the participants as an unrealistic
burden.
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CHAPTER 4: MATERIALS AND METHODS

This chapter describes the methods used in the following research. Firstly, the methods
used to quantify 24-hour non-industrial benzene exposure in the Mediterranean climate of
Perth will be described, including participant recruitment, selection criteria and the
methods used to assess non-industrial personal benzene exposure. Secondly, the methods
used to analyse the 24-hour non-industrial benzene concentrations to which the
participants were exposed will be described. The statistical methods used to determine the
contribution of commuting in a private motor vehicle and refuelling to, and quantify the
increase in, 24- hour non-industrial personal benzene exposure attributable to these two
activities in the Mediterranean climate of Perth will then be described.

The methods used to measure benzene concentrations at a petrol station, along a major
roadway (the Kwinana Freeway) and in two carparks in Perth will then be described,
including the rationale for the site selection of the carparks, the roadway and the petrol
station. The methods chapter will conclude with the methods used to analyse the benzene
concentrations measured at the petrol station, along the major roadway (the Kwinana
Freeway) and in two carparks.

4.1 PARTICIPANT RECRUITMENT
A total of 12000 residents of Perth were randomly selected from the Australian Electoral
Roll and asked to complete a questionnaire that asked for information concerning
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household and personal information (including employment and smoking status), their
home (including age, types of floor coverings, attached garage, recent renovations), the
use of various modes of transport and the use of a range of household equipment and
products. Upon completion of the random questionnaire, residents were asked if they
were interested in participating in personal monitoring to be conducted in Perth, and if so,
to provide their contact details.

A total of 152 Perth residents indicated that they were interested in participating in the
research (Environment Australia, 2003). These residents were mailed a letter to establish
that they were still interested and to provide some background information concerning
the personal monitoring.

4.2 PARTICIPANT SELECTION

After confirmation of receipt of the letter during a subsequent telephone conversation, the
152 residents were screened according to similar criteria to that used for the pilot trial.
Each resident was contacted a maximum number of two times, and if contact was not
established, the next resident was contacted. The recruits were considered ineligible if
they were employed in any of the following occupations that would potentially contribute
to higher personal exposure:

 tile or carpet manufacture/ installation
 petrochemical manufacture or the oil industry
 painter or paint maker
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 service station attendant or mechanic
 any occupation where either adhesives (eg. the construction industry) or fuel (eg.
lawn mowing contractor) are used regularly

 pharmaceutical manufacture

A cross-sectional study design was used in this research. Fifty participants were selected
for the personal monitoring in Perth. An equal number of males and females were
selected (25), and as was the case for the pilot trial, an appointment was made with each
participant during which some additional information was provided, and each participant
was asked to sign an informed consent form and given a Personal Identification Number
(PIN), to maintain confidentiality. The PIN was pre-recorded on the record sheet,
questionnaire and time/activity diary, as was the case in the pilot trial. The participants
were then given a clipboard containing instructions for the use of all materials, a
questionnaire, time/activity diary, record sheet and an activity/location checklist, which
provided examples of activities and locations of importance with respect to non-industrial
personal exposure to benzene based on a literature review prior to the commencement of
the pilot trial. A demonstration BTEX sampler was also provided, and the operation of
the BTEX sampler was described (eg. opening and closing Swagelok™ fittings with
spanners, installation and removal of the diffusion cap and pen clip). Each participant was
then given the BTEX sampler and asked to open and close it and to install the diffusion
cap in order to determine whether they could successfully operate it during the personal
exposure monitoring.
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4.3 PERSONAL BENZENE EXPOSURE MONITORING

The personal monitoring protocol was similar to that used in the pilot trial, however the
monitoring was conducted over five days instead of seven. As in the pilot trial,
participants were provided with a kit containing seven BTEX samplers (as illustrated in
Figure 3.1) and associated materials (diffusion caps, pen clips (in order to attach the
BTEX sampler to a shirt pocket), spanners and a badge).

Participants were asked to wear one sampler each day for five consecutive 24-hour
periods in summer and winter (except overnight and when showering/bathing or
swimming), and to characterize the difference between weekday and weekend exposure,
were asked to include the weekend (Saturday and Sunday) as two of the five 24-hour
periods. Each participant was also asked to wear a duplicate BTEX sampler during one
24-hour period, and to record the time each BTEX sampler was opened and closed on the
record sheet. The remaining BTEX sampler was used as a field blank.

Similar to the pilot trial, each participant was asked to complete a questionnaire prior to
the commencement of the personal exposure monitoring. The questionnaire used in this
research is presented in Appendix A. During the personal exposure monitoring,
participants were asked to complete a time/activity diary by recording their locations
visited and activities performed while wearing the BTEX sampler to the nearest 15
minutes over the 24-hour period, and to note in the diary if an active smoker was present
or in the near vicinity whilst they were wearing the BTEX sampler. The time/activity
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diary is presented in Appendix B. At the beginning of each 24-hour period diary the
participants were prompted to record if they had refuelled their automobile, used an
airconditioner or heater at home, parked their automobile in an underground car park, or
purchased items from a drive through outlet whilst wearing the BTEX sampler. During
the summer monitoring campaign each participant was provided with an additional
questionnaire to account for changes since the winter personal monitoring. Coding was
used for each questionnaire response, and activities and locations identified in the
time/activity diary were coded separately.

4.4 ANALYSIS OF PERSONAL BENZENE EXPOSURE CONCENTRATIONS

The 6.35mm x 90mm tubes had a diffusion membrane on one end, followed by an air gap
and Chromosorb 106 adsorbent. The sampler tubes and adsorbent were cleaned before
use by heating in a stream of ultra high purity helium. Standard quality control
precautions were taken during shipping and usage of the tubes (Environment Australia,
2003). The passive samplers were analysed at the CSIRO Division of Atmospheric
Research in Aspendale, Victoria using a Perkin Elmer™ ATD 400 automatic thermal
desorber/gas chromatograph GC fitted with a flame ionisation detector. A 50 m SGE
BP20 capillary column was used for the analysis. Benzene was desorbed at 190°C, which
is slightly less than the optimum desorption temperature for Chromosorb 106 of 220°C
(Cao and Hewitt, 1993a; Cao and Hewitt, 1993b).

Field blanks were analysed to determine the Limit of Detection (LOD), which was
calculated according to ISO 6879 (ISO, 1995). These were used to set the “zero”
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concentration for each analytical run, also according to ISO 6879. Samples with a
concentration below the LOD were recorded as half the LOD (Hornung and Reed, 1990).
Sample duplicates and field blanks were used to verify the sampling methodology used
for the personal sampling. Calibration was via gas loop injections of a 10ppm BTEX
certified standard purchased from Scott Specialty Gases, San Bernadino, California.

The duplicate samplers were analysed to determine the precision of the sampling
methodology. In addition, passive samplers and co-located active sampling was
conducted by staff of the CSIRO Division of Atmospheric Research at a service station
for 24 hours in order to compare benzene uptake rates on Chromosorb 106 for the two
sampling methods. The uptake rate for benzene using the passive samplers was within
5% of the published 8-hour uptake rate of 1.72 ng ppm-1 min-1 (Wright, 1993).

4.5 STATISTICAL ANALYSIS OF PERSONAL BENZENE EXPOSURE
CONCENTRATIONS

The statistical analysis of personal benzene exposure for this research was conducted by
Max Bulsara from the Public Health at the University of Western Australia. Univariate
statistics were used for the analysis of demographic data from the questionnaires. T-tests
and ANOVAS were used to compare the means of the original and duplicate samplers
and to determine the mean benzene exposure concentration. Chi-squared and KruskalWallis tests were used to examine differences between variables such as gender. All
statistical tests were performed using SPSS (SPSS, 1998) and SAS version 8.2 (SAS
Institute, 2000).
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A generalized linear mixed model based on a compound symmetry structure was used to
utilise all of the questionnaire and diary data. General Linear mixed models are becoming
more widely used to analyse longitudinal data where participants are measured repeatedly
over a period of time (Cnaan et al., 1997; Woolfinger, 1997).

A repeated measures approach was used to model the data, because the participants were
asked for the same information for five consecutive days in summer and winter (Cnaan et
al., 1997). Two generalised linear mixed models were run using PROC MIXED from
SAS, a complete model incorporating a large number of questionnaire and diary variables
(eg. gender, age, season, employment, housing related factors and time spent in
potentially higher exposure activities) and a reduced model using the variables that were
found to be significant (SAS Institute, 2000). Type 3 tests of fixed effects (Milliken and
Johnson, 1992) were used within the model in order to evaluate the effect of each
variable after all other factors in the model had been accounted for (pers comm. M
Bulsara, 2004).

4.6

SOURCE

MONITORING

OF

BENZENE

IN

PERTH,

WESTERN

AUSTRALIA

Environmental benzene concentrations in Perth, Western Australia were monitored at a
petrol station, along a major roadway (the Kwinana Freeway) and in two car parks. The
samplers used to measure the benzene concentrations at a petrol station, along the
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Kwinana Freeway and in two car parks were the same as those used to monitor nonindustrial personal benzene exposure over 24-hour periods in Perth. Previous research has
reported that private motor vehicle emissions are the dominant source of pollutants in
enclosed multi-story car parks, particularly evaporative fuel emissions during cold start
when the engine is first turned on after being parked (Wong et al., 2002). Cold start
emissions are the most significant contributor to the total emissions from motor vehicles
fitted with catalytic converters (Hoekman, 1992; Duffy et al., 1998; Ludykar et al.,
1999). During the cold start, the temperatures of the motor vehicle engine and the
catalytic converter are both low, and are therefore operating far below optimum
conditions, and large amounts of unburnt or partially burnt fuel are emitted from the
exhaust.

The benzene removal efficiency of catalytic converters has been called into question at
low vehicle speeds, with research reporting benzene removal efficiencies as low as 80%
at vehicle speeds below 50kmh-1. Vehicle speeds in car parks are normally below 50 km
h-1 and therefore the potential for non-industrial personal benzene exposure is heightened
in car parks as a result of the inefficiency of private motor vehicle catalytic converters at
lower speeds (Heeb et al., 2000) as large numbers of private motor vehicles enter and exit
the car parks.

Two multi-storey car parks in the Central Business District (CBD) were chosen for the
source monitoring on the basis of their location on major roads, vehicle capacity and
frequency of vehicles entering throughout the day. Car park A was an enclosed car park,
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and car park B was naturally ventilated. Previous research has reported higher benzene
concentrations in multi-storey car parks with open sides compared to underground or
fully enclosed car parks (Brown et al., 1999). The capacity of car park A was 374
vehicles and 1710 vehicles for car park B. The enclosed car park was not ventilated, and
therefore air velocity measurements were taken using a hand held Deuta Anemo
Anemometer every minute for 10 minutes after the samplers were removed and replaced
after each sampling period. In order to facilitate a comparison, wind velocity
measurements were also taken in the naturally ventilated car park. The passive samplers
were placed inside a die cast steel box (Figure 4.1). The anemometer data was also used
to determine if the air velocities in both car parks were representative of those reported in
peak hour traffic on roadways.

Figure 4.1: Die cast box containing two samplers fitted with diffusion caps.
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The configuration of the first and duplicate sampler is presented in Figure 4.2.

First sampler

duplicate sampler

Figure 4.2: Configuration of the passive samplers.

In car park A, a passive BTEX sampler and duplicate sampler were chained to a bollard
in the vicinity of the boom gate where patrons purchased their parking tickets. This is
presented in Figure 4.3.

duplicate
sampler

Figure 4.3: Location of passive samplers in Car park A.
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This location was not chosen to be representative of typical car park benzene
concentrations, however it sampled benzene emissions from vehicle exhausts while the
vehicles were idling. Previous published research of non-industrial personal benzene
exposure during commuting has reported that emissions from idling vehicles can strongly
influence the in-cabin benzene concentrations as a result of limited dispersion and the
small distance between vehicles in peak traffic (Dor et al., 1995; van Wijnen et al.,
1995). Therefore, the limited dispersion of benzene emissions in the enclosed Car park A
may have been representative of the poor dispersion conditions reported during peak
traffic. In car park B, a passive BTEX and duplicate sampler were located in the vicinity
of the ramp between the first and second floor. This location is presented in Figure 4.4.

Figure 4.4: Location of the passive samplers in Car park B.

Again this location was not chosen to be representative of typical car park benzene
concentrations, however it may have been representative of private vehicle emissions at
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low speed, when catalytic converter efficiency is below 80% (Heeb et al., 2000). The
lower private vehicle speeds in the car park may be representative of the low speeds that
are commonly reported in peak traffic on roadways in urban areas (Jo and Choi, 1996).
The BTEX samplers were placed in a sealed stainless steel box (Figure 4.3) in each car
park A and B for seven days. A pilot trial was conducted over 24-hour periods for 10
days in each car park to determine if the measured benzene concentrations from the
passive samplers exceeded the detection limit. None of the samplers measured 24-hour
benzene concentrations above the detection limit, and therefore a seven-day measurement
period was adopted.

Benzene source monitoring was also conducted in both the North and Southbound lanes
of the Kwinana Freeway in Perth for 7 days. The passive samplers were chained to a
fence approximately 1.5m above the freeway surface and 5m from the outside lane of
vehicle traffic. This sampling height above the road is commonly in roadside studies of
private motor vehicle emissions (Bevan et al., 1991; Liu et al., 2000; Tanaka et al.,
2001a; Tanaka et al., 2001b), as it is representative of the height of a cyclist’s breathing
zone and is therefore also representative of non-industrial personal exposure (Bevan et
al., 1991). The location of the samplers on the boundary fence on the roadside of the
Northbound lane of the Kwinana Freeway is presented in Figure 4.5.
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Figure 4.5: Location of the passive samplers on the boundary fence in the vicinity of the
Northbound lane of the Kwinana Freeway.

The Kwinana Freeway was chosen as the measurement location for private motor vehicle
emissions on the basis of daily traffic count data collected by the Main Roads Department
of the Government of Western Australia from 1992/1993-1998/1999 (MRWA, 2006).
The traffic count data reported that 156200 motor vehicles commute daily into and out of
the Central Business District (CBD), and 81230 of those commute south from the CBD
along the Kwinana Freeway (MRWA, 2006). This is approximately 10% higher than the
daily traffic count commuting north from the CBD along the Mitchell Freeway, which is
the other freeway system in Perth (MRWA, 2006). It is also higher than the daily traffic
count from the Graham Farmer Freeway (65000-70000), which is a major access route
into the CBD from the East since its construction in 2000 (MRWA, 2006).

The location of the passive samplers on the Northbound lanes of the Kwinana Freeway
are shown in Figure 4.6. The Mitchell Freeway and Graham Farmer Freeway are also
shown.
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Figure 4.6: Location of passive samplers on the Northbound lanes of the Kwinana
Freeway. source: www.whereis.com.au ©Telstra 2000

A seven-day sampling period was chosen for the source monitoring on the basis of the a
review of the application and evaluation of passive samplers used in the monitoring of
ambient air over 7 days, two and four weeks conducted primarily in the United Kingdom
and subsequently in selected European countries (Brown et al., 1999). Due consideration
was also give to the influence of ambient conditions in the sampling location (Ballach et
al., 1999; Kilic and Ballantine, 2000) and factors related to the Chromosorb 106 itself.
The most important consideration in choosing the 7-day sampling period was the need to
use the shortest possible sampling time to avoid extensive blank and artifact build up
whilst collecting a valid sample above the detection limit (Cao and Hewitt, 1993b).

106

Although Chromosorb 106 has been identified as a suitable adsorbent for ambient
sampling of benzene, there are a number of environmental factors that can influence the
adsorption of benzene onto the surface of Chromosorb 106 during ambient sampling
(Ballach et al., 1999). The uptake rate of an analyte (eg. benzene) is potentially
influenced by a number of factors including ambient temperature and humidity (Ballach
et al., 1999; Brown, 2000), although the humidity is not expected to have a significant
influence on Chromosorb 106 because it is a hydrophobic adsorbent (Woolfenden, 2000)
and

humidity

is

only

reported

to

influence

the

adsorption

of

analytes

(eg. benzene) on hydrophilic adsorbents (Ballach et al., 1999). The influence of ambient
temperature on benzene adsorption is a result of the relationship between ambient
temperature and the diffusion coefficient (Ballach et al., 1999). The uptake rate may
increase by as much as 0.5% K-1 (Ballach et al., 1999).

Back diffusion is a phenomenon that strongly influences the performance of the
adsorbents used in passive samplers (Kilic and Ballantine, 2000). Diffusive sampling is
dependent on the diffusion of gas or vapour phase compounds onto the adsorbent in the
sampler as a result of the forces between the solid adsorbent surface and the gas or
vapour phase molecules that are similar to the van der Waals forces between the
molecules (Kilic and Ballatine, 2000). Back diffusion is the reversal of diffusion and
results in a decrease in the uptake rate and the amount of material adsorbed on the surface
of the solid adsorbent (Kilic and Ballantine, 2000). Chromosorb 106 is a medium strength
adsorbent, and has the highest specific surface area and the lowest pore size of the porous
polymer adsorbents (Kilic and Ballantine, 2000). An investigation of the extent of back
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diffusion of benzene on Chromosorb 106 was conducted by exposing 16 samplers to a
known high and low concentrations of a series of analytes including benzene contained in
a sealed glass vessel and then exposing the samplers outdoors for 14 days (Kilic and
Ballantine, 2000). Two samplers were analysed every second day, and over a sampling
period of 14 days, the back diffusion of benzene on Chromosorb 106 was 33% under low
benzene loading and 28% under high benzene loading (Kilic and Ballantine, 2000).

The influence of several additional factors unique to Chromosorb 106 also required
consideration in the determination of the sampling period. The most common compounds
reported in analyses of blank Chromosorb 106 include benzene and substituted benzene
compounds (pers comm. P Simpson, 2002) and Chromosorb 106 off-gases benzene and
substituted compounds during storage (pers comm. P Simpson, 2002). The reported
presence of benzene in the blank analyses of Chromosorb 106 and the likelihood of
increasing blank benzene concentrations over long sampling periods decreased the
feasibility of a sampling period longer than 7 days for this research.

The benzene measurements at the petrol station were collected at the pump island on the
petrol bowser. The benzene concentrations at petrol stations is reported to be highest at
the bowser and decreases with increasing distance from the petrol station forecourt where
the bowsers are located (CONCAWE, 1994; CONCAWE, 1996). Therefore, measuring
benzene at the bowser where the fuel is dispensed (Backer et al., 1997; Vainiotalo et al.,
1999) is more representative of non-industrial personal benzene exposure than measuring
benzene concentrations on the boundary or in nearby residential areas (Jo and Moon,
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1999). Previous published research has reported that the amount of time taken to refuel is
highly variable. One study in Finland reported a mean refuelling time of 68 ± 29 seconds
and a range of 23-189 seconds (Vainiotalo et al., 1999) however the results of other
studies have reported that refuelling may require as much as 600 seconds (Backer et al.,
1997; Leung and Harrison, 1998) although it was likely that a number of other tasks
including oil checks, washing windscreens and paying for the fuel also occurred within
the 600 seconds, and therefore personal benzene exposure during these associated tasks
would be mimimal compared to exposure during refuelling (Egeghy et al., 2000). As
there is high variability in the reported time required for refuelling, the time taken to
refuel in this research was measured using a stopwatch from the time the customer
removed the fuel dispensing nozzle from the bowser until the customer replaced the fuel
dispensing nozzle back on the bowser. The calculation of the arithmetic mean refuelling
time was based of the refuelling time of 50 customers.

Previous published research of non-industrial personal benzene exposure during
refuelling has sampled benzene concentrations during customer refuelling, however, a
number of these studies have used active sampling with a constant flow pump as
refuelling requires a very short time duration (Kearney and Dunham, 1986; Vainiotalo et
al., 1999; Vayghani and Weisel, 1999). As passive sampling was employed for the
personal exposure monitoring described earlier in this chapter, passive sampling was also
used for the measurement of benzene at the petrol station. One study employed passive
sampling to monitor non-industrial benzene exposure during refuelling, however a glass
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sampling bulb was used to collect exhaled air after exposure, and the exhaled air was
transferred to the passive sampler via a needle (Egeghy et al., 2000).

Benzene emissions at the petrol station were measured over consecutive 24-hour periods
based on research conducted using passive monitors to measure benzene concentrations
at petrol stations in nine European countries (CONCAWE, 1994; CONCAWE, 1996),
and the passive monitors were installed at the petrol bowser to measure non-industrial
personal benzene exposure as the fuel is being dispensed (Figure 4.7).

Figure 4.7: The location of the passive samplers on the bowser of the petrol station.
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4.7 ANALYSIS OF BENZENE SOURCE MONITORING CONCENTRATIONS

All benzene samples collected during the source monitoring were analysed at the
Chemistry Centre of Western Australia in East Perth. The sample tubes were loaded onto
a Perkin Elmer™ ATD 400 system and analysed using a Varian Saturn 2000 GC/MS.
Benzene was desorbed for 20 minutes at 180°C and the samples were transferred to the
30 m ZB-1 Phenomenex column under a stream of UHP Helium carrier gas.

The initial column temperature was set at 30°C, which was held for 10 minutes and then
raised 10°C per minute to a maximum of 300°C where it was held for 5 minutes. This
temperature was preset as Chemistry Centre staff members were concurrently using the
equipment for other work. The total run time for each benzene sample was 42 minutes.
The minimum cold trap temperature was 4°C and the maximum was 270°C. A two stage
cleaning process was used between sampling periods to ensure that benzene blanks were
minimised. After benzene was desorbed, each sampler was first heated to 180°C for 20
minutes and then to 210°C for an additional 20 minutes (pers comm. J Powell, 2005). The
LOD was determined according to EURACHEM Fitness for Purpose of Analytical
Methods by spiking ten sample tubes with the lowest standard (EURACHEM, 1998). A
set of seven calibration standards was prepared for each set of benzene samples from the
service station, the roadway (Kwinana Freeway) and two carparks using an internal
standard (Deuterated Toluene) and a 2ppm USEPA TO-17 standard purchased from
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NSW EPA. The calibration standards for each set of benzene samples were prepared in
order to ensure internal method accuracy with respect to the quantitation of benzene in
each sample, and to account for possible variability in temperature, humidity or other
environmental factors on each sampling occasion which may influence the performance
of the sampler with respect to benzene adsorption. In addition, three of the seven
calibration standards (lowest, middle and highest) were replicated, resulting in a ten point
calibration curve (EURACHEM, 19998). The calibration standards were analysed with
the benzene samples, and a calibration curve was created. The calibration curve was used
to quantify the benzene concentration of each sample according to USEPA Compendium
method TO-17 “Determination of Volatile Organic Compounds in Ambient Air using
Active Sampling onto Sorbent Tubes” (USEPA, 1999b). In addition, precision analyses
were regularly undertaken prior to the benzene sampling by analysing ten replicates of
the lowest, middle and highest standards and the precision was calculated based on the
RSD (%) of the benzene and internal standard peak areas respectively (EURACHEM,
1998).
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CHAPTER FIVE RESULTS
5.1 INTRODUCTION
This chapter presents the results obtained from the personal monitoring of non-industrial
benzene exposure and from the source monitoring in Perth. The benzene concentrations
from the winter and summer personal monitoring campaigns will be presented first. This
will include the detection limits, results of the blank and duplicate analyses for both
seasons.

This will be followed by the results obtained from the time/activity diaries for both
seasons. The significant contributors to non-industrial personal exposure to benzene in
Perth in both seasons will then be presented. The results chapter will conclude with the
results of source monitoring at two carparks in the Central Business District of Perth, a
petrol station and the Kwinana Freeway.

5.2 ANALYSIS OF PERSONAL BENZENE EXPOSURE

A total of 249 samples were collected during the winter personal exposure sampling
period and a total of 243 samples were collected during the summer sampling period. The
geometric mean (GM) and arithmetic mean (AM), minimum and maximum benzene
exposures for each season are presented in Table 5.1.
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Table 5.1: Geometric mean (GM), Arithmetic mean (AM), Maximum and Minimum
personal benzene exposure concentrations by season.
Season

GM benzene

AM benzene

Minimum benzene

Maximum benzene

concentration

concentration

concentration

concentration

(µg m-3)

(µg m-3)

(µg m-3)

(µg m-3)

Summer

1.28

1.76

0.13

11.84

Winter

1.28

1.98

0.26

27.5

The summer and winter Limit of Detection (LODs), field blank and duplicate sampler
concentrations and the median relative percent difference in duplicate sampler
concentrations for the personal benzene exposure measurements are presented in Table
5.2.
Table 5.2: LODs, arithmetic mean blank and duplicate sampler concentrations and the
percent difference in duplicate sampler concentrations.
Season

summer
winter

LOD

AM Blank

AM Duplicate

Median relative

sampler benzene

sampler benzene

percent difference

concentration

concentration

(%) in duplicates

0.25 µg m-3

0.3±0.13 ng

1.74±1.6 µg m-3

20.3

(92.2%) *1

(n=190)*2

(n=43)

0.51 µg m-3

0.73±0.3 ng (n=

2.33±2.66 µg m-3

(98.4%)*1

198)

(n=41)

*1

denotes the percentage of samples above the LOD

*2

denotes the number of samples analysed

10.8

The results of a one-way t-test revealed that there was no significant difference between
the first sampler and duplicate sampler concentrations in summer (p=0.36), and that the
mean of the difference was -0.083± 0.589 µg m-3. In winter, the difference between the
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first and duplicate sampler was also not significant (p=0.23) and the mean of the
difference was -0.106± 0.560 µg m-3. The median relative percent difference between the
duplicate sampler concentrations was 20.3% in summer and 10.8% in winter.

The differences between the winter and summer exposures were not statistically
significant (p=0.235). A comparison of the mean personal benzene concentrations taking
into account gender revealed that females were exposed to significantly lower mean
concentrations in both summer (p=0.011) and winter (p=0.019) than males, however
there was no significant difference in personal benzene exposure taking into account age.
A Shapiro-Wilks W test for normality confirmed that the data were not normally
distributed in summer (P>0.00000) and winter (P>0.0000).

5.3 TIME/ACTIVITY DIARIES
An analysis of the time/activity diaries revealed that the participants accounted for 96%
of their time each day in the time/activity diary while wearing the sampler in winter, and
95% in summer. The percentages of time spent in each microenvironment on weekdays
and weekends in winter and summer are presented in Figures 5.1a and 5.1b (winter) and
5.2a and 5.2b (summer) respectively.
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Figure 5.1: Percentage of time spent a) weekdays in winter and b) weekends in winter.

Figure 5.2: Percentage of time spent a) weekdays in summer and b) weekends in
summer.

In both seasons, approximately 61% of each participant’s time was spent indoors at home
on weekdays and 65% indoors at home on weekends on average. The percentage of time
spent indoors at work was slightly higher in winter on average (19.5%) than summer
(15.1%) and this was also the case for 11 participants who worked on the weekend in
winter (13.4%) and summer (9.7%). In both cases, the difference was not statistically
significant (p>0.05).
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The day of the week had little influence on the amount of time spent in private motor
vehicles in both seasons, with similar percentage of time spent on weekdays on average
(6.9% and 8.2%) than weekends (6.3% and 5.1% respectively) and this difference was
not statistically significant (p>0.05). The percentage of time spent outdoors on weekdays
and weekends in summer on average (7.1% and 9.8% respectively) was higher than in
winter (2.1% and 6.8% respectively), although the differences were not statistically
significant. Cycling and walking were infrequently used modes of transport in both
seasons in Perth, with less than 2% of a participant’s time spent walking or cycling on
average.

The percentages of sampling periods in which selected activities were performed during
the week and on weekends in winter and summer are presented in Figures 5.3a and 5.3b
(winter) and 5.4a and 5.4b (summer).

Figure 5.3. Percentage of sampling periods that selected activities were performed in
winter on a) weekdays and b) weekends.
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Figure 5.4. Percentage of sampling periods that selected activities were performed in
summer on a) weekdays and b) weekends.

An analysis of the frequency of selected activities of participants in each 24 hours
showed that the use of heaters in their homes was approximately twice as frequent both
on weekdays and weekends in the winter than in summer. There were not statistically
significant differences in the reported frequency of refuelling and usage of enclosed car
parks on weekdays compared to weekends in either season (p>0.05). Similarly, there
were not statistically significant differences in the reported use of drive through outlets to
purchase food or the presence of a smoker on weekends compared weekdays in either
season (p>0.05).

5.4 CONTRIBUTORS TO PERSONAL BENZENE EXPOSURE IN PERTH
A generalised linear model using type 3 tests of fixed effects was used to elucidate the
activities that were statistically significant contributors to non-industrial personal benzene
exposure. A number of factors have been previously reported to influence non-industrial
personal benzene exposure, including season, age and sex. Results from the generalised
linear mixed model adjusting for these factors indicated that the most significant
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contributors to non-industrial benzene in Perth were the amount of time spent commuting
in a motor vehicle (β=0.281, p<0.0001) and refuelling (β=0.194, p=0.033). Each hour
spent commuting resulted in a mean increase in personal exposure of 0.74 µg m-3
(β=0.729 µg m-3, p<0.0001) over the 24-hour sampling period. The amount of time spent
commuting in a motor vehicle resulted in a larger mean increase in exposure in winter
(β=0.8 µg m-3, p=0.008) than summer (β=0.67 µg m-3, p=0.004). The influence of
refuelling on increased 24-hour personal exposure is shown in Figure 5.5a (summer) and
5,5b (winter). The width of each box represents the 25th and 75th percentile benzene
concentrations, and the height of each box represents the interquartile range. The line
through each box represents the median benzene concentration, and the bars above and
below the box represent the tails of the distribution, and are not more than 1.5 box lengths
from each box. The dots represent outlier benzene concentrations.

Figure 5.5a. The influence of refuelling on increased personal benzene exposure in
summer.
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Figure 5.5b. The influence of refuelling on increased personal benzene exposure in
summer.

Reported refuelling of vehicles increased personal exposure by 1.50 µg m-3 (β=1.49,
p<0.0001). In terms of the total mean exposure in Perth for summer and winter of 1.76 µg
m-3 and 1.98 µg m-3 respectively, an average increase of 0.74 µg m-3 from each hour
commuting represents a contribution of more than one third in both seasons (42% in
summer and 37% in winter). The contribution of refuelling to personal exposure was 85%
in summer and 75% in winter, more than double that of commuting in both seasons.

5.5

SOURCE

MONITORING
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BENZENE
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WESTERN

AUSTRALIA

A total of 20 samples, 20 duplicates and 10 field blanks were collected at two car parks in
the Central Business district of Perth. The limit of detection for the benzene source
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monitoring was 0.26 µg m-3. The arithmetic mean, standard deviation, maximum and
minimum benzene concentrations are presented in Table 5.3.
Table 5.3: Arithmetic mean, standard deviation, maximum and minimum benzene
concentrations in Car park A and B.
Mean

Standard

Maximum benzene

Minimum benzene

benzene

deviation

concentration (µg m-3)

concentration (µg m-3)

concentration

(µg m-3)

(µg m-3)
Car park A

4.49

4.21

12.91

2.22

Car park B

1.23

0.25

1.65

1.04

The arithmetic mean concentration in Car park A was approximately four times that of
Car park B, however the standard deviation of benzene concentrations measured in Car
park A was more than one order of magnitude higher than that of Car park B. The
percentage differences in duplicate samplers were within 15% in both car parks except
for the maximum benzene concentration in Car park A (12.91 µg m-3). The duplicate
sample was 4.47 µg m-3, which was approximately one-third of the maximum sample.
One duplicate sample in Car park B failed to measure a benzene concentration. The mean
benzene concentration on the field blank samples was 0.14 ng. The highest blank benzene
concentration was measured in Car park A (0.18 ng) and the lowest was recorded in Car
park B (0.01 ng). The arithmetic mean wind speed in car park A was 0.5± 0.3 m s-1. The
maximum wind speed in car park A was 1ms-1 and the minimum wind speed was 0 m s-1.
The arithmetic mean wind speed in car park B was 1±0.7 m s-1. The maximum wind
speed in car park B was 2 ms-1 and the minimum was 0 ms-1.
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The number of samples collected at the roadside of the Kwinana Freeway was identical to
that of the car parks (20 samples, 20 duplicates and 5 field blanks). The arithmetic mean,
standard deviation, maximum and minimum benzene concentrations recorded northbound
and southbound on the Kwinana Freeway (KF) is reported in Table 5.4.
Table 5.4: Arithmetic mean, standard deviation, maximum and minimum benzene
concentrations for the Kwinana Freeway, northbound and southbound lanes.

KF

Mean benzene

Standard

Maximum benzene

Minimum benzene

concentration

deviation

concentration (µg m-3)

concentration (µg m-3)

(µg m-3)

(µg m-3)

2.78

3.63

7.90

0.39

2.57

3.13

7.45

0.50

northbound
KF
southbound

The arithmetic mean benzene concentration northbound on the Kwinana Freeway was
2.78 µg m-3 and southbound the arithmetic mean benzene concentration was 2.57 µg m-3.
The standard deviation of benzene samples in both lanes were similar, and the percentage
differences in duplicate samplers were within 15% in both lanes except for one sample in
each lane, where the percentage differences were 26.15% and 24.9% respectively. The
maximum and minimum benzene concentrations were similar in both lanes. The
arithmetic mean benzene concentration on the field blank samples was 0.24 ng. The
highest blank benzene concentration (0.30 ng) was measured on the northbound lane, and
the lowest blank benzene concentration was measured on the southbound lane (0.13 ng).
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A total of 15 samples, 15 duplicates and 3 field blanks were collected adjacent to the
bowser at a service station. The arithmetic mean benzene concentration at the petrol
bowser was 38.15±47.7 µg m-3. The highest benzene concentration was 142.9 µg m-3 and
the lowest was 0.96 µg m-3. The percentage difference in duplicate samples was within
15% for 80% of the samples at the bowser. The highest percentage difference in duplicate
samplers was 53%, and the percentage difference in the duplicate sample for the
maximum benzene concentration (142.9 µg m-3) was 3.4%. The mean benzene
concentration on the field blanks was 0.15 ng. The arithmetic mean refuelling time was
73.12±25.39 seconds.

Chromosorb 106 has been reported to be a suitable adsorbent for the measurement of
benzene (Van den Hoed and Van Asselen, 1991), particularly with respect to terms of
retention volume and uptake rate (Prado et al., 1996; Kilic and Ballantine, 1998).
Previous published research has also reported that the thermal desorption of Chromosorb
106 produces large amounts of high molecular weight compounds (greater than C10) on
the Gas Chromatogram column (Cao and Hewitt, 1993a; Cao and Hewitt, 1993b). This
was frequently found in this research at a thermal desorption temperature of 220°C which
was previously reported as the optimum desorption temperature for Chromosorb 106
(Cao and Hewitt, 1993a; Cao and Hewitt, 1993b). In addition, the internal standard signal
was not detected on every spiked sample tube in repeated analyses of 10 tubes. A lower
thermal desorption temperature of 200°C was chosen, however the high molecular weight
compounds were frequently present once again, and the internal standard signal was
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frequently absent in the repeated analyses of 10 tubes spiked with the internal standard.
The frequent absence of the internal standard signal despite being it being spiked onto the
tubes prior to the analyses led to a suspicion that desorption temperatures of 220°C and
200°C were too high and the stability of the Chromosorb 106 adsorbent had been
compromised, and these tubes were not reused. A thermal desorption temperature of
180°C was chosen after consultation with previous published research that reported a
thermal desorption efficiency of 100% for benzene on Chromosorb 106 (Cao and Hewitt,
1993a). Once again, sets of 10 sample tubes were spiked with the internal standard, and
the internal standard signal was found on every sample tube, and the high molecular
weight compounds that were present at 220°C and 200°C were not as pronounced at a
thermal desorption temperature of 180°C.
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CHAPTER 6: A RISK ASSESSMENT OF NON-INDUSTRIAL
BENZENE EXPOSURE IN PERTH
6.1 INTRODUCTION
Risk assessment is a management tool that is increasingly being used by regulatory
bodies charged with the responsibility of assessing the potential health risks associated
with air pollution. Risk assessment is commonly based on mathematical modelling that
extrapolates long term industrial exposure (eg. very high concentrations) back to long
term environmental exposure (eg. low concentrations).

With respect to benzene, there have been many studies performed on industrial exposure,
however few populations have been as extensively studied as the “Pliofilm cohort”
(Paustenbach et al., 1992; Crump, 1994). This cohort were exposed to benzene during the
manufacture of rubber hydrochloride in two plants in Ohio in the United States between
1940 and 1950 (Rinsky et al., 1987; Paustenbach et al., 1992). A statistically significant
risk of leukemia was found by comparing the number of deaths in the cohort to the
expected death rate based on the United States population (Infante et al., 1977).

Within the last two decades, the knowledge gained from this cohort has formed the basis
of guidelines for both industrial and environmental benzene exposure (Paustenbach et al.,
1992). A reassessment of the “Pliofilm cohort” data discovered that there were
differences in the way previous estimations of benzene concentrations in light of the
paucity of data (Paustenbach et al., 1992). Several additional factors were used in the
reassessment, including the following:
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 accuracy of the method used to sample benzene in the workplace air
 length of time comprising the working week during the cohorts employment
 effectiveness of the respirators worn by the cohort

The accuracy of the workplace benzene sampling method used by the authors has been
called into question. Under laboratory conditions, the detector tubes were shown to
underestimate benzene concentrations by up to 60% at concentrations up to 100 ppm
(Hay, 1964). At a benzene concentration of 250 ppm, a concentration of 100 ppm was
reported from the tubes (Hay, 1964). The second method used to sample the workplace
air was a Combustible Gas Indicator (CGI), and evaluation of this method against gas
chromatography (GC) revealed that the CGI reported 50% of the concentration reported
by GC in several areas where benzene concentrations ranged from 5-125ppm (Pagnatto et
al., 1961). In addition, further investigations of the CGI revealed concerns with decreased
sensitivity as a result of equipment age and very basic field calibration techniques
(Silverman, 1956).

The passive samplers used in this research have been repeatedly evaluated in a number of
settings and in particular the performance of Chromosorb 106 as an adsorbent in these
samplers has been rigorously examined by a number of authors (Van den Hoed and Van
Asselen, 1991; Cao and Hewitt, 1993b; Brown, 1996c). In particular, one examination
exposed Chromosorb 106 and Tenax-TA to atmospheres of benzene and other organic
compounds and found that the difference between the experimental and calculated uptake
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rate of benzene on Chromosorb 106 was less than 1% compared to nearly 10% for TenaxTA (Van den Hoed and Van Asselen, 1991).

It is widely acknowledged that the majority of industrial studies of benzene exposure
have been conducted on adult males (Crump and Allen, 1984; Paustenbach et al., 1992;
Crump, 1994), and while they are a sub-population, their exposure is not representative of
the general population

(Duarte- Davidson et al., 2001). In addition, models-based

assessments are hampered by the uncertainty of the mechanism of benzene
carcinogenesis (Travis et al., 1990; Smith, 1996), and therefore such approaches using
extrapolation from industrial exposure to exposure in the general public are potentially
only estimates at best.

The results of this research showed that commuting in a private motor vehicle (β=0.281,
p<0.0001) and refuelling (β=0.194, p=0.033) are the most significant contributors to nonindustrial personal exposure. The contribution of commuting in a private vehicle to 24hour mean non industrial benzene exposure was 37% in winter and 42% in summer, and
the contribution of refuelling was 75% in winter and 85% in summer in the 24-hour
periods during which refuelling was performed (Chapter 5). The contribution of
commuting in this research was more significant than reported in previously published
research has been previously reported as 5-20% (Wallace, 1987a, Carrer et al., 1997;
Schifter et al., 2002). Therefore, only these two activities were included in this risk
assessment.
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6.2 METHODOLOGY FOR CANCER RISK ASSESSMENT FROM NONINDUSTRIAL BENZENE EXPOSURE IN PERTH

The method used to assess the risk posed by commuting in a private car and refuelling
with low benzene fuel is the World Health Organisation average relative risk method
(WHO, 2000). This method is represented by:

P (RR - 1)
UR = 0
x
where: P0 = background lifetime risk (usually taken from age/cause specific death or
incidence rates)
RR= relative risk (ratio between observed and expected number of cancer cases in
the exposed population), also expressed as standard mortality ratio
x= lifetime average exposure (standardised lifetime exposure for the study
population on a lifetime continuous exposure basis). X represents a conversion from
occupational 8 hour, 240 day exposure over a number of working years and can be
calculated as 8 hr TWA x 8/24x240/ 365 x (exposure duration)/life expectancy (70
years).

The unit risk model used in this research is based on a USEPA assessment document
prepared for acrylonitrile, which employed a linearised multistage model of SpragueDawley Rat and human occupational exposure (USEPA, 1983). The exposure statistics
upon which the model used in the USEPA document is based were extensively reviewed
prior to their application (USEPA, 1983). The model assumes a breathing rate of 20m3 of
air per day and a body weight of 70 kg (USEPA, 1983).
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According to the latest Australian statistics, 44 people died per year in Western Australia
from 1996-2000 from acute myeloid leukemia (AIHW and AACR, 2003). In the year
2000, the total population of Western Australia was 1,883,860 (Australian Bureau of
Statistics, 2000b). Of this, 1,285,198 were aged 15-64 years (Australian Bureau of
Statistics, 2000b). These values form the basis of the background lifetime risk in the
above equation.

The relative risk is taken from a cohort study of 1345 Dupont chemical company
employees, and is a ratio of the number of cancer cases observed versus the number
expected (O’Berg, 1980). The benzene concentrations used in this risk assessment will be
the arithmetic mean increase in personal benzene exposure from one hour commuting in a
private motor vehicle (0.74 µg m-3) and the arithmetic mean increase in exposure from
reported refuelling (1.50 µg m-3) respectively.
6.3 CANCER RISK ASSESSMENT FROM NON-INDUSTRIAL BENZENE
EXPOSURE IN PERTH

The cancer risk assessment from non-industrial benzene exposure in Perth is a risk
assessment of commuting and refuelling, as these two activities were identified as
significant contributors to non-industrial benzene exposure in Perth.

The excess lifetime risk of one hour per day spent commuting in a private motor vehicle
is:
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P (RR - 1)
UR = 0
x
44/1,285,198
= (0.74 x (8/24) x (240/365) x (9/60))
=1.50 x 10-3
The excess lifetime risk of refuelling once per week with low benzene fuel is:

P (RR - 1)
UR = 0
x
= 44/1,285,198
= (1.5 x (8/24) x (240/365) x (9/60))
=7.41 x 10-5

The results of this risk assessment highlight the need to address the risk from specific
sources, rather than assess the risk posed by ambient concentrations. In the United States,
a risk assessment of 1990 hazard air pollutant concentrations reported a lifetime health
risk of 1x 10-4 (which represents 1 per 10 000 population) for those concentrations
(Woodruff et al., 2000). There were two assumptions used in the study that need to be
discussed in light of a risk assessment of benzene. The first assumption was that outdoor
concentrations of hazardous air pollutants were equal to typical personal exposure
concentrations (Woodruff et al., 2000). This research reported far greater risks from
commuting and refuelling in Perth, demonstrating the need to challenge the assumption
that personal exposure concentrations can equal to outdoor concentrations as posed by the
latter authors. The second assumption used by the latter authors was that individuals
spend a significant amount of time indoors at home (Woodruff et al., 2000). Although the
large amount of time spent by individuals indoors at home has been corroborated in this
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and other research (Echols et al., 1999; Freeman et al., 1999), large amounts of time are
also spent commuting on average, and during commuting, individuals can be exposed to
far higher benzene concentrations than indoors at home, particularly during peak traffic
periods (Jo and Choi, 1996; Duffy and Nelson, 1997). The lifetime risk posed by Volatile
Organic Compounds at home, work and in transit in Hong Kong was calculated as part of
a risk assessment of indoor microenvironments (Guo et al., 2004). The highest risk was
attributed to the home (4.03 x 10-4 or 4.03 per 10 000 population), and this was higher
than that for housewives commuting by bus (1.54 x 10-5 or 1.54 per 100 000 population)
and train (1.51 x10-5 or 1.51 per 100 000 population (Guo et al., 2004). The risks of
refuelling and commuting reported in this research are far higher than indoors and
commuting in Hong Kong. Although commuting by private vehicle was not investigated
in Hong Kong, it is clear that further research is needed to mitigate the risks posed by
refuelling and commuting in Perth. The values obtained from the statistical analysis of
the mean increase in personal benzene exposure from one hour commuting in a private
motor vehicle (0.74 µg m-3) from reported refuelling (1.50 µg m-3) could be validated in
more extensive follow-up research. In the case of refuelling, the average refuelling times
reported in selected studies were highly variable (Vainiotalo et al., 1999; Egeghy et al.,
2000), and although this research quantified the mean refuelling time in Perth, the sample
size was small, and to facilitate statistical robustness, a more in-depth study involving
more individuals refuelling is recommended. That being said, however, the amount of
time taken to perform these activities is a small fraction of a 24-hour day, and this
research has shown that a minimum of 24-hours of sampling time is required using
passive samplers to obtain a sample above the LOD. Therefore, while this research
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quantified the lifetime excess risk attributable to one hour of commuting, it was only
possible to calculate the risk attributable to refuelling once per week, which was the
average frequency reported by the participants in the analysis of non-industrial personal
benzene exposure component of this research, rather than during a more finely resolved
time period (minutes).
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CHAPTER SEVEN DISCUSSION
7.1 INTRODUCTION
This chapter discusses the results presented in this thesis in relation to the research
question; whether commuting in a private motor vehicle, and refuelling with low benzene
fuel, are significant contributors to personal benzene exposure in a Mediterranean
climate, or whether lifestyle and climate interact, especially in a warm and windy city,
and the brevity of time spent refuelling, to make factors including the use of cleaning
products, paints and construction materials relatively minor contributors to personal
benzene exposure.

7.2 INCREASE IN NON-INDUSTRIAL PERSONAL BENZENE EXPOSURE
FROM COMMUTING AND REFUELLING IN A MEDITERRANEAN CLIMATE

The results of this research quantify the increase in 24-hour non-industrial personal
benzene exposure attributable to commuting in a private motor vehicle (0.74µg m-3,
β=0.729 µg m-3, p<0.0001) and refuelling with low benzene fuel (1.50µg m-3, β=1.49µg
m-3, p<0.0001) in a Mediterranean climate for the first time. Previous published research
has investigated non-industrial personal benzene exposure during commuting in private
motor vehicles, public transport and other modes, however these studies have
characterised commuting as a single activity or source and focused on a number of
factors which have been reported to influence exposure inside the vehicle cabin during
commuting, including fuel type, the route and duration, use of ventilation, whether the
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vehicle is fitted with a catalytic converters and the vehicle condition (Weisel et al., 1992;
Lawryk and Weisel, 1996). The results of this research contribute new knowledge by
quantifying the increase in non-industrial personal benzene exposure as a result of
commuting for one hour over a 24-hour period in a Mediterranean climate, and show the
relative importance of non-industrial exposure during commuting compared to other
microenvironments where people typically spend their time over a 24-hour period,
including the home, work and other indoor and outdoor microenvironments.

The results obtained from this research and previous time activity studies have reported
that commuting (in all modes combined) accounts for less than 10% of an individual’s
time on average (Wallace, 1987a; Klepeis et al., 2001). In terms of a typical 24-hour
period, the largest percentage of time on average is reported to be spent indoors at home,
accounting for approximately 66% (Schwab et al., 1990; Freeman et al., 1999). Typical
activities indoors at home which may increase the potential for benzene exposure include
renovations (eg. painting, using solvents, cutting particle board), replacing floorcoverings
or using a woodstove or woodheater (Tichenor, 1987; Kirchner et al., 1993; USEPA,
1993). Many studies have shown that these activities emit high benzene concentrations
(Tichenor, 1987; Kirchner et al., 1993; USEPA, 1993) and therefore over a 24-hour
period personal benzene exposure may be increased by these activities especially if the
windows are closed and there is minimal air exchange with fresh air outside the home.
Despite these activities, however, the amount of time spent indoors at home is rarely
identified as a significant source of non-industrial benzene exposure (p<0.05) (Leung and
Harrison, 1998).
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The results of this research also show that commuting in a private motor vehicle and
refuelling with low benzene fuel are significant contributors to total 24-hour nonindustrial benzene exposure in a Mediterranean climate (β=0.281, p<0.001 and β=0.194,
p=0.03 for commuting and refuelling respectively). They are higher (as a percentage of
the mean 24-hour non-industrial personal benzene exposure) than that previously
reported in places where unleaded petrol has a benzene content similar to that of Perth,
which is currently 1% v/v (Commonwealth of Australia, 2001). The contribution of
commuting in a private motor vehicle in Perth was 42% in summer, 37% in winter
respectively.

The results of this research also show that private motor vehicles make an important
contribution to the lifestyle of the general public of Perth, In both summer and winter in
Perth, more than 80% of the total commuting time was spent in private motor vehicles.
This represents a higher percentage of total travel time spent in private motor vehicles
than that reported in other large population studies in North America and Europe, where
commuters spend a larger percentage of their total commuting time in public transport,
cycling and walking than in Perth (Jantunen et al., 1998; Echols et al., 1999; Klepeis et
al., 2001). The dominance of private motor vehicle transport found in this research has a
number of implications for non-industrial personal benzene exposure, particularly during
peak traffic periods when emissions are higher, the distance between vehicles is small,
dispersion is limited and exhaust emissions from nearby vehicles enter the breathing zone
of the driver and passengers (Weisel et al., 1992).
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The statistical significance of the increase in non-industrial benzene exposure as a result
of commuting in a private motor vehicle and refuelling with low benzene fuel shows the
importance of these two activities in a Mediterranean climate relative to other factors
including the use of cleaning products, paints and construction materials around the home
and exposure to tobacco smoke at home or in other indoor and outdoor locations. These
activities have previously been reported to be more significant contributors to nonindustrial benzene exposure (Wallace, 1987a; Wallace, 1987b; Jantunen et al., 1999) than
was found in this research. In particular, the frequency of exposure to benzene in tobacco
smoke is higher than reported in this research, however some large population based
studies have recruited active smokers as participants, including the Air Pollution
Exposure Distribution of Adult Urban Populations in Europe (EXPOLIS) and Total
Exposure Assessment Methodology (TEAM) studies (Wallace, 1987a; Wallace, 1987b;
Jantunen et al., 1999). The percentage of smoking participants in the Air Pollution
Exposure Distribution of Adult Urban Populations in Europe (EXPOLIS) ranged from
16% in Athens to 36% in Milan (Jantunen et al., 1999).

Unlike these previous studies, active smokers were excluded from participation in this
research because they receive nearly all of their benzene exposure from smoking, and
their exposure is much higher on average than non-smokers (Wallace, 1987a; Wallace et
al., 1987b). The exclusion of smokers in this research facilitated the elucidation of subtle
relationships between non-industrial benzene exposure, lifestyle and climate that would
have been masked by the variability in active smokers’ benzene exposure from smoking
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as a single source. The increases in non-industrial personal benzene exposure from
commuting in a private motor vehicle and refuelling with low benzene fuel over 24 hours
found in this research (0.74 µg m-3 and 1.50 µg m-3 respectively) are both approximately
one order of magnitude lower than published data from the TEAM studies which showed
that the mean breath benzene concentration of smokers was up to 16 µg m-3, which was
significantly higher (p<0.05) than for non-smokers, whose mean breath benzene
concentrations was 2.5 µg m-3 (Wallace and Pellizzari 1986). Therefore, the inclusion of
smokers in this research may have made the elucidation of the increases from these two
activities difficult.

The results of this research challenge the argument that refuelling makes a small
contribution to 24-hour non-industrial personal benzene exposure due to its episodic
nature (Laitenen et al., 1994; Freeman et al., 1999). Previous published research has
reported very high benzene concentrations during customer refuelling at petrol stations
and high concentrations in the vicinity of the petrol station boundary, however these
studies have examined personal benzene exposure during refuelling as a single activity or
source (CONCAWE, 1994; CONCAWE, 1996) rather than one of many activities over a
24-hour period. Refuelling represents the highest non-industrial exposure to benzene of
any activity for non-smokers, with concentrations of up to 3 orders of magnitude higher
than typical ambient concentrations being monitored (Lindstrom and Pleil, 1996; Egeghy
et al., 2000). In this research, refuelling was reported in the participant’s time/activity
diaries in 17% of the weekday and 11% of the weekend 24-hour periods in summer, and
23% of the weekday and 15% of the 24-hour periods in winter. In addition, the arithmetic
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mean refuelling time in this research was 73.12 ±25.39 seconds, which was comparable
to the mean refuelling time reported in a study in Finland (Vainiotalo et al., 1999)
Sweden and North America (Coker et al., 1991; Guldberg, 1992). In this research,
refuelling time did not include the time paying for the fuel, or attending to the vehicle
(eg. changing oil, washing the windscreen) which other authors have speculated could
have been included in reported refuelling times up to 600 seconds and yet do not
contribute to non-industrial exposure during refuelling when petrol vapour comes into
contact with the breathing zone of customers (Egeghy et al., 2000). By timing the time
taken to refuel only, and not these ancillary activities, this research has accurately
determined the refuelling time in Perth.

On the basis of the amount of time spent refuelling compared to a 24-hour day, it is
arguably small compared to the amount of time spent indoors at home. However, taking
into account the time/activity diary information and personal benzene exposure data from
this research, the contribution of refuelling over a 24-hour period was 75% in winter, and
85% in summer in the 24-hour periods it was performed. When the statistical significance
of refuelling in both seasons is considered (p=0.03) in combination with the large
contribution made in both seasons, the results of this research show that it is important
not to discount the significance of refuelling in a Mediterranean climate when
investigating its significance or contribution on the basis of its episodic nature or brevity.

A study of personal exposure to benzene and other VOCs in Birmingham in the United
Kingdom using consecutive 12-hour sampling with 50 volunteers (students, office
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workers, homemakers and elderly) showed that the contribution of the home to annual
personal benzene exposure for office workers and students was 22% and 17%
respectively, on the basis of time/activity diary and microenvironmental monitoring data
(Leung and Harrison, 1998). The contribution of the home for the elderly and
homemakers was 37% and 45% (Leung and Harrison, 1998). The authors admitted that
benzene concentrations in the participant’s homes were relatively low, and therefore the
larger contribution made by the home for the elderly and homemakers was potentially
influenced by the higher amount of time the latter two sub-groups spent indoors at home
on average over one year compared to office workers and students in this study.

The authors of the study in the United Kingdom also investigated the contributions of
refuelling and commuting (Leung and Harrison, 1998). The contribution of refuelling to
annual mean benzene exposure was 0.02% for all subgroups, although the authors
reported that the benzene concentrations during refuelling were higher than any of the
other selected microenvironments which included roadsides, vehicle tunnels, homes,
underground trains and offices (Leung and Harrison, 1998). They concluded that despite
the high concentrations measured during refuelling, it made a small contribution on the
basis of the frequency and brevity of refuelling as an activity (Leung and Harrison, 1998).

In the United Kingdom study, the contribution of commuting in a private motor vehicle to
annual mean personal benzene exposure ranged from 1% for students to 5% for office
workers (Leung and Harrison, 1998). The authors noted that some of the elderly and
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homemakers drove their vehicles during non-peak traffic and that a larger contribution
would be more likely in delivery drivers or others who spend most of their day driving.

7.3 EXCESS LIFETIME CANCER RISK OF COMMUTING AND REFUELLING
IN A MEDITERRANEAN CLIMATE

In addition to quantifying the increase in exposure attributable to these two activities, the
results of this research quantify the lifetime excess cancer risk of one hour commuting in
a private motor vehicle over 24 hours and refuelling with low benzene fuel once per week
in a Mediterranean climate for the first time. The lifetime excess cancer unit risks of these
two activities in a Mediterranean climate were 7.4x10-5 or 7.4 per 100000 population for
commuting and 15.03 x 10-4 or 15 per 10000 for refuelling. Both of these unit risks are
higher than the World Health Organisation unit risk of 6x 10-6 or 6 cases per million
population for lifetime exposure to an ambient benzene concentration of 1 µg m-3 (WHO,
2000), and they are similar to the unit risks of benzene exposure reported in a study of
selected microenvironments including homes and offices in Hong Kong (Guo et al.,
2004). The study reported that housewives had the highest lifetime excess cancer risk of
all of the study populations (4.03 x10-4) and that the lifetime cancer risk of working in an
office was 3.25 x10-5 and 3.80 x10-5 for male and female workers respectively (Guo et al.,
2004). The results of this research clearly show that the lifetime excess cancer risk of
refuelling with low benzene fuel in a Mediterranean climate is slightly higher (within the
same order of magnitude) as for housewives and two orders of magnitude higher than for
office workers in Hong Kong (Guo et al., 2004) despite the relatively small percentage of
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time spent commuting and refuelling on average compared to the amount of time spent
one average at home or in an office (Echols et al., 1999; Freeman et al., 1999; Klepeis et
al., 2001).

The lifetime excess cancer risk of commuting in a private motor vehicle in a
Mediterranean climate was one order of magnitude lower than the risk for housewives,
and was within the same order of magnitude as the excess risk for office workers in Hong
Kong (Guo et al., 2004). The excess cancer risk of commuting in a private motor vehicle
in Perth (7.4x10-5 or 7.4 per 100000) was slightly higher but within the same order of
magnitude as that reported for housewives benzene exposure in buses and mass transit
railway in Hong Kong (1.54x 10-5 or 1.54 per 10000 and 1.51x 10-5 or 1.51 per 10000).

The risk assessment in Hong Kong was based on passive sampling using canisters in
homes, offices buses, mass transit railway and other microenvironments (Guo et al.,
2004) rather than the personal exposure sampling method used in this research, and also
used a small sample size in each microenvironment. Despite the small sample size used in
the Hong Kong study, the results are comparable due to both studies using a passive
sampling technique in the breathing zone of individuals in each microenvironment. The
Hong Kong study did not investigate commuters who drove their own private vehicles,
however this may reflect lifestyle differences between Hong Kong and Perth with respect
to differences in chosen transport modes rather than a deliberate exclusion of benzene
monitoring in private motor vehicles in Hong Kong. The monitoring in the buses in Hong
Kong study was conducted along major routes in urban, suburban and rural areas (Guo et
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al., 2004) that are typical of routes used by private vehicle commuters, however there is
considerable evidence from published research in North America and Europe that has
reported higher mean in-cabin benzene concentrations in private motor vehicles than in
public transport or other transport modes (van Wijnen et al., 1995; Jo and Choi, 1996).
The difference is larger if the private motor vehicle route is through an urban area, where
vehicle speeds are generally lower than in suburban areas due to increased traffic density
(van Wijnen et al., 1995; Jo and Choi, 1996). The difference in personal benzene
exposure in private motor vehicles compared to other transport modes may explain the
difference in excess lifetime risk between commuting in a private motor vehicle in Perth
and bus and mass transit rail in Hong Kong. Long term climatic records of Hong Kong
show that average maximum temperatures in summer are similar in Hong Kong (30.3°C31.5°C) (World Meteorological Organisation, 2006a) to those of Perth (28.8°C- 31.8°C)
(World Meteorological Organisation, 2004) and therefore it is likely that, relative to
differences in transport mode, the climatic differences between the cities has a smaller
influence on the difference in excess lifetime risk.

7.4 INFLUENCE OF A MEDITERRANEAN CLIMATE ON NON-INDUSTRIAL
PERSONAL BENZENE EXPOSURE

The influence of a Mediterranean climate on lifestyle and therefore non-industrial
personal benzene exposure has been previously reported in research investigating
evaporative losses from motor vehicles (McClement, 1992). Evaporative fuel emissions
increased with increases in ambient temperature in Southern California (McClement,
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1992), which experiences a similar climate to Perth (WRCC, 2006). Emissions from the
test vehicles doubled when ambient temperatures increased from 35°C- 41°C
(McClement, 1992).

Climatic records of Los Angeles between 1914-2005 report average maximum
temperatures in summer (June-August) of 25.1°C- 28.4°C (WRCC, 2006). Long term
climatic records for Perth between 1897-1992 report average maximum temperatures in
summer (November-March) of 26.2°C- 30.8°C (Commonwealth Bureau of Meteorology,
1994). Maximum temperatures of 35°C- 41°C have been reported in summer (NovemberMarch), and some reported maxima in these months have been as high as 46.2°C, which
was reported in February, 1991 (Commonwealth Bureau of Meteorology, 1994).

7.5 ANALYSIS OF NON-INDUSTRIAL PERSONAL BENZENE EXPOSURE IN
PERTH

The results of personal benzene exposure monitoring in Perth enable a number of
comparisons to be made with similar work conducted in North America and Europe,
associated with the influences of lifestyles and behaviours on non-industrial exposure to
benzene. The TEAM (Wallace, 1987a; Wallace et al., 1988) and EXPOLIS (Rotko et al.,
2000) studies were two large population based studies conducted within the last two
decades that used similar methods to those used in this research and are therefore suitable
for comparison. The TEAM, EXPOLIS and this study have a number of similarities. All
three studies used a general questionnaire to select suitable participants, seasonal
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sampling to elucidate any differences in personal exposure, and a time/activity diary in
order to determine seasonal changes in behaviour and in particular those that may
influence personal benzene exposure.

The mean personal benzene exposure of the Perth participants in winter (1.98 µg m-3)
was approximately one-third that of the weighted median winter concentrations of the
participants in the Bayonne/Elizabeth TEAM studies (5.7 µg m-3) (Hartwell et al., 1987a;
Hartwell et al., 1987b). However in summer, there was little difference between the mean
benzene exposure of the Perth participants (1.76 µg m-3) and the TEAM study
participants in Bayonne/Elizabeth (2.5 µg m-3) over 24-hour monitoring periods.
Similarly the personal exposure of the Perth participants in winter was approximately
one-seventh that of the participants in the TEAM study in Southern California (13.1 µg
m-3) (Hartwell et al., 1992).

The summer (0.3±0.13 ng) and winter (0.73 ±0.3 ng) benzene blank concentrations in this
research are more than two orders of magnitude lower than those from the New Jersey
TEAM study (97 ± 64 ng) and the California TEAM study (26 ± 18 ng) (Wallace et al.,
1988). Tenax GC was the adsorbent used in the samplers in the TEAM study, and they
were preconditioned for 20 minutes at 275°C and maximum temperature in the
desorption chamber was set at 270°C (Krost et al., 1982). The Limits of Detection in this
research (0.25 µg m-3 in summer and 0.51 µg m-3 in winter) were lower than the Limit of
Detection for the personal benzene exposure samples in the EXPOLIS study (1.28 µg m3

), however the adsorbent used in the personal samplers in the EXPOLIS study was
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Tenax TA (Edwards et al., 2005), which affords a higher thermal desorption temperature
than Chromosorb 106 (Cao and Hewitt, 2003a; Cao and Hewitt, 2003b). In the EXPOLIS
study a thermal desorption temperature of 260°C was used after conditioning at 280°C300°C for 2 hours (Jurvelin et al., 2001). In this research, the desorption temperature was
190°C which was less than the optimum desorption temperature of 220°C (Cao and
Hewitt, 2003a; Cao and Hewitt, 2003b). In contrast to Tenax TA, Chromosorb 106
requires extensive conditioning for 48 hours due to the lower maximum operating
temperature of 250°C (Cao and Hewitt, 2003a; Cao and Hewitt, 2003b). Lower detection
limits increase the measurement and analytical sensitivity, which can facilitate the
elucidation of subtle factors that may be significant contributors to non-industrial
personal benzene exposure despite their low concentrations. Prior to this research, no data
existed which characterised benzene concentrations in carparks, along the Kwinana
Freeway or at petrol stations in Perth. The lowest mean benzene concentration measured
on the northbound lane of the Kwinana Freeway was 0.39 µg m-3, and the detection limit
for the source monitoring was 0.26 µg m-3. The small difference between these
concentrations is an example of the importance of a low detection limit and the ability to
elucidate the difference between a detection limit and a valid sample concentration.
7.5.1 BENZENE IN PETROL

In the nearly two decades since the TEAM studies, the maximum benzene content of
unleaded petrol in Australia has been reduced and the installation of catalytic converters
to all new cars has been legislated in all Australian states since 1986 (AIP1998; Duffy
and Nelson, 1997). In 1986 the maximum benzene content of unleaded petrol in Australia
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was 5% v/v (Standards Australia, 1990). In 1998, the maximum was 2.6%, and currently
the benzene content of unleaded fuel is 1%v/v (Commonwealth of Australia, 2001).
Lowering the benzene content of unleaded petrol sold in Australia and the installation of
catalytic converters in private motor vehicles should reduce personal benzene exposure,
however as this research is the first to examine non-industrial benzene exposure in
Australia, further research is needed to confirm whether exposure decreases if the
benzene content of unleaded petrol decreases.
7.5.2 ROLE OF EXPOSURE TO PASSIVE SMOKING

The mean Perth benzene exposure concentration in winter was slightly more than half the
mean of the exposure of the participants from the city of Helsinki during the EXPOLIS
study (3.4 µg m-3). The mean benzene exposure in the other EXPOLIS cities was
considerably higher than in Perth, with the highest mean benzene exposure being
recorded in Athens (17.9 µg m-3) (Jantunen et al., 1999). This concentration is almost one
order of magnitude higher than that of the winter mean in Perth. As was the case in the
TEAM studies, smokers were not excluded from participation in the EXPOLIS study in
Athens, Basel, Helsinki, Milan or Prague (Rotko et al., 2000). Long term climatic records
for these cities show that they are cooler year round than Perth on average, with the
difference in mean summer maxima ranging by approximately 5°C (Milan) (World
Meteorological

Organisation,

2003b)-

10°C

(Prague

and

Helsinki)

(World

Meteorological Organisation, 2003a; World Meteorological Organisation, 2006b) and
therefore the influence of climatic differences will be negligible at best. The mean
maximum summer temperature in Athens is very similar to Perth, Western Australia
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(World Meteorological Organisation, 2004) and therefore factors other than climate are
likely to be influencing the differences in benzene concentrations. Passive smoking at
home was reported by participants in all EXPOLIS study cities, with the frequency
ranging between 27% in Helsinki and 65% in Milan (Jantunen et al., 1999). In this
research, passive smoking at home was reported in 18%-43% of the 24-hour periods that
participants wore the personal samplers, and it was more commonly reported on
weekends than weekdays in both seasons. Personal exposure to passive smoking at work
was also reported by participants in the EXPOLIS cities, with frequencies of 9%
(Helsinki) - 44% (Milan) (Jantunen et al., 1999). In contrast, personal exposure to
benzene from passive smoking at work was not reported by the participants in Perth. This
may explain the some of the difference in personal benzene exposure concentrations
between Perth and Athens, Basel, Helsinki, Milan and Prague.

7.6 FACTORS INFLUENCING THE CONTRIBUTIONS OF COMMUTING AND
REFUELLING TO NON-INDUSTRIAL BENZENE EXPOSURE IN PERTH

During commuting there are a number of factors both inside and outside the vehicle that
contribute to personal exposure to benzene (Jo and Choi, 1996; Duffy and Nelson, 1997).
The vehicle related factors that contribute to personal benzene exposure during
commuting include ventilation, fuel type, whether the vehicle is fitted with a catalytic
converter and the condition of the vehicle (Lawryk et al., 1995; Lawryk and Weisel,
1996). Higher non-industrial personal benzene exposure has been reported in vehicles
without catalytic converters than in vehicles fitted with catalytic converters, however the
underlying assumption of many studies examining exposure during commuting is that the
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vehicles are mechanically sound. Previous research has reported that non-industrial
personal benzene exposure in vehicles with compromised fuel distribution, emission
control or exhaust systems is higher than those in vehicles that are mechanically sound
(Lawryk et al., 1995; Lawryk and Weisel, 1996) and these systems on non-industrial
personal benzene exposure may be more influential on non-industrial benzene exposure
than fuel type or ventilation (Lawryk and Weisel, 1996, Kuo et al., 2000). Personal
exposure to benzene while commuting in a private motor vehicle is generally far higher
than commuting by public transport or other commuting modes (Dor et al., 1995), and
exposure is heightened during peak periods when air turbulence and dispersion are
limited, resulting in increasing source strength (Weisel et al, 1992).

Other commuting modes (eg. buses) may also be subject to limited dispersion if they are
in the same lanes as private car during peak traffic flows, however the occupants of the
private car will be subject to higher emissions from nearby traffic than those commuters
in the bus as a result of the lower body height of the car relative to that of the bus; and the
similarity between the heights of the fresh air vents of the car and the exhaust pipes of
other vehicles in the vicinity (Chan et al., 1999). As a result of this similarity, exhaust
emissions from nearby vehicles in peak traffic flows can easily enter the cabin of the
private car (Chan et al., 1999).

Non-industrial personal benzene exposure during refuelling is influenced by vehicle
related factors including the types of fuel at the bowser

(unleaded petrol, diesel,

Liquified Petroleum Gas) and the number and condition of vehicles that are refuelling
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simultaneously (Egeghy, 2000). Non-industrial personal benzene exposure is lower
during refuelling with diesel than with unleaded petrol due to the lower benzene content
of diesel fuel than unleaded petrol (IARC, 1989). Meteorological factors that influence
non-industrial benzene exposure during refuelling include wind speed and direction and
ambient temperature (Lindstrom, 1996; Egeghy, 2000). Previous published research has
shown that benzene concentrations at petrol stations are higher downwind (in the
prevailing wind direction) from the monitoring site (eg. bowser or forecourt) than
upwind, and are lower at the boundary of the petrol station than at the bowser
(CONCAWE, 1994; CONCAWE, 1996). The ambient temperature can influence nonindustrial personal exposure; previous published research has reported that customers
tend to lean over the fuel dispensing nozzle in colder weather, and therefore have their
heads directly over the fuel vapour from the vehicle petrol tank (Tironi, 1986).

7.7 INFLUENCE OF CLIMATE ON COMMUTING IN A PRIVATE MOTOR
VEHICLE IN A MEDITERRANEAN CLIMATE

It is arguable that the warmer mean temperatures in the Mediterranean climate of Perth,
compared to those from cooler North American and European cities influences the extent
to which ventilation is used in private motor vehicles in Perth, and this influence is likely
to be more pronounced in summer. Previous published research examining the influence
of ventilation conditions reports that the use of air conditioning in a private motor vehicle
can increase the in-cabin vehicle pollutant concentration due to reduced air exchange
between the air outside the vehicle and the air inside the vehicle cabin (Chan et al., 1999;
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Chan and Chung, 2003). When the air conditioning is on and the windows are closed, air
is recirculating within the cabin and there is limited exchange with outside air through the
vents. When the windows are open, there is generally far greater air exchange between
the air outside the vehicle and the air inside the vehicle cabin, and therefore high in-cabin
pollutant concentrations may be more easily dispersed (Chan et al., 1999; Chan and
Chung, 2003). The higher mean ambient temperatures in Perth compared to cooler North
American and European cities will increase the reliance on, and influence the choice of,
ventilation to increase commuter comfort during commuting journeys. In winter in Perth,
when private motor vehicle windows and air intake vents may be open during
commuting, it is arguable that high benzene concentrations in the cabin during peak
traffic periods may be dispersed as a result of sufficient air exchange. The reduction in
benzene concentrations in the cabin during the commuting journey in Perth may be more
substantial than that of a similar commuting journey in a private motor vehicle in winter
in Europe, where car windows are less likely to be open as a result of lower mean
ambient temperatures. In summer in Perth, the private motor vehicle windows are likely
to be closed, the air conditioning will be on, and therefore the only air exchange will
occur through the vehicle air vents that are at a similar height to the exhausts of nearby
vehicles. On the basis of the increase in 24-hour non-industrial personal exposure from
commuting in a private motor vehicle and the mean benzene concentrations found on the
Kwinana Freeway, the warmer weather in summer in Perth is likely to influence a higher
percentage contribution from commuting in Perth relative to cooler cities in North
America and Europe.
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7.8 IMPLICATIONS OF REFUELLING FOR NON-INDUSTRIAL PERSONAL
BENZENE EXPOSURE IN A MEDITERRANEAN CLIMATE
This research has discussed the high concentrations that have been reported during
refuelling and the contribution of refuelling to non-industrial personal benzene exposure.
Previous research has reported that Stage 2 vapour recovery systems can reduce the
benzene concentrations to which customers can be exposed during refuelling, and that
reductions of up to 99% can be achieved if the system is operating correctly
(CONCAWE, 1988). An on-board carbon canister was reported to reduce fuel
hydrocarbon losses during refuelling by up to 97.5% on one vehicle and 99.75 on another
(CONCAWE, 1988). Currently these systems are not in place in petrol stations in Perth,
and therefore there is still potential for exposure to high benzene concentration similar to
those in previous published studies where the benzene content of unleaded fuel is 1%
(Commission of the European Communities, 2001; European Commission Directorates
General, 2000; Menkes and Fawcett, 1997).

7.9

SOURCE

MONITORING

OF

BENZENE

IN

PERTH,

WESTERN

AUSTRALIA
Source monitoring of benzene concentrations can provide important information
regarding the concentrations to which residents or those in the vicinity of the source can
be exposed, and can facilitate a comparison between the potential personal exposure of
those in the vicinity of industrial areas and major transport routes and those in typical
residential areas without these sources (CONCAWE, 1996; Derwent, 2000). In order to
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determine the benzene concentrations to which private motor vehicle commuters may be
exposed, benzene concentrations were monitored on the Northbound and Southbound
lanes of the Kwinana Freeway, in order to characterise the benzene concentrations during
the morning and evening peak traffic flows into and out of the Central Business District
(CBD) of Perth.

The mean 24-hour benzene concentration in the vicinity of the petrol bowser (38.15±47.7
µg m-3) was higher than the means reported from the forecourts of all but two of the 12
petrol stations in a pilot study of petrol stations in the United Kingdom (Uren, 1996). The
mean benzene concentrations at the forecourts of the ten stations were 9.28-35.52 µg m-3,
and the mean benzene concentrations at the other two were 49.92 µg m-3 and 61.12 µg
m-3 respectively (Uren, 1996). The sampling regime at the latter study exposed the
passive samplers for two weeks, and eight of the petrol stations had Stage 1 or Stage 2
vapour recovery systems in place to reduce the emissions during refuelling by customers
(Stage 2) or the tankers filling up the underground storage tanks (Stage 1). The benzene
concentrations at a petrol bowser reported in this research are also higher than selected
24-hour concentrations reported in a larger study conducted by a European petroleum
industry environment, health and safety organization in Germany, Belgium, Portugal,
Ireland, France, Italy, Sweden, Norway and Greece (CONCAWE, 1994). The study
monitored benzene concentrations at 12 petrol stations, two of which were reported to
have Stage 2 vapour recovery systems installed (CONCAWE, 1994). The maximum
benzene content of petrol sold at these petrol stations ranged from 1.5%-13%, which is
much higher than the maximum benzene content of unleaded petrol sold in petrol stations
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in Western Australia, which is currently 1%v/v (Commonwealth of Australia, 2001). The
24-hour mean benzene concentrations in the vicinity of the forecourt at these stations
were 7.3-91.9 µg m-3 and the highest 24-hour mean benzene concentration (91.9 µg m-3)
was reported at one of the petrol stations that did not have a Stage 2 vapour recovery
system installed. The maximum benzene content of petrol sold at that petrol station was
3%, which is triple that of Perth (Commonwealth of Australia, 2001). Of the 12 petrol
stations in the study, three sold petrol with a similar maximum benzene content to that of
Perth (1.5%-1.9%), although none had Stage 2 vapour recovery systems installed
(CONCAWE, 1994). The 24-hour mean benzene concentrations in the vicinity of the
forecourts at the petrol station forecourts were 8.5-34.5 µgm-3 (CONCAWE, 1994),
which is a smaller range in concentration that that measured in this research (0.96-142.96
µg m-3).

The results of the source monitoring of benzene at the bowser of the petrol station have a
number of implications for non-industrial personal benzene exposure in a Mediterranean
climate. The warmer average maximum temperatures in Perth relative to many cooler
European cities increases evaporative benzene losses, as already discussed, however
another factor that requires further investigation in a Mediterranean climate is the
influence of Stage 2 vapour recovery systems on the reduction of non-industrial benzene
exposure during refuelling. In addition, the increased number of private motor vehicle
kilometres travelled in Perth is likely to increase refuelling frequency in Perth relative to
other cities where other modes of transport (eg. bus, train, cycle) are more frequently
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used, which in turn, will increase the contribution of refuelling to 24-hour non-industrial
personal benzene exposure relative to that in cooler European cities.

The mean benzene concentrations from the Kwinana Freeway (2.57±3.13 µg m-3
southbound and 2.78±3.63 µg m-3 northbound) were similar to those reported from a busy
roadway in Sheffield (3 µg m-3 to 4.6 µg m-3), United Kingdom, using passive samplers
(Brown, 1999a). The mean benzene concentrations reported from vehicles idling in the
two carparks in the Central Business District of Perth (4.49±4.21 µg m-3 and 1.23±0.25
µg m-3) were of a similar order of magnitude as the Sheffield study, and may be more
representative of benzene concentrations reported during heavy vehicle traffic.

7.10 LIMITATIONS OF THE BENZENE SOURCE MONITORING

Whilst it is prudent to acknowledge the factors that have been reported to influence nonindustrial personal benzene exposure during refuelling and commuting in a private motor
vehicle, an investigation of the influence of these factors (eg. fuel type, mechanical
condition of the vehicles, whether the vehicles were fitted with catalytic converters) was
beyond the scope of the research question selected for this research.

In addition to these limitations, there were several other methodological limitations, with
respect to the measurement and analysis of the benzene samples measured at the petrol
station, along a major roadway (the Kwinana Freeway) and in two carparks. Firstly, due
to financial limitations, a total of 30 samplers were available for the source monitoring.
Benzene concentrations were measured at the bowser of a petrol station, however, two
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fuel companies were contacted and permission was sought to measure benzene
concentrations at two sites from each company, which would have increased the
statistical power of the results obtained. Permission was subsequently granted, however
access was only given to one petrol station. Due to the limited number of samplers, it was
also not possible to select a larger number of roadway sites to measure benzene, again
limiting the statistical power of the results obtained in this research.

The blank benzene concentrations on the Chromosorb 106 adsorbent in the samplers were
repeatedly high, making it difficult to discriminate between the signal of the blanks and
valid benzene samples. These issues have been previously reported, however it is usually
associated with long storage times. In this research, the samplers were stored with their
Swagelok fittings after analysis, which is the recommended storage procedure (Cao and
Hewitt, 1994). The analyses were undertaken within one week of the benzene
measurement on Chromosorb 106, and a two stage cleaning process on each sampler
(180°C for 10 minutes and 210°C for 10 minutes) was incorporated into each analysis
run. This two stage cleaning process was devised in consultation with the literature and
the CSIRO Division of Atmospheric Research, and was repeated for the source
monitoring of benzene, and reduced the blank benzene concentrations on the Chromosorb
106. Therefore, the data obtained in the source monitoring of benzene are repeatable,
Benzene data obtained prior to the introduction of the two stage cleaning process were
discarded.
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The results of this research have reported the significance of commuting in a private
motor vehicle and refuelling with low benzene fuel in a Mediterranean climate, and the
increase in 24-hour non-industrial personal benzene exposure attributable to these
activities. The results also show that climate and lifestyle interact and exert a synergistic
influence on non-industrial personal benzene exposure. In doing so, the results answer
both parts of the research question, and highlight several areas of future research in nonindustrial personal benzene exposure.
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CHAPTER 8 CONCLUSIONS
The results of this research have identified that refuelling (β = 0.194, p=0.033) and
commuting in a private vehicle (β= 0.281, p<0.0001) make a significant contribution to
non-industrial benzene exposure in summer and winter. According to the results obtained
from the generalised linear model, the contribution of these two activities in Perth is far
greater than in previously published research. The contribution of commuting in a private
vehicle to 24-hour mean non industrial benzene exposure was 37% in winter and 42% in
summer, and the contribution of refuelling was 75% in winter and 85% in summer in the
24-hour periods during which refuelling was performed.

The results of this research have identified that each hour spent commuting in a private
motor vehicle resulted in a mean increase in 24-hour personal exposure of 0.74 µg m-3
(β= 0.729 µg m-3, p< 0.0001). The mean increase in 24-hour exposure per hour of
commuting in a private motor vehicle was larger in winter (β= 0.8 µg m-3, p=0.008) than
summer (β= 0.67 µg m-3, p=0.004). Previous published research has identified
commuting as a significant contributor to non-industrial personal benzene exposure and
reported benzene exposure during commuting in private vehicles and other transport
modes (eg. public transport and during cycling/walking); however this research quantifies
the increase in non-industrial benzene exposure as a result of every hour commuting in a
private motor vehicle over a 24-hour period in a Mediterranean climate for the first time.
The results of the 1987 TEAM study in the South Bay section of California reported that
automobile exhaust was a significant contributor to non-industrial benzene exposure
based on exhaled breath concentrations (p<0.05) and that commuting in a private vehicle
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(p=0.0003) was an important contributors based on personal benzene exposure
concentrations (Wallace et al., 1988).

The results also identified the dominance of private vehicle transport in Perth as it
contributed more than 80% of total commuting time in both seasons. This is a very
important finding in terms of non-industrial benzene exposure from commuting in Perth
compared to that from selected cities in North America and Europe. Time/activity data
from personal benzene exposure studies in these locations frequently report far greater
amounts of time spent commuting in public transport and walking/cycling than in Perth,
and published exposure data in these locations indicate that exposure in these transport
modes is less than in a private motor vehicle. Therefore, it is not unreasonable to
conclude that the dominance of the private motor vehicle as the chosen transport mode in
Perth is potentially an important factor in the greater contribution made by this mode in
Perth as compared to that from selected cities in North America and Europe.

This research also reported the increase in non-industrial benzene exposure that is
attributable to refuelling. Refuelling with low benzene fuel increased 24-hour personal
exposure by 1.50 µg m-3 (1.49, p<0.0001) when refuelling was reported. Previous
research has identified refuelling as a significant contributor to non-industrial benzene
exposure and reported benzene exposure during refuelling episodes in non-Mediterranean
climates, however this research quantifies the increase in non-industrial benzene exposure
attributable to refuelling in a Mediterranean climate in each 24-hour period in which it is
performed for the first time.
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The inhalation risks from one hour spent commuting in a private motor vehicle and
refuelling with low benzene fuel in a Mediterranean climate have also been quantified for
the first time in this research. The lifetime cancer risk for one hour spent commuting in a
private motor vehicle was 1.5x 10-3, and the lifetime risk from refuelling with low
benzene fuel was 7.4x 10-5. These are important findings, not only on the basis of
facilitating a comparison with previous published research in North America and Europe;
perhaps more importantly, they highlight the high lifetime cancer risks posed by these
activities when compared to the World Health Organisation unit risk estimate of 6 cancer
cases per million population exposed to 1 µg m-3. Furthermore, the results of the risk
assessment highlight the need for appropriate environmental management to effectively
manage and mitigate the risks these activities pose to the general public.

8.1 RECOMMENDATIONS FOR FUTURE RESEARCH

The results of this research highlight a number of issues that require further research.
Firstly, the high contributions of refuelling and commuting to non-industrial benzene
exposure in Perth compared to previous studies in North America and Europe need
further investigation. The health effects of non-industrial exposure to benzene over an
individuals lifetime are still uncertain. Therefore, further research could examine these
effects.

In addition, a larger number of petrol stations, car parks and roadway locations could be
used for source monitoring to validate the reported benzene concentrations upon which
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the risk assessment was based. In terms of benzene concentrations measured at a
roadway, a larger number of sites would better elucidate and demonstrate the range of
benzene concentrations that have been previously reported under a range of traffic flows.
In addition, further research is needed to quantify typical benzene concentrations in
private motor vehicles in Perth. This research has discussed a number of vehicle related
and environmental factors that influence non-industrial personal exposure during
commuting and refuelling; further research is needed to determine the influence of these
factors on commuting in a private motor vehicle and refuelling in a Mediterranean
climate.

Unlike many cities in Europe and North America, bowsers in Perth petrol stations do not
have vapour recovery systems installed to reduce customer exposure during refuelling.
The results of this research show that the risk of non-industrial benzene exposure during
refuelling in Perth is high over an individual’s lifetime. The benzene content of unleaded
petrol in Perth is similar to that in selected cities in North America and Europe, and
therefore additional research is needed to elucidate the additional factors (eg. climatic)
that may potentially explain the high risk posed by refuelling in the Mediterranean
climate of Perth. Previous research conducted at service stations in North America and
Europe comparing benzene exposure during refuelling with and without vapour recovery
systems have reported very large reductions in exposure at those service stations where
vapour recovery systems are fitted. Currently, petrol stations in Perth do not have vapour
recovery systems fitted to reduce the potential for non-industrial benzene exposure during
customer refuelling. Given the reported exposure reduction potential of vapour recovery
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systems, further research should examine the exposure reduction potential of vapour
recovery systems in Perth, Western Australia.
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APPENDIX A

PARTICIPANT QUESTIONNAIRE

B

T

E

PEM
X

This questionnaire is part of a study funded by Environment Australia (Commonwealth Department of
Heritage and the Environment). The study is being conducted to characterise personal exposure to
benzene, toluene, ethylbenzene and xylene in Perth, Adelaide, Melbourne and Sydney.
THE INFORMATION REQUESTED IN THIS QUESTIONNAIRE WILL BE TREATED WITH
THE STRICTEST CONFIDENCE.

DIRECTIONS
1. PLEASE READ EACH QUESTION CAREFULLY
2. PLEASE TICK THE BOX THAT CORRESPONDS TO YOUR ANSWER

PARTICIPANT IDENTIFICATION NUMBER

DATE
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PART A: PERSONAL INFORMATION

O
O
C
U
O
N
Y
OFFFFFFIIIC
CEEEU
USSSEEEO
ON
NLLLY
Y
111... 



1. What is your age in years? ____________
2. What is your sex?
Male

 111

 222

222... 


no

 222

333... 


no

 222

444. 


Female

3. Does anybody in your household smoke?
yes

 111

4. Are you employed?
yes

 111

If no, go to Part B
4.1 If yes, in which industry are you employed?____________

444..1.11..
. 




4. 2 What is your job description? _______________________
___________________________________________________

444..2.22











PART B: INFORMATION RELATING TO TRANSPORT
5. During an average weekday (Monday to Friday), how long (to the nearest
quarter of an hour) would you spend using the following modes of transport?
(If you do not spend any time in these modes write 0).
hours (per day)
5.1 motor car/ ute

_____

555..1.11 





5.2 truck, van or minibus

_____

555..2.22 





5.3 motorcycle

_____

555..3.33 





5.4 bus

_____

555..4.44 





5.5 train

_____

555..5.55

5.6 tram

_____

555..6.66

5.7 ferry

_____

555..7.77

5.8 bicycle

_____






555..8.88 





5.9 walk/ run/ jog

_____

555..9.99

5.10 other (please specify)

_____

________________________

















555..1.11000
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O
O
C
E
U
E
O
N
L
Y
OFFFFFFIIIC
CE
EU
USSSE
EO
ON
NL
LY
Y

6. During an average weekend day (Saturday or Sunday), how long (to the
nearest quarter of an hour) would you spend in the following modes of
transport? (If you do not spend any time in these modes write 0).
hours per day
6.1 motor car/ ute

_____

666..1.11 





6.2 truck, van or minibus

_____

666..2.22 





6.3 motorcycle

_____

666..3.33 





6.4 bus

_____

666..4.44 





6.5 train

_____

666..5.55

6.6 tram

_____

666..6.66

6.7 ferry

_____

666..7.77

6.8 bicycle

_____






666..8.88 





6.9 walk/ run/ jog

_____

666..9.99

6.10 other (please specify)

_____

________________________

















666..1.11000





7. Do you ever park a vehicle in an underground/multistorey car park?
yes

no

 111

777 


 222

If no, go to PART C
8. If yes, how often do you park a vehicle in an underground/ multi-storey
car park?
infrequently throughout  111
the year

once per fortnight

 222

once per week

 333

3-5 times per week

 444

daily

 555

888 
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PART C: INFORMATION RELATING TO BEHAVIOURS

O
O
C
U
O
N
Y
OFFFFFFIIIC
CEEEU
USSSEEEO
ON
NLLLY
Y

9. Do you ever purchase food/ beverages (including take- away) from
drive- through outlets?
yes

no

 111

999... 


 222

If no, go to Question 11.
10. If yes, how often do you purchase food/ beverages from
drive- through outlets?
less than once per month

 111

once per month

 222

once per fortnight

 333

once per week

 444

two- three times per week

 555

daily

 666

111000...


11. Do you ever have your clothes dry cleaned?
yes

no

 111

111111... 


 222

If no, go to Question 13.
12. If yes, approximately how many items per month do you have dry cleaned?
less than 5

 111

5-10

 222

more than 10

 333

111222...


13. Do you drive a motor vehicle?
yes

 111

no

 222

111333... 


If no, go to Question 15.
14. If yes, approximately how old is the motor vehicle you drive most often?
Less than 2 years old
More than 2, but less than 5 years old
More than 5, but less than 10 years old
More than 10, but less than 20 years old
More than 20 years old

 111
 222
 333
 444
 555

111444... 


 222

111555...


15. Do you ever refuel a motor vehicle?
yes

 111

no

If no, go to Question 18.
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16. If yes, how many times per week do you refuel (on average)?

O
O
C
U
O
N
Y
OFFFFFFIIIC
CEEEU
USSSEEEO
ON
NLLLY
Y

less than once per week  111

once per week

 222

twice per week

 333

more than twice per week

 444

every day

 555

111666...


17. Which of the following does the vehicle you refuel most often use?
17.1 Petrol
17.2 diesel
17.3 LPG

111777..1.11 

111777...222 






111777..3.33 


18. Do you ever carry out mechanical repairs on a vehicle or other motorized
equipment? (eg, outboard motor, pumps, etc)
yes

no

 111

111888... 


 222

19. How often do you use any of the products listed below in and around
your home?
never/
infrequently

once per
month

once per
more than
week
once per week

every
day

19.1 glues/ adhesives  111

 222

 333

 444

 555

111999..1.11


19.2 stain remover

 111

 222

 333

 444

 555

111999..2.22


19.3 varnishes/
lacquers
19.4 paints

 111

 222

 333

 444

 555

111999..3.33


 111

 222

 333

 444

 555

111999..4.44


19.5 solvents/
 111
 222
 333
degreasers (kero, turps, white spirit, acetone, etc)

 444

 555

111999..5.55


19.6 methanol

 111

 222

 333

 444

 555

111999..6.66


19.7 oven cleaner

 111

 222

 333

 444

 555

111999..7.77


19.8 nail polish/
remover

 111

 222

 333

 444

 555

111999..8.88


19.9 insect sprays/
aerosols

 111

 222

 333

 444

 555

111999..9.99


19.10 WD-40/RP-7

 111

 222

 333

 444

 555

111999..1.11000
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PART D: INFORMATION RELATING TO YOUR HOME

O
O
C
U
O
N
Y
OFFFFFFIIIC
CEEEU
USSSEEEO
ON
NLLLY
Y

20. How far is your home from the nearest highway or arterial road?
(Please indicate approximate distance in metres.) ________ m

222000





21. Is your home located within 300m of light industry or heavy industry?
yes

 111

no

 222

222111


If yes, please describe the nearest type of industrial activity; for example,
spray painter, hospital incinerator, service station, etc _____________________
22. What is the main floor covering in each of the following rooms in your home?
carpet tiles/slate floorboards linoleum Other (specify)
/vinyl
1
2
3
22.1 bedrooms
 11
 22
 33
 444
 555 ___________
22.2 living room
 111
 222
 333
 444
 555 ___________
1
2
3
4
22.3 kitchen
 11
 22
 33
 44
 555 ___________
22.4 dining room  111
 222
 333
 444
 555 ___________

222222..1.11

222222..2.22

222222..3.33

222222..4.44


23. Does your home have an enclosed attached garage with a door
into your home?
yes

 111

no

 222

222333


24. Are you currently renovating (eg. new carpet, new kitchen) or have
you done any renovations in the last 12 months?
yes

 111

no

 222

222444..
.

25. Have you painted indoors recently (within the last 12 months)?
yes

 111

no

 222

222555... 


26. If yes, how long ago in months (please specify) ___________

222666...



27. Have you painted outdoors recently (within the last 12 months)?

222777... 


yes

 111

no

 222

28. If yes, how long ago in months (please specify) ___________

222888... 
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29. Do you use a lawnmower at home?
yes

 111

O
O
C
U
O
N
Y
OFFFFFFIIIC
CEEEU
USSSEEEO
ON
NLLLY
Y

no

222666...


 222

If no, go to Question 31.
30. If yes, which one of the following types is it?
30.1
30.2
30.3
30.4
30.5

333000..1.11

333000..2.22


2- stroke petrol
 111
4- stroke petrol
 222
electric
 333
push mower
 444
other
 555
(please specify) ___________

333000..3.33

333000...444

333000..5.55


31. Do you use a heater at home in winter ?
yes

 111

no

333111...


 222

If no, go to Question 34.
32. If yes, how many of each type of heating do you use?
32.1 unflued gas
32.2 flued gas (with a chimney)
32.3 pot belly stove
32.4 open fire
32.5 electric
32.6 oil/ column
32.7 kerosene

0

1

2

3

 111
 111
 111
 111
 111
 111
 111

 222
 222
 222
 222
 222
 222
 222

 333
 333
 333
 333
 333
 333
 333

 444
 444
 444
 444
 444
 444
 444

333222..1.11

333222..2.22 

333222..3.33


333222..4.44

333222...555 

333222..6.66 


333222..7.77 


33. In winter, for how many hours per day do you operate your main heater?
33.1 < 1 hour  111

1-2 hours  222

2 - 5 hours  333

>5 hours  444

33.2 What type of heater is it? (specify)_________________

333333..1.11 

333333..2.22 


34. In winter, do you ever notice the smell of wood smoke in your home ?
yes

 111

no

 222

333444... 


222

35. In summer, do you use an air-conditioner in your home?

O
O
C
U
O
N
Y
OFFFFFFIIIC
CEEEU
USSSEEEO
ON
NLLLY
Y

yes

333555...


no

 111

 222

If no, go to Question 37.
36. If you use an air-conditioner, when would you be likely to have it turned on?
36.1 During the day
36.2 During the night
36.3 During both day and night
36.4 Any time, if the temperature is over ___ oC (please indicate)
36.5 Other (please specify) ____________

333666..1.11...


333666...222... 









333666...333... 


333666...444... 


333666...555... 



37. How often do you burn candles in your home?
never/ infrequently

 111

once per month

 222

once per week

 333

every day

 444

333777... 


38. How often do you burn essential/ aromatherapy oils in your home?
never/infrequently

 111

once per month

 222

once per week

 333

every day

 444

333888... 


39. What type of fuel/energy do you use to operate your Hot-plate?
Gas

 111

Electric

 222

Wood

Do not know

 444

Other (specify)

 555 ___________________

 333

333999... 


40. Is a range hood (with external flue) or ventilation fan normally
used when the hot-plate is used?
yes

 111

no

444000...


 222

41. What type of fuel/energy do you use to operate your Oven?
Gas

 111

Electric

 222

Wood

Do not know

 444

Other (specify)

 555 ___________________

 333

END OF QUESTIONNAIRE- THANKYOU FOR YOUR PARTICIPATION

444111... 
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APPENDIX B

TIME/ ACTIVITY DIARY

B

T

E

PEM
X

This time/activity diary is part of a study funded by Environment Australia (Commonwealth Department
of Heritage and the Environment). The study is being conducted to characterise personal exposure to airborne benzene, toluene, ethylbenzene and xylene in Perth, Adelaide, Melbourne and Sydney.
An essential part of the study involves examining the length of time people spend in a range of different
locations whilst simultaneously monitoring personal exposure to BTEX.

DIRECTIONS
To complete the time/ activity diary, please follow these steps:

• complete the time/activity diary for each 24-hour period each time a BTEX sampler is worn.
• briefly describe the activities undertaken during the 24-hours
• specify each commuting mode used during the 24 hours (ie. car, bus, train).
• please indicate whether someone was smoking in the room (if indoors) or nearby (if outdoors) for
each location and activity during the 24 hours.

• indicate whether any of the “key activities” took place during the 24-hour monitoring period.
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EXAMPLE: Sample time/ activity diary (weekday)
Did you do any of the following “key activities” today? (Y/N)
Refuel car? N
Use home air-conditioner or heater? Y (A/C)
Go to underground carpark? Y
Go to drive-through fast food outlet or similar drive-through service (eg bottle shop)? N
Begin

End

Location

Activity

Someone smoking
nearby? Y/N

11:00 pm

7:00 am

Home – bedroom

Sleeping

N

7:00 am

7:30 am

Bathroom

Showering, dressing

N

7:30 am

8:00 am

Kitchen

Preparing breakfast, eating

N

8:00 am

8:45 am

Car – Commodore sedan, unleaded fuel

Driving to work – used air conditioner (re-

N

circulating)*
*Traffic jam in tunnel – approx 10 min
8:45 am

9:00 am

Underground Car park, elevator

Park car

N

9:00 am

12:30 pm

Office

Write reports, attend meetings

N

12:30 pm

1:00 pm

Park

Eat lunch, read paper

Y

5:30 pm

5:45 pm

Central business district

Walk to gym

Y

5:45 pm

6:45 pm

Gym

Aerobics class

N

6:45 pm

7:30 pm

Car (same car as AM)

Get car from carpark, drive home –windows down

N

7:30 pm

8:00 pm

Home – living room

Watch television, talk with partner (indoors)

N

8:00 pm

9:00 pm

Home – kitchen

Eat dinner, wash dishes

N

9:00 pm

10:00 pm

Home – living room

Listen to music, talk with partner*

N

* Spent 15 minutes applying nail polish
10:00 pm

10:15 pm

Home - bedroom

Prepare for bed, remove sampler and fill in diary.

N
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EXAMPLE: Sample time/ activity diary (weekend)
Did you do any of the following “key activities” today? (Y/N)
Refuel car? Y
Use home air-conditioner or heater? Y (A/C)
Go to underground carpark? N
Go to drive-through fast food outlet or similar drive-through service (eg bottle shop)? Y
Begin

End

Location

Activity

Someone smoking
nearby? Y/N

1:00 am

9:00 am

Home – bedroom

Sleeping

N

9:00 am

9:30 am

Home - kitchen

Preparing breakfast, eating

N

9:30 am

9:45 am

Home - bathroom

Showering, dressing

N

9:45 am

10:45 am

Home – garden

Water pot plants, mow lawn*

N

*Used 2-stroke fuel in law mower for 30 min
10:45 am

11:00 am

Car – Pajero 4WD (diesel)

Drive to supermarket, windows down

N

11:00 am

11:45 am

Shopping centre

Grocery shopping

N

11:45 am

12:15 pm

Car - Pajero

Drive home from shops via servo – refuel car (diesel) –

N

windows down
12:15 pm

4:45 pm

Home - indoors

Eat lunch, put away groceries, vacuum, do laundry, read

N

newspaper. (A/C on).
4:45 pm

5:15 pm

Home - bathroom

Shower and get ready to go out

N

5:15 pm

6:15 pm

Car (same car as AM)

Drive to friend’s house – stopped at drive-through bottle

N

shop. Did not use A/C in car, windows up
6:15 pm

10:15 pm

Friend’s house - backyard

Barbeque*, socialising.

Y

* Very smoky fire during first 15 minutes!
10:15 pm

10:30 pm

Car

Drive home.

N

10:30 pm

11:30 pm

Home

Watch television

N

11:30 pm

11:45 pm

Home - bedroom

Prepare for bed.

N

226

TIME/ ACTIVITY DIARY

•
•

please print clearly
record times spent for each location/ activity to the nearest 15 minutes for each 24 hour period

Participant Identification Number

Day 1
Day of week sample tube opened: ______________
Date sample tube opened:______/________/_____ day/month/year)

Did you do any of the following “key activities” today? (Y/N)
Refuel car?
Use home air-conditioner or heater?
Go to underground carpark?
Go to drive-through fast food outlet or similar drive-through service (eg bottle shop)?
Begin
End
Location

(over page)

Activity

Someone
smoking
nearby? Y/N

227

Begin

End

Location

Activity

Someone
smoking
nearby? Y/N

END DAY 1
Comments:

__________________________________________________________________________________________________________

________________________________________________________________________________________________________________________________________________
________________________________________________________________________________________________________________________________________________
________________________________________________________________________________________________________________________________________________

228

TIME/ ACTIVITY DIARY

•
•

please print clearly
record times spent for each location/ activity to the nearest 15 minutes for each 24 hour period

Participant Identification Number

Day 2
Day of week sample tube opened: ______________
Date sample tube opened:______/________/_____ day/month/year)

Did you do any of the following “key activities” today? (Y/N)
Refuel car?
Use home air-conditioner or heater?
Go to underground carpark?
Go to drive-through fast food outlet or similar drive-through service (eg bottle shop)?
Begin
End
Location

(over page)

Activity

Someone
smoking
nearby? Y/N

229

Begin

End

Location

Activity

Someone
smoking
nearby? Y/N

END DAY 2
Comments:

__________________________________________________________________________________________________________

________________________________________________________________________________________________________________________________________________
________________________________________________________________________________________________________________________________________________
________________________________________________________________________________________________________________________________________________

230

TIME/ ACTIVITY DIARY

•
•

please print clearly
record times spent for each location/ activity to the nearest 15 minutes for each 24 hour period

Participant Identification Number

Day 3
Day of week sample tube opened: ______________
Date sample tube opened:______/________/_____ day/month/year)

Did you do any of the following “key activities” today? (Y/N)
Refuel car?
Use home air-conditioner or heater?
Go to underground carpark?
Go to drive-through fast food outlet or similar drive-through service (eg bottle shop)?
Begin
End
Location

(over page)

Activity

Someone
smoking
nearby? Y/N

231

Begin

End

Location

Activity

Someone
smoking
nearby? Y/N

END DAY 3
Comments:

__________________________________________________________________________________________________________

________________________________________________________________________________________________________________________________________________
________________________________________________________________________________________________________________________________________________
________________________________________________________________________________________________________________________________________________

232

TIME/ ACTIVITY DIARY

•
•

please print clearly
record times spent for each location/ activity to the nearest 15 minutes for each 24 hour period

Participant Identification Number

Day 4
Day of week sample tube opened: ______________
Date sample tube opened:______/________/_____ day/month/year)

Did you do any of the following “key activities” today? (Y/N)
Refuel car?
Use home air-conditioner or heater?
Go to underground carpark?
Go to drive-through fast food outlet or similar drive-through service (eg bottle shop)?
Begin
End
Location

(over page)

Activity

Someone
smoking
nearby? Y/N

233

Begin

End

Location

Activity

Someone
smoking
nearby? Y/N

END DAY 4
Comments:

__________________________________________________________________________________________________________

________________________________________________________________________________________________________________________________________________
________________________________________________________________________________________________________________________________________________
________________________________________________________________________________________________________________________________________________

234

TIME/ ACTIVITY DIARY

•
•

please print clearly
record times spent for each location/ activity to the nearest 15 minutes for each 24 hour period

Participant Identification Number

Day 5
Day of week sample tube opened: ______________
Date sample tube opened:______/________/_____ day/month/year)

Did you do any of the following “key activities” today? (Y/N)
Refuel car?
Use home air-conditioner or heater?
Go to underground carpark?
Go to drive-through fast food outlet or similar drive-through service (eg bottle shop)?
Begin
End
Location

(over page)

Activity

Someone
smoking
nearby? Y/N

235

Begin

End

Location

Activity

Someone
smoking
nearby? Y/N

END DAY 5
Comments:

__________________________________________________________________________________________________________

________________________________________________________________________________________________________________________________________________
________________________________________________________________________________________________________________________________________________
_______________________________________________________________________________________________________________________________________________
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