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Abstract
Fours sets of PM10 samples were collected in three sites in SEQ from December 2002
to August 2004. Three of these sets of samples were collected by QLD EPA as a part
of their regular air monitoring program at Woolloongabba, Rocklea and Eagle Farm.
Half of the samples were used in this study for the analysis of water-soluble ions,
which are Na+, K+, Mg2+, Ca2+, NH4+, Cl-, NO3-, SO42-, F-, Br-, NO2-, PO4-3 and the
other half was retained by QLD EPA. The fourth set of samples was collected at
Rocklea, specifically for this study. A quarter of the samples obtained from this set
of samples were used to analyse water-soluble ions; a quarter of the sample was used
to analyse Pb, Cu, Al, Fe, Mn and Zn; and the rests were used to analyse US EPA 16
priority PAHs.

The water-soluble ions were extracted ultrasonically with water and the major watersoluble anions as well as NH4+ were analysed using IC. Na+, K+, Mg2+, Ca2+ Pb, Cu,
Al, Fe, Mn and Zn were analysed using ICP-AES while PAHs were extracted by
acetonitrile and analysed using HPLC.

Of the analysed water-soluble ions, Cl-, NO3-, SO42-, Na+, K+, Mg2+ and Ca2+ were high
in concentration and determined in all the samples. F-, Br-, NO2-, PO4-3 and NH4+ ions
were lower in concentration and determined only in some samples. Na+ and Cl- were
high in all samples indicating the importance of a marine source. Principal Component
Analysis (PCA) was used to examine the temporal variations of the water-soluble ions at
the three sites. The results indicated that there was no major difference between the
three sites. However, comparing the average concentrations of ions and Cl-/Na+ it was
concluded that Woolloongabba had more marine influence than the other sites.

Al, Fe and Zn were detected in all samples. Al and Fe were high in all samples
indicating the significance of a source of crustal matter. Cu, Mn and Pb were in low
concentrations and were determined only in some samples. The lower Pb
concentrations observed in the study than in previous studies indicate that the
phasing-out of leaded petrol had an appreciable impact on Pb levels in SEQ.
© 2008 A.U.Wathsala Kumar
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Thirteen of the 16 US EPA priority PAHs were found at detectable levels in the
samples. BGP reported the highest average concentration, followed by IND and BBF.
Lower molecular weight PAHs such as NAP, ACE and ACY were not detected in the
samples. The PAH observed in this study were lower than in previous studies done in
Brisbane. However it is important to note that this is the first study in Brisbane that
examined PAHs and water-soluble ions in PM10 aerosols simultaneously.

Seasonal variations were observed in all water-soluble ions as well as in Al, Fe and
all PAHs levels. Water-soluble ions were higher in the warmer months and lower in
colder months. Al and Fe were higher in the colder months and lower in warmer
months. PAHs were higher in winter and lower in summer but the other metal ions
did not show any significant seasonal variations.

A combination of PCA, diagnostic ratios and correlation coefficients was used to
identify the sources of the water-soluble ions, metal ions and PAHs. The major source of
water- soluble ions was found to be marine aerosols and it was concluded Cl-, Na+ and
Mg2+ ions mainly had marine origins. K+, SO42-, and NH4+ appeared to be from both
marine and anthropogenic sources; K+ was most likely to be from wood smoke. Ca2+
originated from both marine and crustal matter. NO3- was from secondary aerosols.

PCA and diagnostic ratios were also used to identify sources of metal ions. The major
source of the metal ions analysed is crustal matter. Al, Cu, Fe and Mn were
predominantly from crustal matter and Zn was from industrial emissions. On the other
hand, Pb was found in low concentrations in keeping with the phasing out unleaded
petrol in Queensland.

A combination of PCA and diagnostic ratios was further used to identify the sources of
PAHs. These tools suggested that the major source of PAHs was emissions from motor
vehicles, particularly diesel powered motor vehicles.

The diagnostic ratios also

indicated that all of the PAHs except ANT were from fuel emissions. ANT was
probably from wood combustion.
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This study reports for the first time, simultaneous data on the water-soluble, metal ion
and PAH levels of PM10 aerosols in Brisbane, and provides information on the most
likely sources of these chemical species. Such information can be used alongside those
that already exist to formulate PM10 pollution reduction strategies for SEQ in order to
protect the community from the adverse effects of PM pollution.
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This chapter outlines the background of particulate matter (PM) (Section 1.1); by
identifying its sources, sizes and problems. The background information of
particulate pollution in Brisbane (Section 1.2) is detailed. Then, the aims and
overarching objectives of the study are discussed (Section 1.3). Finally, an outline of
the remaining chapters of the thesis is given (Section 1.4).

1.1

BACKGROUND

PM or aerosols are defined as very small diameter solids or liquids that remain
suspended in the atmosphere (Cooper, 2002). Airborne PM is made up of dust, smoke,
marine aerosols and products of atmospheric chemical reactions. This PM impacts on
various global issues such as climate changes (Elminir, 2005), visibility (McDonald and
Shepherd 2004) and human health (Dockery and Pope, 1994).

1.1.1

Sources of Particulate Matter

Sources of PM are both natural and anthropological. In terms of origin, PM can be
identified as two types, primary and secondary. Aerosols that are emitted directly in to
the atmosphere are defined as primary PM. Some examples of natural sources for
primary aerosols are ocean spray, forest fires, windstorms, pollen and volcanic eruptions
while some anthropogenic sources are motor vehicle emissions, and the combustion and
non-combustion processes of industry and mining.

Secondary PM is formed by a chemical reaction in the atmosphere with gases, water
vapour and other PM. The sources of secondary aerosols are mainly fuel combustion
products from motor vehicles and industry. Gases from these burning fuels react with
sunlight and water vapour to form secondary aerosols.
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Size of Particulate Matter

PM can range in size from 0.001 µm to greater than 100µm in diameter. Generally,
aerosols are classified according to their aerodynamic diameter. Coarse particles are in
the fraction between 10 µm and 2.5 µm in diameter; fine particles are between 2.5 µm
and 0.1 µm in diameter and ultra-fine particles are less than 0.1µm.

PM with aerodynamic diameters less than 10µm are known as PM10 and PM with
aerodynamic diameters less than 2.5µm are known as PM2.5. Total Suspended
Particulate (TSP) includes all PM fractions.

Inhalable PM has an aerodynamic diameter of ≤ 10 µm (Pope, 2000a). These fine PM
can penetrate thoracic airways and enter the lungs, where they may reduce respiratory
function. Hence, reduction of PM10 and finer aerosols in the environment is important.

1.1.3

Problems Caused by Particulate Matter

A variety of human health and environmental problems have been related to PM
pollution. Many epidemiological studies have found that particulate pollution is directly
related to serious human health problems such as respiratory tract infection and
cardiovascular diseases (Dockery and Pope, 1994; Schwartz and Dockery, 1992).
Furthermore, visibility problems (McDonald et al., 2004; Tsai et al., 2005) and climate
change (Latha and Badarinath, 2005; Smith et al., 1998) have also been related to the
increased PM levels in the atmosphere. Therefore, it is important to measure and
monitor the PM in the atmosphere.

Effects on Human Health by PM

The adverse effect of PM on human health has been of concern for decades. PM10 and
finer particulates have been identified as more important because these particles not only
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deposit in the extrathoracic airways, but also can penetrate into the lower airways and
alveolar regions where they may be deposited for a long period of time causing serious
health problems (Brauer et al., 2001; Lippmann et al., 1980).

Several epidemiological studies (Schwartz and Dockery, 1992; Dockery and Pope,
1994) have established a link between mortality and PM pollution. In 1994, Dockery
and Pope conducted a review to compare a number of studies dealing with the acute
effects of particulate pollution and showed evidence of increased mortality associated
with PM pollution. Their study indicated that:
…total mortality is observed to increase by approximately 1% per 10 µ/m3
increase in PMI0. Somewhat stronger associations are observed for
cardiovascular mortality (approximately 1.4% per 10 µ/m3 PM10), and
considerably stronger associations are observed for respiratory mortality
(approximately 3.4% per 10 µ/m3 PM10). (Dockery and Pope, 1994, p116)

PM pollution is also linked to asthma and chronic obstructive pulmonary disease
(COPD) (Anderson et al., 1992; Dockery et al., 1993). It has been estimated that a 3%
increase in asthmatic attacks can be associated with a 10 µ/m3 increase in PM10
(Dockery and Pope, 1994).

Also, there has been evidence that an increase in PM pollution can be linked to an
increase of hospitalisation of people with pulmonary and cardiovascular diseases
(Burnett, 1995). Furthermore, Setan et al. (1995) found that ultra-fine particles may
provoke alveolar inflammation, resulting in a release of cytokines that cause an
increase in blood coagulability and leading to an observed increase in cardiovascular
deaths.
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Effects on the Environment by PM
A reduction in visibility is one of the primary indicators of poor air quality. The
absorption and scattering of light by particulates and gases in the atmosphere is directly
related to visibility. Hence, air pollution has been directly related to visibility
degradation. There have been many studies (e.g. Tsai et al., 2005; McDonald et al.,
2004; Tsai et al,. 2003) that have investigated the link between particle pollution and
visibility. Tsai et al. (2003) found that much of the visibility variation was based on the
changes in the PM10, suggesting that an increase in PM10 was the major contributor to
visibility deterioration. Tsai et al. (2005) documented that an increase in the PM10
concentrations implied lower visibility ranges.

PM can effect climate changes. This results from direct radiation forcing through the
scattering light in clear air, and indirect radiation forcing by increasing the reflectivity in
the clouds. Schwartz’s study in 1996 looked at how direct and indirect forcing by PM
affected the climate change through modifying the earths energy balance. He stated that:
…at the high end of the uncertainty range, the aerosol forcing is comparable to
the anthropogenic greenhouse forcing and substantially greater in industrialized
regions. Even at the low end of the range, the aerosol forcing cannot be
neglected in considerations of influences on climate over the industrial period.
(Schwartz, 1996, p359)
PM pollution is also related to acid rain. An increase in the NO3- and SO42- ions in
aerosols have been related to acid rain, because they reduce the pH of the rain, clouds
and fog (Charlson and Rodhe, 1982). A reduction of visibility, climate change and acid
rain are some of the environmental problems that are related to PM pollution.

1.2

PARTICULATE MATTER IN BRISBANE

South East Queensland (SEQ) is a large, rapidly growing region, stretching from the
Gold Coast in the south to the Sunshine Coast in the north, and west to Toowoomba.
SEQ’s population is 2.32 million and is expected to grow by 22% to 2.83 million by
2011 (Queensland EPA, 2003). It is predicted that most growth will occur in the
© 2008 A.U. Wathsala Kumar
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outlying suburbs, thus placing more reliance on motor vehicles that will directly affect
the PM10 of the region (Queensland EPA, 2003).

SEQ is surrounded by hills and ranges that can block and trap pollution occurring at
lower levels, until it is dispersed by strong wind or rain. Furthermore, prevailing winds
from inland and the coast can transport pollution around the region (Queensland EPA,
2003). Therefore, the PM pollution problems are important to the people in SEQ not
only in the present but also for the future.

Figure 1.1 Estimation of PM10 Concentration in Around the World Cities
(Pandey et al., 2002)

Brisbane

Brisbane is the capital city of the state of Queensland in Australia, situated on the
eastern coast at 27028’ S latitude and 153002’ E longitude. The city of Brisbane has not
yet experienced the serious atmospheric pollution problems of other large cities in the
world. Figure 1.1 shows the PM10 concentrations of the world’s cities having
populations higher than 100 000. It can be observed that in comparison to many cities in
Asia, Africa and America, Brisbane has low PM10 concentrations.
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Currently, there are days where the PM10 concentration of aerosols exceeds the
National Standard, which is a maximum of an average of 50µg/m3, over one day.
Figure 1.2 illustrates the maximum PM10 concentration in some Australian cities
between 1995 and 1999. It is apparent from the figure that there are several days
when the PM10 concentration levels in SEQ exceeded the National Standard for 24
hour PM10 concentrations.

Figure 1.2 Maximum 24 hour PM10 concentrations for selected Australian cities
from 1995 to 1999. (Source: State of the Environment 2001)

1.3

AIM and OBJECTIVES

The aim of this project is to determine the major inorganic components and polycyclic
aromatic hydrocarbons (PAH) in PM10 sampled in SEQ. These samples were then used
to identify the sources of these particulates. The PM10 samples from three sites in
Brisbane were collected from December 2002 to August 2004.

There are three main objectives of this project. They are:


To determine the composition of water-soluble inorganic species and some
metal species (Pb, Cu, Al, Fe, Mn and Zn) in PM10 aerosols in Brisbane
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To determine the composition of 16 United States Environmental Protection
Agency (US EPA) priority PAHs in PM10 aerosols in Brisbane



To identify the sources of these chemical species in the aerosols with the
view of proposing mitigating measures.

1.3.1

Determination of composition of water-soluble inorganic species and some
metal species (Pb, Cu, Al, Fe, Mn and Zn) of PM10 aerosols in Brisbane

Water-soluble inorganic composition

Water-soluble components are an important fraction of atmospheric particles because
they comprise the bulk of the particles (Harrison et al., 2004; Querol et al., 2001). These
particles occur naturally and originate from soils, ocean spray and plant material.
Industrial and transport activities also emit water-soluble aerosols containing ions such
as SO42-, NO3- and NH4+.
In 1983, Harrison and Pio (1983, p174) concluded that “H+, NH4+, Ca2+, K+, Na+, Mg2+,
Cl-, NO3-, and SO42- are the major species in the water-soluble faction of aerosols”,
while Ali-Mohamed et al. (1991) stated that up to 60-70% of the aerosol fraction could
comprise water-soluble ions.

An urban study conducted by Adamson in 1999 showed that pulmonary toxicity of an
atmospheric particulate sample was due to the soluble fraction of the PM. This study
suggested that the pulmonary response and cell injury following exposure to this urban
dust is related to soluble material rather than to insoluble particles (Adamson, 1999). For
example, inhaled acidic sulphate aerosols may disturb the lung’s natural functions and
cause respiratory and endocrine system disorders in susceptible subpopulations, such as
children, the elderly, asthmatic individuals and people suffering from COPD (Spengler
et al., 1990; Thurston et al., 1994)

There have been many studies conducted to identify the composition of inorganic
aerosols in Brisbane (e.g. Verrall et al., 1986; Chan et al., 1997). Chan et al. (1997)
investigated the concentration of some water-soluble ions such as Na+, K+, Mg2+ and
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Ca2+ ions in PM10 samples and the concentration of Cl-, NO3-, SO42-, Na+, K+ and Mg2+
ions in TSP samples. These studies will be examined in detail in Chapter 2, section 2.5.
However none of the previous studies comprehensively investigated the soluble
inorganic composition of aerosols in PM10 samples. Hence, this study will attempt to fill
the gap of knowledge for Brisbane’s PM.

This study will investigate soluble atmospheric particles in PM10 in Brisbane
collected from December 2002 to August 2004. Sampling was conducted at three
sites in Brisbane (see Chapter 3, section 3.1 and 3.2). A fraction of these samples
was extracted with water using ultra sonication. They were then analysed for the
presence of major inorganic anions of Cl-, NO3-, SO42-, F-, Br-, NO2- and PO4-3 using
ion-exchange chromatography (IC). The samples were also analysed for major
inorganic cations including Na+, K+, Mg2+, and Ca2+ using inductively coupled
plasma atomic emission spectrometry (ICP-AES) and for NH4+ ions using IC.

These data were used to identify seasonal trends and to compare the differences at the
sampling sites of the water-soluble PM10 species in Brisbane.

Determination of some metal ions

Metal species such as Zn, Cu, Pb, Fe, Mn, and Al occur naturally in soils, sediments
and plants. However, the industrial revolution over the last two centuries has
increased these and other metal species in the atmosphere. This is mainly due to
mining, metal refining, fuel combustion, land clearing and other anthropogenic
activities.

Some of these metals have been identified as toxic and harmful by the Agency for Toxic
Substances and Disease Registry (ATSDR) of the USA. Studies carried out on metal
species in the atmosphere have found a link between heavy metals in fine PM and health
concerns. These investigations have suggested that fine trace metal particles distributed
widely through the lung could catalyse the formation of oxidants within the lung which
in turn can damage tissue (Dreher et al., 1997; Ghio et al., 1996).
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This current study investigated the concentrations of Zn, Cu, Pb, Fe, Mn, and Al in
samples collected at three sites in Brisbane. These species were extracted using HCl/
HNO3 acid and then analysed using ICP-AES. Details of the extraction and analysis of
the acid soluble fraction is discussed in section 3.3 and section 3.4 respectively. Fe, Mn
and Al are expected to be predominantly from crustal matter and this will be ascertained
during this study. Zn, Cu and Pb are considered to be toxic metal species.

Several studies have investigated the trace elemental concentration in PM10 in
Brisbane (Chan et al., 1997;, Chan et al., 2000; Lim et al., 2005). These studies will
be reviewed in detail in Chapter 2, section 2.5. This thesis will then compare the
results observed in those studies with the results observed in the present study, and
investigate if the profile and concentration levels of trace aerosol pollutants has
changed in Brisbane since 1997. It is especially interesting to ascertain if the
phasing-out of leaded petrol in Queensland by the end of 2001 has had an effect on
airborne Pb levels in the region. The data will then used to identify seasonal trends in
the metal species of PM10 in Brisbane.

1.3.2

Determination of PAHs in PM10 samples in Brisbane

PAHs are complex organic compounds which contain two or more fused aromatic rings
that contain only hydrogen and carbon. PAHs are readily available in the atmosphere
and are formed from the incomplete combustion or pyrolysis of organic material such as
oil, petroleum gas, coal, and wood. Natural emission sources of PAHs into the
atmosphere include emissions from forests fires and volcanoes. Anthropogenic emission
sources, on the other hand, include fuel combustion and industrial emissions.
Automobile exhaust has have been recognised as the major PAH contributor in urban
areas (Velasco et al., 2004).

Recently, PAHs have attracted much attention in studies on air pollution because some
of them have been identified to be highly carcinogenic or mutagenic (Nielsen et al.,
1996; WHO, 1999). In particular, Benzo(a)pyrene (BAP) has been identified as being
highly carcinogenic (Fang et al., 2004; Nielsen et al., 1996). Therefore many studies
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have been conducted to investigate the health effects of common PAH compounds and
have found that they may induce a number of toxic adverse effects, such as
immunotoxicity, genotoxicity, carcinogenicity and reproductive toxicity affecting both
male and female offspring (World Health Organization, 1999).

Yang et al. (1999), Muller et al. (1998) and Lim et al. (2005) have conducted
previous studies on PAH levels in air samples in Brisbane. . Chapter 2, section 2.4.1
details information on these studies. Yang et al. (1999) and Muller et al. (1998) only
investigated TSP samples at roadside sites. Lim et al. (2005) used TSP and vapour
samples .

This part of the project investigated 16 US EPA priority PAHs in PM10 samples in
Brisbane over a 12 month period. Detailed information on sample collection,
analysis and extraction is contained in Chapter 3, section 3.2, section 3.4 and section
3.5. These data were then used to identify seasonal trends of the PAH compounds of
PM10 in Brisbane. Inorganic ion concentrations that were measured were also
compared with PAH concentrations to identify any similarities.

1.3.3

Source Identification

It is important to identify the sources of the pollutants to be able to understand and
control air pollution. By identifying these sources it is possible to implement
measures to reduce them and in turn, reduce the health and environmental risks.

This study uses chemometrics to identify sources and patterns in the data.
Chemometrics is a range of tools used by many scientists to interpret complex data.
A brief description of chemometrics is that it is:
a chemical discipline that uses mathematics, statistics and formal logic (a) to
design or select optimal experimental procedures; (b) to provide maximum
relevant chemical information by analysing chemical data ; and (c) to obtain
knowledge about chemical systems ( Massart et al., 1997, p1) .
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One of the chemometrics tools used in this study is principal component analysis (PCA).
Details of this method are contained in Chapter 2, section 2.7.1 and Chapter 3, section
3.5.1.

PCA affects multivariate data reduction by transforming the data into orthogonal
components that are linear combinations of the original variables. Therefore, PCA
reduces multidimensional data into fewer dimensions. Hence this method uses to
identify trends and clusters within the data. This method is successfully used for source
identification which is detailed in Chapter 4.

Sources of PAHs and some inorganic ions can be identified using diagnostic ratios
which are the concentration ratios of different PAHs or inorganic ions at main emission
sources such as petrol emissions, diesel emissions and wood combustion. The common
diagnostic methods are detailed in Chapter 2, section 2.7.3 and Chapter 3, section 3.5.3.
Diagnostic ratios were successfully used to identify the sources of Brisbane’s PAH and
inorganic ion components as described in Chapter 4.

Furthermore correlation coefficients of water-soluble inorganic ions are used regularly
to identify the relationships between ions (Hedge et al., 2007 and Kocak et al., 2004)
and are used in this study to observe these relationships and identify the sources of the
water-soluble ions.
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THESIS OUTLINE

The outline for the chapters of this thesis is as follows.

Chapter 1 (Present chapter): An introduction to aerosol pollution problems with a focus

aerosol pollution issues in Brisbane. This chapter also outlines the aims and objectives
of the study.

Chapter 2: A literature review of aerosol pollution problems around the world,

investigating studies done on chemical composition and source identification of
aerosols. It includes studies on aerosol composition in Brisbane and identifies gaps in
the knowledge of PM10 aerosol composition in Brisbane.

Chapter 3: This chapter details the experimental design of this project with respect to

sample collection, sample extraction, samples analysis and data analysis methods of this
study.

Chapter 4: This chapter describes the concentrations of soluble inorganic ions, metal

ions and PAHs in the PM10 samples collected in Brisbane.

Chapter 5: Investigates the sources of water-soluble ions, metal ions and PAHs in PM10

samples in Brisbane

Chapter 6: Presents the summary and conclusions of this study.
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2

2.1

INTRODUCTION

This chapter presents the problems caused by particulate pollution such as human
health concerns and visibility issues (Section 2.2). Then examines the chemical
composition of inorganic water-soluble ions (Section 2.3), metal ions (Section 2.3)
and PAHs (Section 2.4) in aerosols by evaluating, some studies carried out in various
cities in the world. Some studies on the chemical composition of Brisbane air quality
are evaluated (Section 2.5). Subsequently, the sampling, extraction and analysis of
water-soluble ions, metal ions and PAHs are reviewed (2.6), followed by a review of
the source identification methods of these various chemical species in PM (Section
2.7). Finally, the gaps in the knowledge of chemical composition of PM10 aerosols in
Brisbane are identified in the chapter summary (Section 2.8).

2.2

PARTICULATE POLLUTION PROBLEMS

The atmosphere contains a mixture of gases, liquid and solid particles. These gases and
particulates originate from biogenic and anthropogenic sources. PM in the lower
atmosphere is composed mainly of water-soluble inorganic salts, mineral dust and
carbonaceous materials which include organic compounds such as PAHs. As explained
in Chapter 1, PM ranges from 0.1micron to 100 microns, and it exists in different forms
and chemical compositions.

PM is considered a major pollutant today. Pollutants in air can be defined as
substances (such as; organic compounds, trace metals, etc.) which are high enough in
concentration to present a danger to the environment, humans and animals. As
industrialisation and urbanisation has occurred there has been an increase of
pollutants in the atmosphere mainly due to the combustion of fossil fuels.
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Furthermore, these aerosols not only have regional, but also global effects through
the long-range transport by winds(Wolf and Hidy, 1997).

Aerosols, especially the PM10 fraction is now receiving worldwide attention, as it has
been directly related to human health problems. Consequently, there have been many
studies such as Dockery et al. (1993) and Dockery and Pope (1994) that investigated the
relationship between particulate pollution and cardiopulmonary diseases. This will be
examined further in detail in section 2.2.1 of this chapter.

Aerosols can effect and influence visibility, which can be used as an air quality
indicator. The increase in PM10 concentrations implied lower visibility ranges (Tasai et
al., 2005).The association between PM10 and visibility is investigated further in section
2.2.2 in this chapter.

2.2.1

Particulate Pollution and Human Health

Epidemiological studies have consistently shown an association between PM pollution
and the number of deaths from cancer, cardiovascular and respiratory diseases (Pope et
al., 2002). There is also evidence linking particulate air pollution to increases in hospital
admissions for respiratory disorders (Burnett, 1995; Pope, 1991; Roemer et al., 1993)
and cardiovascular diseases (Burnett, 1995; Schwartz et al., 1995).

By the 1970s the epidemiologic link between cardiopulmonary diseases and historically
high concentrations of particulate and sulphur oxide pollution had been well established
(Pope, 2000b). There have been many studies (e.g. Burnett, 1995; Pope, 1991; Roemer
et al., 1993) that have examined the relationship between PM pollution and
cardiopulmonary diseases. Common cardiopulmonary health outcomes that have been
evaluated in these acute exposure studies include mortality, hospitalisations or health
care visits for respiratory and/or cardiovascular disease, respiratory symptoms and weak
lung function.
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Increased concentration of fine PM in the ambient air has been associated with increases
in daily mortality statistics. It can be estimated that a 0.5 -1.5% increase in mortality is
associated with 10µg/m3 increase of PM10 concentration (Pope, 2000b). Thus, Dockery
and Pope’s (1994) study concluded that a 10µg/m3 increase in daily PM10 can increase
cardiovascular deaths by 0.8- 1.8% and can also increase respiratory deaths by 1.53.7%.

Pope and Dockery (1994) stated that the “increase in hospital admissions for all
respiratory diagnose ranging from 0.8 - 3.4% (weighted mean 0.8%) for each
10µg/m3 increase in daily PM10” (PAGE NO). Their study concluded that a 10µg/m3
increase in daily PM10 had greater effects on hospital admissions for asthma sufferers
which ranged from 0.9- 2.1%. Many studies such as those of Reomer et al. (1993)
and Ostro (1991) suggest that an increase of particle exposure can be directly related
to asthma attacks.

Further information about the relationship between increased particulate pollution
and human health is very well illustrated in Table 2.1 which is adapted from Dockery
and Pope’s study (1994). Table 2.1 was created using 50 selected epidemiological
studies to provide insight into the relative magnitude of the effects being observed by
each study. Hence, it is evident that PM pollution has an effect on daily mortality,
increased hospital usage, exacerbation of asthma, increase of adverse respiratory
system reports and decrease in lung function.
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Table 2.1 Combined Effects Estimates of Daily Mean Particulate Pollution.
(Adapted from Pope and Dockery, 1994)
% change in health indicators per
every 10 µg/m3 increase in PM10
Increase in daily mortality
Total deaths

1.0

Respiratory deaths

3.4

Cardiovascular deaths

1.4

Increase in hospital usage
Admissions

0.8

Emergency department visits

1.0

Exacerbation of asthma
Asthma attacks

3.0

Bronchodilator

2.9

Emergency department visits

3.4

Hospital admissions

1.9

Increase in respiratory system reports
Lower respiratory

3.0

Upper respiratory

0.7

Cough

1.2

Decrease in lung function
Forced expired volume

0.15

Peak expiratory flow

0.08

Epidemiological studies in Brisbane
Asthma is common in Australia, especially in SEQ. Therefore, some studies have
examined PM10 samples that were collected regularly in Brisbane. Samples were
examined under light microscopy and electron microscopy (Glikson et al., 1995;
Mastalerz et al., 1998) for spores, pollens and crustal matter.
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Fungal spores, in particular, are dominant in bio-aerosols and are abundant in
Brisbane from the end of April to mid-June, when a high incidence of asthma occurs
in Brisbane. Crustal matter found in the PM consisted mainly of quartz and silicates.
Together with PM from exhaust emissions, such crustal materials, particularly those
in the submicrometre size range can act as carriers for cytoplasmic materials that are
likely to be allergenic (Mastalerz et al., 1998).

However, it was concluded from these studies that bio-aerosols such as spores and
pollen contributed only 5% of PM10 in Brisbane. Examination under light
microscopy indicated that the bulk of the matter was less than 2µm in diameter.
Electron microscopy studies demonstrated that even though Brisbane’s air pollution
levels are generally good there was PM in the atmosphere that could affect human
health.

Simpson et al. (1997) studied the connection between daily mortality and PM in
Brisbane. This study examined the daily mortality from 1987-1993, and it was found
that 10µg/m3 increase in PM10 level corresponded to an increase of total daily
mortality of approx 0.9%. As stated above, Pope (2000b) estimated that a 0.5-1.5%
increase of mortality is associated with 10µg/m3 increase of PM10 concentration.
Therefore, the results of the Brisbane study are comparable to studies done in other
cities. In addition, the study concluded that there was an association between ozone
and particulate pollution, and total daily mortality in Brisbane.

These studies reviewed above, especially that conducted by Simpson et al. (1997)
exemplify the effects of PM on human health in Brisbane.
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Particulate Pollution and Visibility

Aerosols are able to scatter and absorb light and thereby control transmission of light
through the atmosphere. As the number aerosols in the atmosphere increases it can
obscure visibility. Therefore as Chan et al. (2002, p890) stated that ‘visibility
degradation is not only an amenity problem but it is also a visual indicator of air
quality’, and Horvath (1995) concluded that human activities largely accounted for
visibility impairment in urban areas.

There have been many studies conducted to understand the connection between
visibility impairment and aerosols (e.g. Cheng and Tsai, 2000; Macdonald and
Shepherd, 2004; Tsai et al., 2003). These studies have identified that PM10 as a major
contributor of visibility deterioration especially in urban areas. Furthermore, Cheng
and Tsai (2000) concluded that sulphate, carbonaceous species and wind speed
affected the visibility in an urban area.

Visibility Problems in Brisbane

The “State of the environment Queensland” (QLD EPA, 2003) indicates that reduced
visibility is one of the main concerns of particle pollution in Queensland. Bush fires and
other vegetation burning have been identified as major source of PM10 in the
atmosphere.

This is explained in Table 2.2 below, which shows that 63.4% of PM10 was from
vegetation burning such as bush fires, controlled burning and agricultural burning.
However, it is important to note that SEQ experienced an unusually severe bushfire
season in 2000; therefore emissions are higher than in a typical year.

There have been two main studies carried out on the visibility degradation problems
in Brisbane. In one study Chan et al. (1999a) identified visibility degradation
problems in Brisbane using samples of PM10 in five sites around Brisbane during the
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period September 1993 to-August 1994 and May to November 1995. The visibility
of these sites was correlated on a 24 hour basis and they concluded that the light
absorption of PM was mainly due to soot (53%).

Table 2.2 Sources of Aerosol Emission as PM10 in SEQ (Source: Queensland EPA,
2003)
Source

PM10 emissions (t)

Percentage

Controlled burning

380

1.6%

Bushfires

15151

63.4%

Agricultural burning

110

0.5%

Motor vehicles

2250

9.4%

Other mobile sources

830

3.5%

Industry

4900

20.5%

Area-based sources

290

1.1%

23910

100%

Total

Another study was conducted by Chan et al. (2002) on an industrial area in Brisbane
from April to June 1999. The aim of this study was to identify the major components
of aerosols that caused visibility degradation by determining light absorbing and
light scattering coefficients of components of the aerosol samples. The study found
that light absorption was mainly due to soil and organic particulates, and that light
scattering was mainly due to fine soil, sulphate and elemental carbon particles. They
concluded that vehicular exhaust, industrial emissions and biomass burning were the
major sources of emission for visibility degradation problems in this study.

These studies demonstrate that visibility degradation due to PM pollution is a major
concern in Brisbane. Furthermore, from Table 2.2 it can be concluded that biomass
burning is the major source of these visibility deteriorating aerosols. However,
industry and motor vehicle emissions are also major contributors of the visibility
problems as identified by Chan et al. (2000) in SEQ.
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CHEMICAL COMPOSITION OF AEROSOLS

PM in the lower atmosphere is composed mainly by water-soluble inorganic salts,
mineral dust and carbonaceous materials which includes organic compounds and
elemental carbon. Therefore, the chemical composition of these aerosols may include
metal ions such as Pb, Zn; soluble anions such as SO4-2 , NO3-, Cl- ; soluble cations
such as Na+, K+, Ca

2+

; and organic species such PAHs and Volatile organic

compounds (VOC).

Harrison and Jones (1995, p198) stated that a typical approximate breakdown of
aerosols composition could be expressed as follows (Quality of Urban Air Review
Group, 1993):
NH4+ ~ 5%,
SO4-2 , NO3-, Cl- ~ 30%
Carbonaceous material ~ 40%
Metals ~ 5%,
Insoluble material (minerals) ~ 20%

Many studies have analysed the chemical composition of aerosols and have
identified their sources. Results from these studies have provided the scientific basis
for source control and the formulation of strategies that can be used to minimise
health and environmental effects of aerosols.

2.3.1

Water-soluble Inorganic Ions in Aerosols

Water-soluble ions are a significant fraction of aerosols; they could be dangerous to
human respiratory system as they can easily enter human lungs and cause damage and
irritation (Adamson, 1999). Hence the ionic characterisations of atmospheric aerosols
have been investigated extensively by many researchers. Table 2.3 illustrates some of
these studies which have been conducted using different PM fractions and analysis
methods.
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Most of these studies investigate the major ions such as NH4+, Ca2+, K+, Na+, Mg2+, Cl-,
NO3-, and SO42. However some studies investigate other ions such as H2PO4-, F- and
PO4-3. The concentrations of these ions differ from study to study because of different
sampling techniques, analytical protocol, localised sources and meteorological
conditions, as illustrated in Table 2.3.

As these studies analysed different PM fractions it is not possible to compare their
results. However, comparing the two TSP studies (Morales et al., 1998;
Chandramouli et al., 2003), it is possible to conclude that Morales et al.’s (1998)
study was strongly influenced by marine aerosols as exemplified by the high
concentrations of Na+ and Cl- while Chandramouli et al.’s (2003) result was strongly
influenced by industrial aerosols as illustrated by the high concentration of SO4-.

Table 2.3 Water-soluble PM Concentrations Obtained in Some Studies. (ng/m3)
Wang

Study area

Period

and Morales et al.

Chandra Mouli et Lin

Shooter 2001

1998

al. 2003

2002

Auckland,

La Espernanza,

Tirupati,

Kaohsuing,

New Zealand

Venezuela

India

Taiwan

Apr-May 2000

Dry Season 1989

Apr-Sep 2001

Nov1998- Apr
1999

PM10

TSP

TSP

PM2.5

Na+

2226

1170

751

1840

K+

112

450

215

N.A

Ca2+

167

400

382

170

Mg2+

245

260

45

90

Cl-

3376

7040

232

2080

SO4-2

1291

400

2485

14340

NO3-

736

380

843

11310

NH4+

19

400

770

7890

H2PO4

N.A

80

N.A

N.A

F-

N.A

N.A

20

N.A

Aerosols size

-
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Water-soluble Inorganic Ions in Brisbane
The water-soluble fraction of PM10 aerosols has not been analysed extensively in
Brisbane. However, Chan et al. (1997) investigated some soluble ions such as K+,
Na+, Mg2+, Ca2+, Cl-, NO3-, and SO42- in the dichotomous samples. PM10 samples
were only analysed for K+, Na+, Mg2+ and Ca2+. The results of Chan et al.’s (1997)
study will be discussed further in section 2.5.2. However, it is noteworthy at this
point, that Chan et al. (1997) concluded that about 55% of unidentified aerosols mass
could be due to water, inorganic ammonium salt and carbonaceous species.

2.3.2

Metal in Aerosols

Metal ions originate from both natural and anthropogenic sources. Many toxicology
studies have implicated metal content as harmful components of aerosols. Frampton et
al. (1999) stated that an increasing number of studies have implicated, transition metals
as possible mediators of particle-induced airway injury and inflammation.

Most toxic metals such as Pb, Zn and Cu have increased from anthropogenic sources.
For example, traffic pollution involves a wide range of metal emissions that include Fe,
Ba, Pb, Cu, Zn and Cd (Birmili et al., 2006; Pacyna, 1986). Furthermore V, Co, Mo, Ni,
Sb, Cr, Fe, Mn and Sn are emitted during combustion of fossil hydrocarbons (e.g.,
Lingard et al., 2005; Pacyna, 1986).

Many studies have been conducted to analyse the metal contents of aerosols around the
world (Bilos et al., 2001; Heal et al., 2001).These studies vary with respect to sampling
and analytical techniques. Since the concentrations and size distributions, of metals are
governed by the nature of emissions in the atmosphere, as well as by rates of wet and
dry deposition, cloud processing and exchange of air between the boundary layer and
the free troposphere and chemical transformations (Allen et al., 2001), their
concentrations have been found to be dissimilar in different parts of the world.
However, the most important outcomes of these studies are that the sources of the
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metals are often identified with the view to reducing their emissions in order to protect
human health and the environment.

Lead (Pb) Studies in Brisbane

Because of its association with vehicular emission and its toxicity to humans, Pb has
been monitored in many parts of the world including Brisbane. In 1975, a
preliminary survey was conducted at five sites in Brisbane where TSP samples were
collected for a 24 hour period and then analysed to determine the Pb concentration in
the samples (Thiele and Santer, 1976). The results showed that urban residential
areas had lower concentrations of Pb (1.32 µg/m3) than areas with high traffic. For
example, an area where the daily average number of vehicles was 48,000 had a Pb
concentration of 5.17 µg/m3 (Thiele and Santer, 1976). Al-Chalabi and Hawker
(1996;1997) conducted two studies to determine the concentration of Pb in
particulates on three major roads in Brisbane (Ipswich Road, Logan Road and South
East Freeway). Pb was found in samples from all these roads with Ipswich Road
having the highest TSP level. Also, data for different fractions showed an increase of
Pb levels as the particle size decreased.

Simpson and Xu (1994) examined data collected by the Queensland Environment
and Protection Agency (Qld EPA) from 1979-1991 for seasonal variations, temporal
change and statistical characteristics of Pb concentration. It was concluded from the
study that the Pb concentration was generally higher in winter and lower in summer.
In the samples that were close to roadways this trend was weakened. Thus, Pb levels
were high near busy roads regardless of seasonal variations. There was a significant
decrease of Pb level after 1986; this could be perhaps due to the introduction of
unleaded petrol fuelled vehicles at that time.

Simpson (1992) conducted statistical tests on PM10, TSP, and Pb data in Brisbane
from1987-1988. His study showed that the PM10 fraction appeared to be a constant
fraction of the TSP data throughout the year. Pb concentrations at the same site
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significantly correlated with TSP and PM10 because vehicular emissions are the main
contributor to Pb levels in Brisbane.

Furthermore, several authors (Chan et al., 1997; Chan et al., 2000; Lim et al., 2005)
have investigated Pb concentration as a part of their elemental analyses of aerosol
samples in Brisbane. These studies showed that there was a reduction in Pb
concentrations during the years from 1994 to 2005. More information about these
studies is described in section 2.4.

Other Metal Studies in Brisbane

Chan et al. (1997), Chan et al. (2000) and Lim et al. (2005) investigated metal ion
concentrations as part of their elemental analysis of samples in Brisbane.


Chan et al. (1997) studied Ti, Cr, Mn, Fe, Zn. and Pb in PM10 samples



Chan et al. (2000) determined Al, Si, S, Cl, K, Ca, Ti, Mn, Fe, Co, Zn, Br and Pb
in size segregated aerosol samples



Lim et al. (2005) looked at Al, Cd, Co, Cr, Cu, Fe, Mn, Mo, Si, Sn, Sr and Zn.
V, Ni, Pb, Mg in TSP and PM2.5 samples.

Detailed information about these three studies is in section 2.5.

2.4

PAH IN AEROSOLS

As explained in Chapter 1, PAH are a complex group of hydrocarbons which are
produced by incomplete combustion or pyrolysis of organic matter. These compounds
are made of hydrogen and carbon, and are arranged in two or more fused aromatic rings.
The main sources of PAHs in the atmosphere today are vehicular emissions and
industrial processes (Valesco et al., 2004). PAHs also occur naturally through bush fires
and volcanic eruptions.

A study conducted by Nielsen et al. (1996) found that the PAH concentration in the
atmosphere decreased in the order of street > city background air > suburbs > village >
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open land. The increase of vehicular traffic and the lower dispersion of atmospheric
particles are the reasons for an increase PAHs in urban areas.

PAHs have received increased attention in recent years in air pollution studies
because some of them are highly carcinogenic or mutagenic. Eight PAHs are
typically considered as possible carcinogens. They are: benzo(a)anthracene (BAA),
chrysene (CHR), benzo(b)fluoranthene (BBF), benzo(k)fluoranthene (BKF), BAP,
dibenzo(a,h)anthracene (DBA), indeno(1,2,3-cd)pyrene and benzo(g,h,i)perylene
(BGP) (Menzie et al., 1992). Benzo(a)pyrene has been identified as one of the most
carcinogenic by some studies (Fang et al., 2004). Furthermore, studies have found
that PAHs may induce a number of adverse effects, such as immunotoxicity,
genotoxicity, carcinogenicity and reproductive toxicity affecting both male and
female offspring (World Health Organization, 1999).

The US EPA has promulgated 16 PAHs as priority pollutants. They are
Acenaphthene (ACE), Acenaphthylene (ACY), Anthracene (ANT), BAA, BBF,
BKF, BGP, BAP, CHR, DBA, Fluoranthene (FLT), Fluorene (FLU), Indeno(1,2,3cd)pyrene (IND), Phenanthrene (PHE), Naphthalene (NAP) and Pyrene (PYR). The
structures of these compounds are shown in Figure 2.1.

These PAHs were chosen for the priority list because:
1) More information is available on them
2) They are suspected to be more harmful than others
3) There is a greater chance of exposure to these PAHs
4) Of all the PAHs analysed these exhibit the highest concentrations.
(Ravindra et al., 2008, p2898)

PAHs can be found in a gas and particulate phase in the atmosphere. The low
molecular weight PAHs are found abundantly in the gas phase rather than in the
particulate phase. For example, NAP, ACY, ACE and FLU are US EPA priority
PAHs that are more likely to be in gas phase (Ravindra et al., 2008). Even though it
is easier to inhale gas, particulate phase PAHs are more important because they are
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in the breathable PM fraction and they have been more associated with adverse
health effects than gas phase PAHs (Baek et al., 1991).

Figure 2.1 The US EPA 16 Priority PAHs (NIOSH, 1994)
*Benzo(e) pyrene (BEP) is not Priority US EPA
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Many studies on PAHs in aerosols have focused attention on the concentrations of
these priority PAHs. For example, Dallarosa et al. (2006), Guo et al. (2003) and Poor
et al. (2004) investigated the concentrations of PAHs. However, direct comparison
with these results is unreliable because of the different sampling and analytical
procedures adopted. In addition, the presence of predominant emission sources near
the sampling sites may also affect the results (Grimmer et al., 1981).

Seasonal variation has also been observed in PAH studies (Baek et al., 1991;
Valvandis et al., 2006). Particle bound PAHs are higher in concentration during
winter, mainly due to the higher use of residential heating and meteorological
conditions, such as lower temperature inversion during winter (Sorgi, 2007).

Nine of the 16 US EPA priority PAHs are related to combustion processes such as
those of coal, petroleum and diesel. These PAHs, know as combustion PAHs
(CPAH)), are FLU, PYR, BAA, CHR, BBF, BKF, BAP, BGP and IND (Ravindra et
al., 2008). The ratios of the concentration of these CPAHs have been used in many
studies to identify sources of PAHs in aerosols (Manoli et al., 2004). Detailed
information on PAH diagnostic ratios are shown in Chapter 2, section 2.7.2 and
Chapter 3 section 3.6.3.

2.4.1

PAH Studies in Brisbane

The three studies on PAH composition of atmospheric aerosols in Brisbane(Yang,
1991; Muller, 1998; Lim et al., 2005) did not investigate the PM10 concentration of
PAHs; they only examined TSP or TSP and vapour samples. Also Yang et al. (1991)
and Muller et al. (1998) only sampled sites near roads and in traffic areas. Therefore,
these results may have higher than usual PAH concentrations.

Yang et al. (1991) measured the PAH content of PM, surface soil, and grass in the
vicinity of an urban roadway in Brisbane in 1991. The results showed that all 14
PAHs found in the soil, except for DBA, were also detected in the PM. Only PHE,
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ANT, FLU, and PYR were detected in the grass. After examining the source profiles
from the literature it was determined that motor vehicle exhaust was the dominant
source of PAHs in the PM and the soil. The soil concentrations of PAHs decreased
with increasing distance from the road, although significant concentrations were
present at a distance of 15 m. PAHs made up of 3 or 4 rings existed in particulate
and vapour forms in the atmosphere, which probably contributed to their relatively
wide distribution. The PAHs with more than 4 rings were deposited close to the
roadway due to their predominantly particulate form.

Muller et al. (1998) collected particulate air samples at 7 sites in Brisbane over a 12
month period in 1998 to determine atmospheric concentrations of PAHs. The results
were presented as the sum of the vapour and particle associated fraction of the
compounds. PAH concentrations were highest at sites located in the vicinity of major
roads. At a site located adjacent to a major road with a high frequency of heavy
vehicle traffic, levels of BAP exceeded 1 ng/m3 air. Overall, traffic was found to be
the dominant source of PAHs in Brisbane air. The results further indicated the
existence of seasonal variations with the highest levels of PHE, FLU and PYR being
found in winter.

Lim et al. (2005) investigated all US EPA priority PAHs except DBA, and also analysed
2-Bromo naphthalene in their study. This study was conducted on TSP and vapour
samples at four sites around Brisbane during June and July 2002. NAP was found in
relatively high concentrations at all sites in their study. The high concentration of NAP
could be related to their investigation of the vapour phase. PAHs, commonly found in
vehicle emissions, including PHE, ANT, FLT, PYR and CHR, were also high in
concentration. The average BAP was 0.19 ng/m3 for all sites, which is lower than the
concentration Muller et al. (1998) found. This may be an indication of improvement of
vehicular engine and fuel technology as Lim et al.’s (2005) study was more recent
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2.5 CHEMICAL COMPOSITION OF ATMOSPHERIC PARTICULATES IN
BRISBANE

Unlike many cities in Asia and Europe, Brisbane does not have a severe PM
pollution problem. This is illustrated in Figure 1.1 in Chapter 1. However, Brisbane
is a rapidly growing urban area in Australia and does have days when PM10
concentration of aerosols exceeds the national standard of 50µg/m3 average over one
day (see Figure 1.2). In 2000, the population of SEQ was approximately 2.472
million (Australian Bureau of Statistics), of which 86% was located along the eastern
corridor where Brisbane is located (Killip et al., 2007).

Since 1979, PM has been monitored regularly in Brisbane by the Queensland
Environmental Protection Agency (QLD EPA). TSP was monitored from 1979-1987
and then PM10 particulates were monitored as PM10 fraction was found to be a risk to
human health. These aerosol samples were weighed and analysed for Pb
concentration (Simpson and Xu, 1994). Many studies have been carried out on the
chemical composition of atmospheric aerosols in Brisbane. These are mainly
elemental composition studies; however some studies on PAH composition also have
been reported.

Verrall et al. (1986) investigated the chemical composition of TSP samples in
Brisbane during the winter months. The results showed a relatively high crustal
component contributed to the weight of TSP. This crustal profile was defined as
containing elements of Si, Al, Fe, Cl, Mg, Na, Ca, Cu, Pb, K, P, Ti, Zn and S. The
relative proportions of these elements varied from site to site but Si and Al were
found to consistently dominate the profile by weight. Dominant sources of the TSP
samples included marine aerosols, a cement factory and motor vehicle emissions.
The contribution of each of these to TSP levels varied between sites.

Another Brisbane TSP study (Miles and Simpson, 1989) used a random selection of
samples collected during Verrall et al.’s (1986) study, which were further analysed
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using light scanning and transmission electron microscopy and electron micro-probe
techniques. This enabled the TSP samples to be characterised in terms of size, shape
and basic composition. The results from this study are largely qualitative and have
been used to aid discussion rather than accurately characterise the particulates
collected. Observations that could be made about the TSP collected included the fact
that the mineral fraction percentage was low, compared with the high proportion by
weight determined from chemical analysis. Also, a high proportion of PM10 was
observed, which was about 70% over all sites.

Chan et al. (1997) determined the elemental composition of PM10 and PM2.5 aerosols
in Brisbane during September 1993 and November 1995. PM10 and dichotomous
sampling (size fractionated to < 2.5 µm and 2.5-10µm) were carried out at a number
of sites in Brisbane. The aim of this study was to find the fine/coarse fraction,
seasonal effects, weekday effects, and spatial variation on the chemical composition
of the aerosols.

Dichotomous samples were collected on Teflon filters. Twenty species were
measured from the samples which are: elemental C, H, Al, Si, S, Cl, K, Ca, Ti, Mn,
Fe, Zn, Br, Pb, and soluble ions Cl-, NO3-, SO4-2, Na+, K+ and Mg2+. The PM10
samples collected on Whatman 41 and GFA filters yielded 20 species which are:
elemental C, organic C, Na, Mg. Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Zn, Pb, and
soluble ions Na+, K+, Mg2+.and Ca2+.

The elements found in high concentration in the PM10 samples were Cl, Si, Na, Ca
and Al . It was also found that the fine fraction was enriched with elements related to
combustion processes (H, elemental C, S, Zn, Br and Pb) and secondary sulphates.
The coarse fraction was enriched with elements related to crustal matter (Al, Si, Ca,
Ti and Fe), secondary soluble nitrates and marine aerosols such as soluble Na, Cl and
Mg.
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The PM2.5 aerosols were sampled at Griffith University, a site within a suburban
forest park. The Griffith University site results show a similar level of elemental and
chemical components from anthropogenic sources to sites in heavy industrial and
commercial/light industrial sites, indicating that anthropogenic emissions are evenly
and widely distributed in Brisbane. This study also shows that the elemental carbon,
organics, Pb/Br and sulphate components were mainly in the fine fraction while the
sea-salt and crustal components were mainly in the coarse fraction. The nitrate
fraction was more in the coarse fraction than in the fine fraction. The trends of the
concentration of crustal matter in the samples collected at the Griffith University site
indicate that roadside dust and industry-sourced crustal matter contributed to more
than half of the crustal matter.

This study analysed around 45% of the mass of the aerosol samples. The remaining
55% of mass probably is due to species such as water, inorganic ammonium salts,
carbonates and phosphorus which were not measured in the study.

Chan et al.’s (2000) study aimed to investigate the size characteristics of samples of
aerosols in Brisbane. They fractionated the samples into six size fractions (< 0.5, 0.50.61, 0.61-1.3, 1.3-2.7, 2.7-4.9 and 4.9-10µm) using a five stage cascade impactor
mounted on a high volume sampler. Glass fibre filter tapes and adhesive carbon tapes
were used on each stage of the cascade impactor, GF/A filter was on the high volume
sampler which was used as back filter to collect samples smaller than 0.5 µm.

Twenty-eight sets of PM10 aerosol samples were collected from a site in Rocklea, a
semi-industrial area of Brisbane. These samples were collected daily from July 1997
to October 1997. A few samples were also collected concurrently with both a
cascade impactor and a dichotomous sampler at the Nathan Campus of Griffith
University. The results of size distribution analysis of a Griffith University sample
collected on 21 May 1997 were used to complement the results from the Rocklea
samples.
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The study only looked at the elemental composition of aerosols. Water-soluble
compounds such as ammonium salts were not investigated. The masses of the aerosol
samples were determined by weighing the glass-fibre tapes. The carbon tape samples
were analysed for elemental content using Ion Beam Analysis (IBA). Thirteen
elements were determined. They were: Al, Si, S, Cl, K, Ca, Ti, Mn, Fe, Co, Zn, Br
and Pb. The Pb content in the glass-fibre filters was determined by flame Atomic
Absorption Spectroscopy (AAS) to complement the IBA results.

It was concluded that on average 42% of the aerosol mass was in the >2.7µm size
fraction, with 41% in the <0.5µm size fraction. Crustal matter, including Na, Cl, Si,
Al, K, Ca, Fe, Mn, Zn and Br, was mainly in the >2.7µm fractions. Elements related
to human activities (including soot, organics, Pb and Br) were mainly in the <0.5µm
fraction. The chemical composition of aerosols varied significantly between the sites.

Lim et al. (2005) characterised the elemental and PAH compositions at four sites in
Brisbane. Seventeen elements were identified in the TSP and PM2.5 samples.The
most commonly detected elements were Al, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, Si, Sn,
Sr and Zn. V, Ni, Pb, Mg were found in lesser amounts.

The 16 US EPA priority PAHs were also investigated in this study (see section
2.4.1).

2.6

SAMPLING AND ANALYSING PM10 PARTICULATES

2.6.1

Samplers

Collecting particulates through filtration is one of the oldest methods of aerosol
sampling. In 1885, collection of TSP was first attempted and by 1940 a high volume
sampler had been invented (Chow, 1995).
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Although high volume samplers are most often used for PM10 sampling, there are
other samplers such as diffusion denuder samplers (eg. Xie and Ebighuas, 2008) and
dichotomous samplers (e.g. Chan et al., 1997).

Today, the most widely used sampling method for PM10 particulates is a high volume
sampler with a PM10 size selective inlet. This is a popular method of sample
collection because it is simple, flexible and low in cost. A picture of a typical high
volume sampler is shown in Figure2.2. There are many size selective inlets for PM10
sampling and these include opposed-jet inertial separation, cyclonic flow inlet and a
cascade impactor inlet (Lodge, 1989).

Thus, high volume samplers with different impactors and different flow rates are
used depending on the aim of the sampling project and nature of the filter materials
employed for the sampling.

Figure 2.2 Typical Configuration of a High Volume Filter Sampler (Lodge, 1989)
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Filters material

A wide variety of filters are available for aerosol sampling which are made from
different materials, and in different sizes and shapes. According to Lodge (1989,
p431), the choice of filter type depends on:
mechanical stability, chemical stability, particle sampling efficiency, flow
resistance, clogging level, blank levels, artefact formation and cost and
availability.

The physical and chemical characteristics of some common filter types used for PM
sampling and for post collection inorganic chemical analysis are summarised in
Appendix A. Teflon membrane filters, glass fibre filters and quartz filters are the
most commonly used filters. Teflon filters are more suited to multi-elemental and
ionic analysis (Chow et al., 1992). Glass fibre filters and quartz filters are usually
used for organic analysis (Bi et al., 2002; Gogou et al., 1996). However, glass fibre
filters are the popular choice for PM sampling for PAH analysis as they have good
mechanical strength and are not expensive (Sawicki, E., 1962).

Pre-treatment and storage of filters are quite important to remove artefacts and
prevent contamination. Pre-treatment of the filter depends on the filter itself and on
the substrate that is been analysed. Table2.4 shows some of the pre-treatment and
storage methods cited in the literature.
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Table 2.4 Some Pre-treatment and Storage methods for Filters in the Literature.
Filter Type and Pre Treatment
Study
Glass Fibre
Combusted at 4500C for 12
Bi et al., 2002.
hrs. Filters are stored in
aluminium foil
packages
until used

Storage

Quartz
Gogou et
al.,1996

Pre-extract the filters

Frozen at -300C in pre-cleaned
glass flasks sealed with Teflon tape
and covered with aluminium foil.

Teflon
Cohen et
al.,2000

None

Filters are sealed in boxes

Filters are wrapped in baked
aluminium foil after the sampling
Then put in desiccators for 24 hrs
before weighing.

Glass Fibre
24hrs in a chamber at 250C Polypropylene bags at 4 0C
Abas
and and relative humidity 45%
Simoneit, 1996

2.6.3

Filter extraction

The filter extraction method depends mainly on:


Chemical components that are being analysed



Instruments that are being used for analysis; and



Extraction medium.

Common methods used for sample extraction are ultra sonication (which is commonly
used to extract water-soluble compound), acid digestion (which used most metal ions)
and solvent extraction (which is used for most organic compounds).

Filter extraction for water-soluble ions

Most studies (e.g. Harrison and Pio, 1983; Keene et al., 1989; Khwaja et al., 1999;
Wang and Shooter, 2001; Lin, 2002) have used ultra sonication to extract water-soluble
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ions. However, other methods such as refluxing (e.g. Reddy et al., 1999) are also used
for the extraction of water-soluble ions.

Appel et al. (1984) thoroughly examined the efficiencies of various extraction methods
and found that 30 min of ultrasonic treatment and 60 min of reflux procedure yielded
very similar results, whereas mechanical shaking for 60 min recovered about 3% more
sulphate on average. Furthermore, investigations done by Baltensperger and Hertz
(1985) have shown that varying the extraction time from 5 min to 120 min as well as
changing the temperature from between 200C and 700C does not significantly alter the
extraction efficiency of ultrasonic extraction using distilled water.

Extraction of Metal ions

The most common methods of metal ion extraction is hot acid extraction method or
microwave acid digestion methods.

The acid used for digestion depends on the instrument used for the analysis and the
metal to be analysed. Table 2.5 below compares the acid extraction method from some
studies that that examined metal ions.

Most methods use inorganic acid such as nitric (HNO3) and hydrochloric acid (HCl).
The US EPA hot acid method uses HNO3 and HCl to extract metals that are to be
analysed using ICP, Inductively Coupled Plasma-Mass Spectrometry (ICP-MS),
Flame Atomic Absorption Spectroscopy (FAAS) or Graphite Furnace Atomic
Absorption Spectroscopy (GFAAS). This method is detailed in Appendix A. The US
National Institute for Occupational Safety and Health (NIOSH) manual of analytical
methods (NMAM) described the hot acid method using HNO3 and HCl acids in
method 7303 (NIOSH, 1994).
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Table 2.5 Comparison of Some Extraction Methods used in the literature
Study

Metallic element

Extraction method

Analysis

Fang et al.

Fe, Pb, Zn, Mn, Cr, Digested 20ml conc. HNO3 at AAS

(2002)

Ni

1500C to 2000C for 2hr. Diluted
to 30ml with distilled water.

Quiterio et Mn, Fe, Zn, Cu, Cr, Digested with HNO3, HCl and ICP-AES
al. (2005)

Co, Ni, Al, Cd , Pb

H2O (5 :2:10 ratio) for 2h at 950C
then made up to 50ml with
distilled water.

Kim et al. Fe, Pb, Zn, Mn, Cr, Placed in a HNO3 and HClO4 ICP-AES/
(2003)

Ni

solution

(4:1

ratio)

and ICP-MS

microwaved at 2700C for 20 min.
Then diluted to a solution with a
weight of 20g using 1% HNO3
solution.

Extraction of PAHs
There are two main methods used for PAH extractions. They are Soxhlet extraction (e.g.
Dallorosa et al., 2005; Fang et al., 2006; Pierce and Katz, 1975; Smith and Harrison,
1996) and ultrasonic extraction (e.g. Colombini et al., 1998; Periera et al., 2001; Sharma
et al, 2007; Tomkins et al, 1984). Organic solvents such as dichloromethane, toluene or
acetonitrile are used in these extraction methods. Soxhlet method is the preferred
method by USEPA method TO-13/A. Ultrasonic extraction is the preferred method for
NIOSH Manual of analytical methods, method 5506.

Both of these methods were compared by Marvin et al. (1992) and Pineiro-Iglesias
(2000), and they found that the Soxhlet and ultrasonic extraction methods were
equally efficient. However, the major advantages of ultrasonic extractions are that
they are fast, can be used for a range of sample sizes and they are relatively cheap.
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Other methods used for PAH extraction are supercritical fluid extraction( e.g.
Shimmo et al., 2004; Yu Ren et al., 2006) and microwave digestion (e.g. Ho, et al.,
2002).

2.6.4

Chemical Analysis of Filters

Choosing an instrument to analyse filter samples depends mainly on the chemical
species that is being analysed, sensitivity of the instrument, cost and availability of the
instrument.

Analysis of water-soluble ions

Inorganic anions and cations are usually determined by using IC (e.g. Ali-Mohamed
and Jaffar, 2000; Kerminen et al., 2000; Tuncer et al., 2001). IC is an easy and
accurate method of analysis hence it is been widely used in the analysis of the watersoluble fraction of PM10 filters.
In their study, Harrison and Pio (1983) extracted anions and analysed SO42separately using an adaptation of the chloranilate method, NO3- using a modification
of the Saltzman method after reduction to nitrite by hydrazine. However, these
methods are found in literature that was published before instruments such as the
ion-chromatograph were readily available.

ICP-AES is a method used to analyse water-soluble cations such as Ca2+, K+, Na+
and Mg2+ (e.g. Jalkanen and Hasanen, 1996; Kimbrough and Suffet1996; Wang, et
al. 1998; Kyotani and Iwatsuki, 2002), and has been found to achieve accurate and
acceptable results for these water-soluble cations.

Another method that has been used to analyse inorganic anions is capillary
electrophoresis (CE) (Dabek-Zlotorzynska et al., 1997). A comparison of CE and IC
for the determination of inorganic anions in atmospheric aerosols was done by
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Dabek-Zlotorzynska et al. (1995). This study showed that there was no evidence of
systematic differences between the two techniques.

Analysis of metal ions

There are many instrumental techniques available for analysis of metal ions. The
choice of instrument depends mainly on the metal ions that need to be analysed and
the sample size. Some instruments that are widely used include:


Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)
(e.g. Jalkanen and Hasanen, 1996; Kyotani and Iwatsuki, 2002, ;Wang, et al.
1998).



Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
(e.g. Park et al., 2001; Tanaka et al., 1998;Wang et al. 1995)



Atomic Absorption Spectroscopy (AAS)
(e.g. Fang. et al, 1999; Fang et al, 2002)



X-ray Fluorescence Spectroscopy (XRF)
(e.g. Kyotani and Iwatsuki , 2002; Wang et al., 1995)



Particle Induced X-ray Emission Spectroscopy (PIXE)
(e.g. Chan et al., 1997; Cohen et al., 2000)



Neutron Activation Analysis (NAA)
(e.g. Chan et al., 2000; Wang et al., 1995)

Instrumental techniques such as ICP-AES, ICP-MS and AAS require a hot acid or
microwave extraction to put the metal ions in solution before analysis. For other
techniques such as XRF, PIXE and NAA the sample is cut to a required size and
introduced to the instrument.
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Table 2.6Advantages and Disadvantages of some instruments used for metal analysis (adapted
from USEPA, 1999)

Instrument

Advantages

Disadvantages

•easy to use

• higher concentration

• extensive applications

• sample dissolution is

• low detection limits

required

s
FAAS

• one element at a time
GFAAS

• well documented applications

•limited working range

• lower detection limits than FAAS

sample
• low sample throughput
• one element at a time
• more operator skill
• sample dissolution is
required

ICP-AES

• multi-element

•more expensive

• high sample throughput

(~US$120K)

• well documented applications

•sample dissolution is

• intermediate operator skill

required

• linear range over 5 orders of

• other elements can interfere

magnitude
ICP - MS

• multi-elements

• most expensive

• low concentrations

(~US$250K)

• isotopic analysis

•limited documented

• intermediate operator skills

applications
•sample dissolution is
required

PIXE

• multi-element

• standard/sample must match

• non-destructive

closely (matrix)

• minimal sample preparation

• matrix offsets and
background
impurities may be a problem
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Advantages (contd.)

Disadvantages (contd.)

• multi-element

•standard/sample must match

• non-destructive

closely (matrix)

• minimal sample preparation

•matrix offsets and

s (contd.)
XRF

background
impurities may be a problem
NAA

• multi-element

• some elemental

• non-destructive

interferences

• minimal sample preparation

• standard sample matrix

• % to ppb range

corrections

• high sample throughput

• required access to research

• well documented applications

nuclear reactor

The US EPA (1999) compared the advantages and disadvantages of these analytical
techniques which is shown in Table 2.6.

Analysis of PAH

There are many analytical techniques used to analyse PAHs in the atmosphere. The
most widely used methods are:


Gas chromatography with Flame Ionization detectors - GC/FID (e.g. Khalili
et al., 1995; Kallio et al., 2003; Travares et al., 2004)



Gas chromatography and mass spectrometry - GC/MS

(e.g. Abas and

Simoneit, 1996; Bi et al., 2002; Fang et al., 2004)


High performance liquid chromatography and Ultra Violet detector –
HPLC/UV (e.g. Colombini et al., 1998; Di lella et al., 2006; Kulkarni and
Venkataraman, 2000).

All of these instruments can successfully separate PAHs from complex mixes and
provide accurate and reproducible results. Therefore, these methods are used in many
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standard methods such as USEPA method TO-13, NIOSH method 5506 and ISO
standard method 12884. Most GC/FID methods use normal phase liquid
chromatography to clean and isolate PAHs prior to analysis (Pelton and Kuljukka,
1995).

Other analytical techniques that are used for PAH detection include Thin Layer
Chromatography (TLC) and CE. TLC was used when GC methods or HPLC
techniques were not readily available. TLC is used today in conjunction with gas
chromatography and HPLC (Pelton and Kuljukka, 1995). CE analysis of PAHs is not
highly recommend as electrophoretic separation of PAHs is difficult and complicated
(Pelton and Kuljukka, 1995).

2.7

SOURCE IDENTIFICATION AND PATTERN RECOGNITION

Source identification is an essential step in the investigation of PMs.

This

information can be used to reduce emissions in order to decrease hazardous
components of aerosols in the atmosphere.

Many methods have been used to identify sources. For example, chemometric
methods such as PCA have been used to identify the patterns in the concentration of
airborne pollutants and discern their sources (Espinosa et al., 2004). Some
researchers such as Lim et al. (2005) use other multivariate methods such as
Preference

Ranking

Organisation

Method

for

Enrichment

Evaluation

(PROMETHEE) and Geometric Analysis for Interactive Aid (GAIA). These methods
will be examined in section 2.7.1

Diagnostic ratios are another popular method used to identify sources of airborne
pollutants. Many studies of PAH composition use this method (Bi et al., 2003; Guo
et al., 2003) where PAH emission ratios at the source are compared to the
concentrations of PAH. Section 2.7.2 examines this method further.
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The correlation coefficient is also used to identify relationships between data
variables (Hedge et al., 2007 and Kocak et al., 2004). This method is used widely
with inorganic ions. Section 2.7.2 details this method further.

The Chemical Mass Balance (CMB) is another source identification method used in
many studies (e.g. Prendes et al. 1999; Watson and Chow, 2001; Zeng et al., 2002).
This is a very popular method that compares the chemical composition of source
emissions, or source profiles, with the composition of the ambient aerosol.

2.7.1

Chemometics

The rapid growth of the use of personal computers and their ability to process data faster
with user-friendly menus has made the chemometric procedures popular. Thus,
chemometrics is now widely used by chemists and environmental scientists because of
its ability to reduce multidimensional data into fewer dimensions.

Pattern recognition is an important part of chemometrics because of its ability to display
data in plots from which clusters and outliers can be identified. Classification of
multivariate data can also be done using chemometrics, where objects are tested to see if
they belong to a certain class. Prediction is the next important use of chemometrics, here
using the results of one variable the values of another variable can be predicted saving
both time and money.

PCA

PCA is a well known multivariate technique. PCA affects multivariate data reduction
by transforming the data into orthogonal components that are linear combinations of
the original variables. Therefore, PC reduces multidimensional data into fewer
dimensions. The theory of PCA is well documented elsewhere (Jolliffe, 1986; Wold
et al, 1987).
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Studies by researchers such as Espinosa et al. (2004), Baez et al. (2007) and
Ravindra et al. (2008) used PCA to identify the sources of certain trace metals,
water-soluble ions and PAHs in aerosols. The concentrations of different ions and
compounds, meteorological data and other parameters are used in these studies for
PCA.

The equation below shows how a PCA is calculated;

PCjk = aj1xk1 + aj2xk2 + …….. + ajnxkn

Where PCjk is the value of the principal component j on component k (the score value
for object j on the component k), aj1 is the loading of the variable 1 on component j, xk1
is the measurement value for variable 1 on object k and n is the total number of
variables.

Each principal component is characterised by scores and loadings. Scores are the
projections of objects onto a particular principal component and the loadings are the
contribution of each variable to a particular principal component.

Principal component s are computed in such a way that the first principal component
accounts for the largest amount of variation in the data set while subsequent components
describe progressively decreasing amounts of the data variance. Therefore, by using the
first few principal components it is possible to illustrate the relationship between data.
Principal component plots, such as scores and loading plots are regularly used to represent
results of PCA. These plots show clusters and outliers in the data. A scores plot shows the
relationship between objects. If they are clustered together they are relatively similar. A
loadings plot is used to demonstrate the relationship between the variables. Biplots can be
used to display scores and loadings simultaneously. This illustrates the relationship between
objects and variables.
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PROMETHEE and GAIA

PROMETHEE is a multicriteria decision-making method which ranks the objects
and applies them to the variables. Extensive information about PROMETHEE and
GAIA can be found elsewhere (Brans et al, 1986; Keller et al., 1991; Kokot et al,
1992). Lim et al. (2005) used PROMETHEE and GAIA in their study to rank the
pollution levels of different sites in Brisbane.

In the first step of PROMETHEE is a preference function P (a,b) that has to be
constructed for each criterion. Using this function all the entries in the data matrix for
this criterion will be compared pair-wise in all possible combinations by subtraction,
resulting in a difference, d, for each comparison. The positive and negative outranking
flows, Ф+ and Ф- are calculated from the preference indices refining the preference
structure. The Ф + values indicate how each action outranks all the others, while the Фvalues show how each action is outperformed by all the others. Using the preference
rule (Keller et al., 1991) a preference table is produced. Global preference indices are
computed by summing all the preferences for each action. With the help of a set of
simple rules, the outranking flows may be compared to produce a partial rank order with
three possible results:
i.

one action is preferred to another

ii.

there is no difference between actions

iii.

actions cannot be compared.

This procedure is called PROMETHEE I. In an attempt to eliminate the indecisive
result, (iii), and to produce a simple ranking scale, a net outranking flow value, Ф for
each action may be computed by taking the difference between the associated positive
and negative outranking flows. This procedure is termed PROMETHEE II.
PROMETHEE II is supposed to be more efficient than PROMETHEE I, but may give
less reliable results than PROMETHEE I. Lim et al. (2005) have used PROMETHEE
successfully as a multicriteria decision-making method .
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Diagnostic Ratios and Correlation coefficients
Diagnostic ratios of PAHs

In many studies, the sources of PAHs in various environmental samples have been
qualitatively determined by various molecular diagnostic ratios (e.g. Bi et al., 2003;
Dickhut et al., 2000; Guo et al., 2003; Kavouras et al., 2001; Lodovici et al., 2003;
Mandalakis et al., 2002; Park et al., 2002; Rogge et al., 1993a,b; Yassaa et al., 2001).
These ratios are calculated by using the different concentration of specific PAHs at
known source such as petrol emission. This ratio method compares two or more PAH
ratios values to identify the source of a specific PAH.

Diagnostic ratios such as BAP/IND, BAA/BAA+CHR, FLU/ FLU+PYR and
IND/BGP+IND could be used to identify their origin or as an indication of the aging
of air samples (Cotham and Bidleman, 1995; Lohmann et al., 2000; Sienra et al.,
2005;; Tan et al., 2006; Sroher et al., 2007). Some of the diagnostic ratios used
regularly are shown in Table 2.7.

Table 2.7 Some Diagnostic Ratios Used for PAH Source Identification (Adapted from
Ströher et al., 2007)
Diagnostic ratios

Petrol

Wood

Diesel oil

combustion
[PHE]/[PHE]+[ANT]

0.77 ± 0.12

0.82 ± 0.01

[BAA]/[BAA]+[CHR]

0.37

0.48

[BAP]/[IND]

1.0

[IND]/[IND]+[BGP]

0.18 ± 0.03
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Diagnostic ratios of inorganic ions

Diagnostic ratios are also widely used to identify marine aerosols sources and nonmarine aerosols sources / non-sea-salt sources for water-soluble ions (e.g. Hedge et
al., 2007; Karthikeyan and Balasubramanian, 2006; Wang et al., 2001).
The ratio for Cl-/ Na+ for sea water is reported as 1.16 (Hedge et al., 2007) and 1.8
(Karthikeyan and Balasubramanian, 2006). The ratio for Cl-/ Na+ reported in most
studies (e.g. Hedge et al., 2007; Karthikeyan and Balasubramanian, 2006) ranges
from 0.9 to 1.00 due to the fractionisation of sea-salt and modification by non-marine
aerosols especially chlorine which reacts with acidic species.
It is well documented that the sources of K+, SO42-and Ca2+ are not only from marine
aerosols. Hence, many studies (e.g. Hedge et al., 2007; Karthikeyan and
Balasubramanian, 2006; Wang et al., 2001) used the formulas below to calculate
contributions of these ions from non-sea-salt sources.
nss K+ = [K+] - [Na+]0.2516 (Wang et al., 2001)
nss SO42- = [SO42-]- [Na+]0.0373 (Wang et al., 2003)
nss Ca2+ = [Ca2+] - [Na+]0.0385 (Wang et al., 2001; Wang et al., 2003)
Thus non-sea-salt K+ (nss K+), non-sea-salt SO42- (nss SO42-) and non-sea-salt Ca2+
(nss Ca2+) can be calculated by using the equations above and by assuming that the
chemical composition of the marine aerosols are the same for sea-salt, and also that
the sole source of Na+ is marine aerosols. These formulas are useful to estimate
crustal and biomass burning components of these ions.

Diagnostic ratios can also be used on metals to confirm sources from of industry or
automobile emissions. For example, Cu/Zn (Lim et al., 2005) and Br/Pb (Chan et al.,
1997) have been used to identify the sources of pollutants and determine whether
they are from diesel exhausts, petrol exhausts or industry sources.
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Correlation coefficients of water-soluble ions

Correlation coefficients (r) of water-soluble ions are used widely to identify the
relationship between different ions (Hedge et al., 2007 and Kocak et al., 2004). A strong
positive correlation coefficient indicates that the ions are related to each other. These
related ions are from the same source or produced in the same mechanism/reaction.
Furthermore these related ions are also transported similarly and react to the
meteorological parameters in a similar fashion.

For example Kocak et al. (2004) showed that there was a strong positive r value
(0.99) between Cl- and Na+. Hence, it was assumed that these ions were of marine
origin.

2.7.3

The Chemical Mass Balance (CMB)

The CMB receptor model (Watson et al., 1989) compares the chemical composition
of source emissions, or source profiles, with the composition of the ambient aerosol.
The CMB is a simple, linear mixing model, which requires conservation of
composition between source and receptor but makes no assumptions about transport
or removal processes. While it requires an accurate knowledge of all significant
source emission compositions, it provides a direct and quantitative estimate of source
contributions. This is a very popular method, which has been used by Prendes et al.
(1999), Watson and Chow (2001) and Zeng et al. (2002).

When using a CMB model, the inputs of chemical concentration of receptor sample
and source profiles are required. Chemical concentrations of the receptor sample are
acquired from the analysis of the samples. A source profile, which gives the different
elemental/ion fractions at the source, is acquired from the literature. The accuracy of
the source profile dictates the accuracy of the source apportionment in CMB.
Therefore, even though CMB is a popular source identification method it might not
be possible to use it in all studies.
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Chan et al. (1999b) successfully used CMB for source identification of aerosols in
Brisbane. (This study will be discussed in detail in section 2.7.4). However, it has
some shortcomings such as the accuracy of the source and it assumes that the
composition of the source remains constant. Therefore, this method was not used in
the current study.

2.7.4

Source Identification Studies in Brisbane

Characteristics and sources of PM2.5 and PM10 aerosols in Brisbane were investigated
by Chan et al (1999b) using the CMB model. The aerosol samples were collected
from September 1993 to August 1994 and from May to November 1995 at five sites
in Brisbane.

The results were compared with those from two other receptor

modelling techniques, namely target transformation factor analysis (TTFA) and
multiple linear regression (MLR) methods.

The results showed that the different modelling techniques reconciled well with each
other. Source apportionment results from the CMB method showed that the major
contributors of PM10 aerosol mass in samples collected at the five sites in Brisbane
included: soil/road side dusts (25% by mass), motor vehicle exhausts (13%, not
including the secondary products), sea-salt (12%), Ca-rich and Ti-rich compounds
(11%, from cement works and mineral processing industries), and biomass burning
(7%). Elemental carbon and secondary products contributed around 15% of the
aerosol mass on average (4% elemental carbon, 6% ammonium sulphate and 4%
organic, nitrate was not measured). Furthermore, the major sources of PM2.5 aerosols
at the Griffith University site were: elemental carbon (24% by mass), secondary
organics (21%), biomass burning (15%) and secondary sulphate (14%). Most of the
secondary products were related to motor vehicle exhausts, so, although motor
vehicle exhausts contributed directly to only 6% of the PM2.5 aerosol mass, their total
contribution could be substantial.

In 2000 Chan et al. (2000) used TTFA to identify and to apportion the emission
sources to the different size ranges of atmospheric aerosols samples in Brisbane. This
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technique was chosen because it could extract the above information from only the
measured elemental composition in the samples. The aerosol samples were treated
with the assumption that they were composed of seven components, namely; crustal
matter, sea-salt, ammonium sulphate, soot, organic matter, smoke and lead bromide.
The TTFA technique was used to identify the number and nature of contributing
sources, to derive the mass fractions of elements in source emissions, and to
apportion the contribution of the identified sources to the aerosol mass in each size
range.

Four source factors were resolved by TTFA, namely the soil, sea-salt, organics and
vehicular exhaust factors. The source fingerprints of the factors varied in the size
ranges and had implications on the formation and dispersion processes of the
particles. For example, the source fingerprints of the soil and sea-salt factors in the
fine particle fractions showed a higher level of contamination from fuel combustion
products. Also the mass percentage of Pb in the vehicular exhausts factor is much
lower than that found from a previous Brisbane aerosol study, reflecting the gradual
phasing-out of leaded petrol. On average, the soil and sea-salt factors contributed
more than 80% of the mass of the >2.7µm aerosol samples, while the organics and
vehicular exhausts factors explained almost all the mass of the <0.61µm aerosol
samples.

Lim el al. (2005) used a multivariate method for source identification of both
elemental and PAH results. PCA was used for pattern recognition and source
identification while PROMETHEE and GAIA were used to rank the sampling sites.
Woolloongabba bus platform was ranked as the most polluted site on the basis of the
elemental and PAH compositions of both TSP and PM

2.5

samples. The

Woolloongabba bus platform and the QUT sites were ranked as the worst polluted
sites in terms of PAHs and PM2.5 elemental contents, respectively.

Lim et al., (2005) used the Cu/Zn ratio to identify the sources of these metals. It was
identified that the high ratio of Cu and Zn originated from vehicular sources at QUT
and the ANZ sites and from industrial sources at the Woolloongabba site.
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SUMMARY AND IDENTIFICATION OF THE GAPS IN
KNOWLEDGE

Particulate air pollution is a major problem in the world today. This problem is
especially prevalent in urban areas due to modern industrialisation and
transportation. The increase in PM levels has caused human health concerns and
environmental problems. Hence, it is important to study and monitor aerosols in the
environment, particularly in urban airsheds. Many previous studies have shown that
PM10 is an important fraction of aerosols because it is in the repairable fraction of the
aerosols.

Given the significant role that aerosols play in the environmental and in health
issues, many studies have been conducted around the world to identify the
composition of aerosols. Such studies have investigated a variety of chemicals such
as the water-soluble inorganic fraction, and elemental fraction as well as the PAH
fraction.

Brisbane does not currently face major PM pollution problems that are prominent in
many cities in Asia and Europe. However, there is evidence that PM pollution is a
potential problem in Brisbane. Therefore, it is important to document trends in PM
levels and chemical composition of some aerosols in Brisbane. The majority of
studies undertaken so far have focused mainly on the elemental composition of
aerosols; however there are some studies that have investigated PAH composition.

These studies however have not investigated the soluble fraction intensively.
Therefore, the current study will investigate the water-soluble aerosols in Brisbane to
close this knowledge gap. Secondly, PAHs that have been identified as carcinogens
and mutagens have not been investigated in the PM10 fraction of aerosols in
Brisbane; this knowledge gap that will also be addressed in the current study.
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Source identification is an essential part of any aerosols composition study.
Therefore, the current study will include the investigation of the source of metal ions
including Zn, Cu, Pb, Fe, Mn and Al in the PM10 fraction. Fe, Mn and Al are
expected to be predominantly from crustal matter and these results will help to
identify trends in the relative contribution of crustal matter to aerosols in Brisbane.
Toxic metal species such as Zn, Cu and Pb will help to identify the contribution of
anthropogenic sources to the PM10 fraction in the city. It is hoped that the results of
this source identification exercise will help to reduce source emissions in order to
decrease hazardous components of PM in the atmosphere.
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3

As discussed in Chapter 1 and Chapter 2 the aim of this project is to determine the
major water-soluble inorganic components, some metal ions and US EPA priority
PAHs in PM10 atmospheric particulates sampled in SEQ, and then to use these results
to identify the sources of these species. Therefore, it is important to choose research
methods and instrument techniques that will satisfy the aims.

This chapter presents the experimental design with a focus on sample sites (section 3.1)
sampling methods (section 3.2), sample extraction methods (section 3.3), sample
analysis techniques (section 3.4) and source identification methods (section 3.5) that
were used in this study and how they are best suited to achieve the aims of this study.

3.1

CITY OF BRISBANE AND SAMPLE SITES

The SEQ region where Brisbane is located lies in the coastal plains east of the Great
Dividing Range. Brisbane is a low-lying floodplain, however the urban area is
scattered with large hills reaching close to 300 m. Therefore, there is a potential for
blocking and channelling of local winds, particularly in the upper valley areas (Meja
et al, 2007).

Brisbane has a subtropical climate, typical of the eastern coastal locations of the high
pressure belt of the southern hemisphere (Simpson, 1989). Meja et al. (2007, p1065)
states that:
..during the warm season (November–April), unstable sea breeze flows from the
Pacific Ocean, the weather is dominated by strong winds with average speeds of
11–21km h-1 and frequent strong rain. During the cool half of the year (May–
October), the large scale of air drift is from the southwest quadrant and this
continental air is relatively dry (0–50% relative humidity) and stable, low winds
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speeds prevail and pollutant persistence times are increased in the absence of
precipitation.

Samples were collected at three air monitoring stations, Rocklea, Woolloongabba
and Eagle Farm, within the SEQ air quality network. These stations are shown in
Figure 3.1.

Eagle Farm

Woolloongabba
Rocklea

Figure 3.1 Brisbane Airshed and Sampling sites (Source: Vodafone, 2007)

The Eagle Farm station is located in a light industrial area at the DPI
Quarantine Centre. The Woolloongabba station is sited 4 metres from
Ipswich Road, within the grounds of the Princess Alexandra Hospital. Its
proximity to the busy main road in a commercial business area makes it ideal
for monitoring air pollution from traffic sources. The Rocklea station was
established as part of the original monitoring network in 1978. The site is
located in an open area of the former Department of Primary Industries
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Animal Husbandry Research Farm and is surrounded by light industrial and
residential areas. (Queensland EPA, 2007).
Meteorological data such as wind speed, minimum temperature, maximum temperature,
rainfall and humidity is monitored at all sites.

3.2
3.2.1

SAMPLING
Sampling Schedule

Four sets of PM10 aerosol samples were analysed for this project. Table 3.1 shows a
summary of these aerosol samples.

The first three sets of samples were supplied by QLD EPA. These samples were
collected on Teflon filters using a standard PM10 high volume sampler. The samples
were collected every sixth day for 24 hours. This sample routine was usually carried
out to avoid any weekend and weekday bias when daily sampling could not be
conducted.

Only one half of the samples collected from December 2002 to March 2003 from
Eagle Farm and from December 2002 to January 2004 from both Rocklea and
Woolloongabba stations were analysed for this study. QLD EPA retained the other
half of the sample. A number of blank samples were also collected.

The fourth set of samples were collected at the Rocklea Air Monitoring Station from
September 2003 to August 2004 using glass fibre filters. . The goal of this sampling
was to analyse for PAHs. Seven samples and blanks were collected every 6 weeks.
Since the sampling routine did not involve QLD EPA staff, access to the Air
Monitoring Station was limited and hence, it was not possible to sample every sixth
day. This sampling routine was carried out to prevent weekend/weekday and

© 2008 A.U. Wathsala Kumar

Page 55

Chapter 3: Experimental design

Page 56

seasonal bias. Each filter was divided into four. One quarter was analysed for soluble
inorganic ions, one quarter was analysed for acid extracted elements and the
remaining half was used to determine PAH concentrations.

17 samples were collected at Eagle farm station from December 2002 to March
2003. 70 samples each were collected at both Rocklea and Woolloongabba stations
from December 2002 to January 2004. 56 samples were collected at Rocklea Station
from September 2003 to August 2004.
Table 3.1 Summary of particulate sampling
Sampling
Station

Sampling Period

Filter
Type

Sampling
sequence

Filter Fractions used

Eagle Farm

Dec2002 to Mar
2003

Teflon

Every 6th day

½Water-soluble
ions

Rocklea

Dec2002 to Jan 2004

Teflon

Every 6th day

½ Water-soluble
ions

Woolloongabba

Dec2002 to Jan 2004

Teflon

Every 6th day

½ Water-soluble
ions

Rocklea

Sep2003 to Aug
2004

Glass fibre

Every 6 weeks
for a week

¼ Water-soluble
ions
¼ acid soluble ions
½ PAH

3.2.2

Sampler

All particulate samples were collected using high volume PM10 samplers. A CE HiVol (MANUFACTURER) high volume sampler with a C.E. 10 µm selective inlet
was used for all the sampling. Australian /New Zealand standards 3580.9.6 “Method
for sampling and analysis of ambient air- Determination of suspended particulate
matter – PM10 high volume sampler with size selective inlet- Gravimetric method”
was followed.
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Samplers were set up on the ground level at the air monitoring station. The samples
were collected at a flow rate of 1.13 m3/min.

3.3

FILTER MATERIAL

Filters

Two different filter materials were used in this study. They are:



Teflon filters - Pallflex (20.3cm x 25cm or 8” x 10”)
Used for sampling from December 2002 to January 2004 at Rocklea and
Woolloongabba. Also at Eagle Farm from December 2002 to May 2004.



Glass Micro Fibre filters -Whatman EPM 2000 (20.3cm x 25cm or 8” x 10” )
Used for sampling at Rocklea from September 2003 to August 2004.

Section 2.6.2 in Chapter 2 gave the details of several filter materials and examines the
different characteristics that are used in choosing a suitable filter type. The aim of the
first three sampling rounds was to collect samples for soluble ion analysis. Therefore,
Teflon filters were chosen for the sampling round. The fourth round of sampling was
carried out mainly to analyse PAHs hence, glass fibre filters were considered more
suitable.

A blank filter was collected at the beginning and end of each round as sample blanks.
Before and after sampling all filters were weighed in a chamber which has constant
humidity and temperature.
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Pre-treatment and Storage

The Teflon filters were not pre-cleaned. However, they were handled with gloves.
After weighing, the filters were cut in half then folded in half, sealed in an air-tight
bag and refrigerated until extraction.

The glass fibre filters for the 4th set of samples were pre-cleaned in a furnace for 8 hr
at 5000C, and put in a glass container which was wrapped in aluminium foil then
weighed. After sample collection the samples were replaced in the container,
weighed and refrigerated until extraction.

3.4

SAMPLE EXTRACTION

3.4.1

Water-soluble ions

As mentioned previously, ultra sonication is commonly used to extract water-soluble
anions and cations using distilled water (e.g. Harrison and Pio, 1983; Keene et al.,
1989; Khwaja et al., 1999).

The samples that were extracted with ultra sonication using ultrapure water were:


½ of each Teflon filter from Rocklea – for all samples from December 2002 to
January 2004



½ of each Teflon filter from Woolloongabba – December 2002 to January 2004



½ of each Teflon filter from Eagle Farm – December 2002 to January 2004



¼ of each Glass fibre filter from Rocklea – September 2003 to August 2004

To extract these samples, the filter material was cut into even strips. Then the
fraction for water-soluble ion analysis was extracted ultrasonically with 50ml of
ultrapure water for 60 min in a sealed 125ml glass bottle. The sample was then
diluted to 100ml with ultrapure water in a volumetric flask and refrigerated until
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analysis. Some filter samples were spiked with a known concentration of NaCl and
K2SO4 standard to investigate the extraction efficiencies. Field blanks and sample
blanks were also extracted using the same method.

3.4.2

Acid extraction for metal ions

A quarter of each filter from Rocklea from September 2003 to August 2004 was
extracted with hot acid to analyse for Pb, Al, Zn, Cu, Fe and Mn as a microwave
digester was not available (see section 2.6.3). The method for extraction was adapted
from US EPA method IO 3.1 (US EPA, 1999).
Using US EPA method IO 3.1 as a guide, the samples were cut into even strips and
25 ml of the extraction acid (6% HNO3/ 16% HCl) was added to the sample in a
beaker which was covered with a watch glass and refluxed on a hot plate in a fume
hood for 30 mins. Then 25 ml of ultrapure water was added and the sample left sit
for 30min. Then this sample was diluted to 50 ml giving a final solution
concentration of 3% HNO3/ 8% HCl. These samples were filtered with 0.45µm
Teflon syringe filters and then refrigerated until analysis. The sample was extracted
and diluted up to 50 ml instead of 20 ml, as recommended in US EPA method IO
3.1, as a larger volume was needed to cover the filter for extraction. Some filter
samples were spiked with a known concentration of the multi-element standard to
investigate the extraction efficiencies. Field blanks and sample blanks were also
extracted using the same method.

3.4.3

Extraction of PAH for HPLC

Half of each glass filter obtained from Rocklea during September 2003 to August
2004 was extracted for PAHs. There are numerous methods of extraction and
analysis of organic compounds. Some of these methods are been examined in
Chapter 2 section 2.6.3. For this project, NIOSH 5506 method (NIOSH, 1994) was
adapted to extract PAHs which would be analysed by HPLC/UV.
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Using NIOSH method 5506 as a guide, samples were cut into even strips in to a glass
bottle and 50 ml acetonitrile was added. This was placed in an ultrasonic bath for 60
min. These extracts were then filtered through 0.45µm Teflon syringe filters and
refrigerated until extraction. 50 ml of acetonitrile was used instead of 5 ml in NIOSH
method 5506, to cover the whole filter sample when extracting. Some filter samples
were spiked with a known concentration of the multi PAH standard to investigate the
extraction efficiencies. Field blanks and sample blanks were also extracted.

3.5

SAMPLE ANLYSIS

3.5.1

IC

As discussed in Chapter 2, Section 2.6.4 IC is an appropriate method which is widely
used in the analysis of the water-soluble fractions from PM10 filters. In this method,
the sample passes through an ion exchange column where ions interact with the ion
exchange sites on the stationary phase in the column. Mobile phase ions (or eluent
ions) compete with the sample ions for ion exchange sites on the column that
separates the ions. Once ions are separated, the concentration of each species present
in the sample is measured using an electro conductivity detector. This produces a
chromatograph than can be used to identify the concentration of the ions using peak
height or peak area.

The extracts of half of each filter obtained from Rocklea during December 2002 to
January 2004, half of each filter obtained from Woolloongabba during December
2002 to January 2004, half of each filter obtained from Eagle Farm during December
2002 to January 2004 and a quarter of each filter from Rocklea in September 2003 to
August 2004 were analysed using IC.

These samples were analysed using a Dionex Bio LC Ion chromatograph. Inorganic
anions such as Cl-, NO3-, SO42-, F-, Br-, NO2- and PO4-3 were analysed with Dionex

© 2008 A.U. Wathsala Kumar

Page 60

Chapter 3: Experimental design

Page 61

4mm Ion Pac AS9 HC analytical column, Dionex 4mm Ion Pac AG9 HC guard
column and ASRS-ULTRA suppressor column. The eluent solution used was 9mM
NaHCO3 at a flow rate of 1.2 ml/min. A mixed standard solution that was prepared in
the laboratory was used to establish calibration curves.

NH4+ ions were analysed using a Dionex 4mm CS15 column and Guard Dionex 4
mmCG15Column.The eluent used was13mM H2SO4 at a flow rate of 2 ml/min. A
CMMS-II suppressor column was used with 50mM tetra methyl ammonium
hydroxide (TMAOH) at a flow rate of 5 ml/min. A standard solution of NH4Cl that
was prepared in the laboratory was used to establish calibration curves.

The detection limits of all these anions and cations, and the blank values for these
anions and cations are shown in Table 3.2. Samples with values below detection
limit were given a value of half the calculated detection limit when calculating mean,
standard deviation values and PCA analysis.
Table 3.2 Detection Limits and Blank Values for IC Analysis.

Ion Analysed

Teflon filter

Teflon filter

Glass fibre

Detection Limit
(ppm)

Blank Value
(ppm)

Detection
Detection
Limit (ppm) Limit (ppm)

Cl-

0.5

0.5

0.5

0.5

NO3-

0.5

< DL

0.5

< DL

SO42-

0.5

< DL

0.5

< DL

F-

0.05

< DL

0.05

< DL

Br-

0.05

< DL

0.05

< DL

NO2-

0.5

< DL

0.5

< DL

PO4-3

0.5

< DL

0.5

< DL

NH4+

0.8

< DL

0.8

< DL
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ICP –AES

As discussed in Chapter 2, section 2.6.4, ICP-AES is a common method used for
inorganic cations and metal ion detection in the liquid phase. For the ICP-AES
analysis the sample is introduced into an atmosphere of argon gas seeded with free
electrons induced by high voltage from a surrounding Tesla coil. The high
temperatures in the induced plasma raise valence electrons above their normal stable
states. When these electrons return to their stable states, a photon of light is emitted
that is unique to the element that was excited. This light is detected at specified
wavelengths to identify the elements in the sample.

ICP-AES (Varian Liberty 100) was used to analyse Na+, K+, Mg2+ and Ca2+ ions in the
water-soluble fraction of the samples obtained from Rocklea, Woolloongabba, and
Eagle Farm from December 2002 to January 2004, and from Rocklea from September
2003 to August 2004. A mixed standard solution that was prepared in the laboratory
was used to establish calibration curves.

ICP-AES (Varian Liberty 100) was used to analyse Pb, Al, Zn, Cu and Mn in samples
from Rocklea from in September 2003 to August 2004. A mixed standard solution was
prepared in the laboratory and used to establish calibration curves used for the
quantification.

The detection limits of all elements and cations analysed by ICP-AES and the blank
values are shown in Table 3.3. Samples with values below detection limit were given
a value of half the calculated detection limit when calculating mean, standard
deviation values and PCA analysis.
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Table 3.3 Detection Limits and Blank Values for ICP-AES Analysis
Species Analysed

Detection Limit
(ppm)

Blank Value
(ppm)

Na+

0.015

0.025

K+

0.20

< DL

Mg2+

0.001

< DL

Ca2+

0.003

< DL

Pb

0.05

< DL

Al

0.015

< DL

Zn

0.009

< DL

Cu

0.02

< DL

Mn

0.003

< DL

3.5.3

HPLC

HPLC is a widely used analytical technique for PAH determination. In HPLC, as in
other chromatography methods, the sample which is in the mobile phase (or eluent)
passes through a column which contains a stationary phase. Here the compounds of
the sample are separated as they interact with the stationary phase. The compounds
that interact least with the stationary phase are eluted early while those that interact
most are the slowest to migrate through the column.

The extracted samples of one half of each glass fibre filter obtained from Rocklea
between September 2003 and August 2004 was analysed for the 16 US EPA priority
PAHs using HPLC/UV. HPLC/UV instrument that used was Hewlett Packard HP1100. PAH column that were used for this analysis. is LiChroCART® 250-4
LiChrospher® PAH, 5 µm column from Merck An acetonitrile gradient elution with
water as the eluent was employed. The flow rate was 1 ml/min and the gradient
program used was 0-3 min at 50% acetonitrile, 3-15 min 50% -100% acetonitrile and
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15- 50 min 100% acetonitrile. A mixed standard solution (TLC Polynuclear
Hydrocarbon mix, SUPELCO) was used to establish the calibration curves.

The detection limits of all PAHs analysed by HPLC and the blank values of the
PAHs are shown in Table 3.4. Samples with values below detection limit were given
a value of half the calculated detection limit when calculating mean, standard
deviation values and PCA analysis.
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Table 3.4 Detection Limits and Blank Values for HPLC Analysis
PAH Analysed

Detection Limit
(ppb)

Blank Value
(ppb)

ACE

0.4

< DL

ACY

1.5

< DL

ANT

1.2

< DL

BAA

0.5

< DL

BBF

1.0

< DL

BKF

0.3

< DL

BGP

1.0

< DL

BAP

0.3

< DL

CHR

1.5

< DL

DBA

1.0

< DL

FLT

1.2

< DL

FLU

5.0

< DL

IND

1.0

< DL

NAP

1.5

< DL

PHE

1.0

< DL

PYR

0.5

< DL

3.6

SOURCE IDENTIFICATION AND PATTERN RECOGNITION

Source identification is an important step in all atmospheric analyses. The source
identification methods used in this project are PCA, correlation coefficients and
diagnostic ratios.
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PCA

PCA is a technique used to analyse multivariate data (see section 2.7.1).

In this study, PCA was used to identify the difference between sampling sites and
seasonal differences using a data matrix consisting of all samples and sites and the
inorganic chemical species that were analysed. Meteorological data such as temperature,
rainfall, humidity and wind speed were also collected by QLD EPA at each site and
used in the data matrix.

PCA was also used to identify the chemical sources of water-soluble ions, metals and
PAHs in loadings plots.

The SIMCA software package was used for the PCA of the results.

3.6.2

PROMETHEE and GAIA

PROMETHEE is a ranking method, which allows objects to be ranked according to
preference conditions supplied by the decision-maker. GAIA, on the other hand,
displays PROMETHEE results visually. (See section 2.7.1.)

PROMETHEE and GAIA were used to rank this study with similar studies done
globally. Using this method it was possible to identify the pollution level of different
PM species in Brisbane. Decision Lab 2000 was the software used to investigate
PROMETHEE and GAIA ranking of the data sets of this study.
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Diagnostic Ratios and Correlation coefficients
PAHs

As detailed in Chapter 2, section 2.7.2, the sources of PAHs in various environmental
samples have been qualitatively determined in many studies by using various molecular
diagnostic ratios. These ratios are associated with specific sources such as emissions
from petrol, wood combustion, diesel oil and motor oil. The diagnostic ratios were used
to identify the sources of PAHs in the samples from Rocklea from September 2003 to
August 2004 are presented in Table 3.5.

Table 3.5 PAH Diagnostic Ratios used in this Study
Diagnostic Ratio

Value

Emission Sources

References

IND/(IND+BGP)

0.18

Automobiles/Traffic

Grimmer

0.37

Diesel

Kovourus

et

al.

0.56

Coal

Ravindra

et

al.(2006a,b);

0.62

Wood Burning

Ravindra et al. (2008)

0.37

Petrol

Ströher et al.(2007)

0.54

Wood Carbonisation

0.48

Wood Combustion

0.45

Diesel

0.50

Motor Oil

>0.5

Diesel

Fang et al.(2004); Mandalakis

<0.5

Petrol

et al.(2002); Rogg et al.(1993

BAA/(BAA+CHR)

FLU/(FLU+PYR)

et

al.(1983);
(2001);

a,b); Ravindra et al.(2006a,b);
Ravindra et al. (2008)
FLT/(FLT+PYR)

0.43

Petrol

0.56

Wood Carbonisation

0.67

Wood Combustion

0.36

Motor Oil
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Diagnostic Ratio

Value

Emission Sources

References

BAP/(BAP+CHR)

0.73

Petrol

Pandey et al.(199); Park et al.

0.5

Diesel

(2002); Ravindra et al. (2008)

0.77

Petrol

Ströher et al.(2007)

0.82

Wood Carbonisation

0.71

Wood Combustion

3.69

Diesel

Manoli et al. (2004); Mantis et

0.4

Motor Oil

al. (2005)

0.91

Road Dust

FLU/PYR

0.6

Automobile

Neilson(1998)

CPAH/ Total PAH

0.78

Diesel

Manoli et al. (2004)

0.72

Motor Oil

0.82

Road Dust

PHE/(PHE+ANT)

BGP/ BAP

CPAH (Combustion PAH)= FLU+PYR+BAA+CHR+BBF+BKF+BAP+BGP+IND

INORGANIC IONS (Water-soluble and Metal ions)

Diagnostic ratios and correlation coefficients can also be used to identify sources of
inorganic ions (see section 2.7.2).

The ratios and formulas that are used for water-soluble ions in this project are:
Cl-/ Na+ = 1.16 (Hedge et al., 2007) to 1.8 (Karthikeyan and Balasubramanian,
2006).
nss K+ = [K+] - [Na+]0.2516 (Wang et al., 2001)
nss SO42- = [SO42-]- [Na+]0.0373 (Wang et al., 2003)
nss Ca2+ = [Ca2+] - [Na+]0.0385 (Wang et al., 2001; Wang et al., 2003)
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The ratios that are used in this study are detailed in Table 3.6.

Table 3.6 Diagnostic Ratios for Cu, Zn and Pb metals
Diagnostic Ratio

Value

Emission Sources

References

Cu/Zn

0.21-0.23

Petrol

0.01

Diesel

0.12

LPG

Cadle et al., 1999;
Lim et al., 2005;
Lorenger et al.,
1996; Popsecu et
al., 1999

0.98-1.53

Industrial

0.39

Automobile exhaust Chan et al., 1997;
Cohen et al., 1994;
Petrol
Harrison
and
Sturges, 1983

Br/Pb

0.48

3.7

SUMMARY

PM10 samples were collected using high volume sampling from three sites in Brisbane.
These sites are Woolloongabba, Rocklea and Eagle Farm. Meteorological data such as
temperature, rainfall, humidity and wind speed, were also collected by QLD EPA at
each site.

Four sets of samples were collected from the sites as detailed below:


Eagle Farm from December 2002 to March 2003.



Rocklea from December 2002 to January 2004.



Woolloongabba from December 2002 to January 2004.



Rocklea from September 2003 to August 2004.

Each of the first three sets of samples was collected every sixth day, using 20.3cm x
25cm Teflon filter. The remaining set was collected on glass filters every 6 weeks. With
the exception of the samples from Rocklea from September 2003 to August 2004, after
the sampling, the filters were cut into two halves and one half was used for the
determination of the water-soluble ions. For the samples collected from Rocklea from
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September 2003 to August 2004, one half of the filters were used to determine PAHs,
one quarter for water-soluble ions and one quarter for metal ions.

The water-soluble fraction was extracted using ultrapure water in an ultra sonic bath for
60 min, the metal fraction was extracted using hot acid extraction with HNO3 and HCl,
and PAH fraction was extracted using ultra sonication with acetonitrile.

The samples were analysed for inorganic anions and ammonium ions using IC, ICPAES was used for the other inorganic cations and metal ions, and HPLC/UV was used
for the PAHs.

PCA was used with all the results to identify differences between sampling sites and
seasonal differences.

PROMETHEE and GAIA was be used to rank the results obtained in this study with
those obtained from comparable studies carried out around the world.

Loading plots were used to identify different sources of the inorganic ions and metal
ions in the samples.

Diagnostic ratios such as [PHE]/[PHE]+[ANT], [BAA]/[BAA]+[CHR], [BAP]/[IND]
and [IND]/[IND]+[BGP] were used to identify sources of PAHs in the samples.
The sea-water ratio of Cl-/ Na+ and formulas to calculate of non-sea-salt K+, SO42-and
Ca2+ were also be used for source identification. Furthermore, correlation coefficients of
all water-soluble ions were used to understand the relationship between the ions.

Ratios were also be used to identify sources of Zn, Cu , Pb and Br.
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PM10 aerosols that were collected for this study were analysed using the various
methods that are detailed in Chapter 3. This chapter presents the results of the watersoluble ions, metal ions and PAHs of these analyses.

The average water-soluble ion composition is detailed in Section 4.1. The variations
of water-soluble ions at different sampling sites are also investigated in Section
4.1.1. The average compositions of Pb, Al, Zn, Cu, Fe and Mn are detailed in section
4.2. The average concentrations of PAHs are discussed in section 4.3. All the results
that were obtained are compared with similar studies in order to understand the
pollution levels in SEQ. Next, the seasonal variation of water-soluble ions, metal
ions and PAHs are detailed in section 4.4.

4.1

COMPOSITIONS OF INORGANIC WATER-SOLUBLE IONS

A total of 195 samples were collected from the three sites from December 2002 to
August 2004. Cl-, NO3-, SO42-, Na+, K+, Mg2+ and Ca2+ were high in concentration and
determined in all the samples. F-, Br-, NO2-, PO4-3 and NH4+ ions were lower in
concentration and determined in some samples only.

As reported in Chapter 3, four sets of samples were analysed for water-soluble ions
in PM10 aerosols in Brisbane. The average concentration of all ions from all sites are
summarised in Table 4.1. This table indicates that Na+ recorded the highest
concentration followed by Cl-. These results suggest a strong influence of marine
aerosols in the water-soluble ions in PM10 aerosols in Brisbane. The average NO3concentration was higher than SO42- concentration in the Rocklea sample sets than in
the Woolloongabba and Eagle Farm samples.
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Table 4.1 Mean Concentration of Water-soluble Ions Brisbane (ng/m3)

Sampling
Site
Sampling
Period
ClNO3SO42FBrNO2PO4-3
NH4+
Na+
K+
Ca2+
Mg2+

Rocklea

Woolloongabba

QLD EPA samples
Eagle Farm

December 2002
to January 2004
Mean ± SD

December 2002 to
January 2004
Mean ± SD

December 2002 to
March 2003
Mean ± SD

September 2003 to
Aug 2004
Mean ± SD

1203 ± 995
885 ± 168
858 ± 298
51 ± 13
7 ± 17
38 ± 18
1±2
25 ± 19
1388 ± 909
182 ± 65
238 ± 136
146 ± 127

1410 ± 1271
928 ± 499
994 ± 563
54 ± 28
23 ± 70
33 ± 23
2± 3
19 ± 25
1568 ± 1078
207 ± 108
273 ± 171
168 ± 134

2502 ± 708
786 ±229
1295 ±344
59 ± 11
4±2
35 ± 7
Below detection
28 ± 15
2552 ± 776
290 ± 77
386 ± 161
276 ± 97

1320 ± 1008
970 ± 290
910 ± 350
50 ± 18
10 ± 10
30 ± 21
2±2
27 ± 20
1502 ± 998
200 ± 86
250 ±1 44
150 ± 129

SD Standard Deviation
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QUT samples
Rocklea

QLD EPA and QUT Samples
All three Sites
December 2002 to
December 2003
Mean ± SD
Min Max
1467 ± 1232
928 ± 413
975 ± 494
53 ± 21
13 ± 46
36 ±19
1±2
24 ±18
1623 ±1096
207 ±101
273 ±180
173 ±140

139
928
975
5
13
36
1
12
146
19
25
13

4607
1792
2055
88
246
83
7
42
4423
479
816
525
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Mean, minimum and maximum concentration of all water-soluble ions from
December 2002 to December 2003 are summarised in Table 4.1. The individual
water-soluble ion concentrations of PM10 samples in Brisbane during this period was
in the order Na+ > Cl- > SO42- > NO3- > Ca2+ > K+ > Mg2+ > F- > NO2- > NH4+ Br->
PO4-3. This data indicates that marine aerosols and crustal matter are the major
contributors to the water-soluble aerosol concentration in PM10 aerosols in Brisbane.

4.1.1

Temporal variation

As the water-soluble ions found in PM10 aerosols collected from three sites in Brisbane
have been analysed, it is important to compare the results in order to examine the
differences in the pollution levels at these sites.

Table 4.1 can be used to compare the Woolloongabba and Rocklea sites. (Samples
for Eagle Farm site were only analysed from December 2002 to March 2003 which
are warm months hence the average concentration can be biased.) Woolloongabba
have higher concentrations of all the major water-soluble ions, Na+, Cl- and SO4-,
than those found in both Rocklea data sets. . As most of the ions are marine aerosols
it would be expected that the Woolloongabba site would have higher concentrations
of these ions because it is closer to the ocean and the Brisbane River than the
Rocklea site. NH4+ and NO2- are the only ions that are slightly higher in
concentration in the Rocklea sample sets. These ions may be higher due to emissions
from some local industries (e.g. building and automotive).

Figure 4.1 shows a comparison of the concentrations of some individual watersoluble ions from December 2002 to March 2003 at all three sites. The figure
indicates that the Woolloongabba site recorded the highest concentration of all the
major ions, followed by Eagle Farm and Rocklea. As the major components of the
water-soluble aerosols are from marine aerosols, Rocklea would have lower
concentrations than the other two sites because it is further away from the sea.
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However, the reason for Woolloongabba having higher concentrations than Eagle
Farm, which is closer to ocean, may be because the Woolloongabba site is closer to a
water body (Brisbane River) than the Eagle Farm site. Furthermore, meteorological
effects also affect the concentrations of these sites.

To identify the sources of Na+ and Cl- the ratio of Cl-/ Na+ was compared. The
highest ratio was Woolloongabba (1.00), then Eagle Farm (0.98) and then Rocklea
(0.86), indicating that even though Eagle Farm is closer to the ocean, other
influences such meteorological data and proximity to the Brisbane River would have
influenced the higher amount of marine aerosols at Woolloongabba.

Figure 4.1 A comparison of the major ion concentrations of all three QLD EPA data
sets from December 2002 to March 2002.
3000.00

Concentration (ng/m3)

2500.00

2000.00

Eagle Farm
Woolloongabba
Rocklea

1500.00

1000.00

500.00

0.00
Mg2+

Na+

Ca+

K+

Cl-

NO3-

SO42-

Major ions

PCA can be used to compare the data using the meteorological information supplied
by the QLD EPA for each site as well as the concentrations of the ions. Figure 4.2
illustrates the scores plot of the average ion concentrations for each month.
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If the samples from the sites were different from each other, all samples from a
particular site would have clustered together. However the obvious clusters seem to
be the months of the year, with the samples taken during the warmer months and
colder months clustering together. Therefore, it can be concluded that although the
individual ion concentrations at each site are slightly different, all three sites show
similar variations in ion concentrations. This is illustrated in Table 4.1 as well as
Figure 4.2.
Figure 4.2 Scores plot of average concentration of each month using QLD EPA

sample sets

R = Rocklea, E = Eagle Farm, W= Woolloongabba. The numbers stand for the month
and year, e.g. W1202 denotes a sample taken from Woolloongabba in December
2002.

4.1.2

Comparison of water-soluble ion concentration with similar studies

The average concentration of soluble ions at all stations from December 2002 to
December 2003 was compared with similar studies carried out around the world, and
this is presented in Table 4.2. The PM10 concentrations of the water-soluble ions
measured in this study are very similar to those obtained by Chan et al. (1997) in
Brisbane Australia, and Wang and Shooter (2000) in Auckland New Zealand.
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With the exception of Chan et al. (1997), all of these studies extracted and analysed
water-soluble ions using methods that were similar to those used in this study.
Nevertheless, results from Chan et al. (1997) were compared with those obtained in
the current study because, it is the only study carried out in Brisbane, which
investigated the PM10 concentrations of some of the ions analysed in the present
study.

Cl- , Na+ and Mg2+ are considered to be major components of marine sources. The
concentrations of Cl- and Na+ are the highest of all the water-soluble ions in three
studies. These are the current study, Chan et al.’s (1997) study in Brisbane Australia,
and in Wang and Shooter’s (2000) study in Auckland New Zealand, indicating
strong marine influences in all three studies, which are in the same region of the
world. The concentration of these ions is higher in some other places in the world but
they are not the predominant water-soluble ions.

Ca2+ and K+ are regarded as crustal elements. The concentrations of Ca2+ and K+ ions
of this study are similar to previous studies conducted in Brisbane, Auckland and
Dundee. However, the Ca2+ and K+ ions in this study are much lower than in Nanjing
and Bangkok, which seem to have high crustal content.

SO42-, NO3-, NH4+ and NO2- are believed to have secondary origin (Seinfeld and
Pandis, 1997). The concentrations of these ions in this study are similar to those
reported for Auckland and Dundee. The concentrations of SO42-, NO3- and NH4+ of
this study are much lower than those reported for Asian cities such as Nanjing (Wang
et al., 2003) and Bangkok (Chuersuwan et al., 2008) which have much higher
industrial emissions that effect the amount of SO42-, NO3- and NH4+ ion
concentrations in the atmosphere. NO2- concentration is not reported in any of the
studies in Table 4.2, however the average NO2- obtained in the current study was 36
ng/m3, which is very low value.
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The F- and Br- concentrations are related to the Cl- concentrations. Br- concentrations
in this study are similar to the concentrations of Br- at Erdemli, Turkey (Kocak et al.,
2007).
However, the F- ion concentrations are much lower than those obtained at Nanjing
and Huelva (Alastuey et al., 2006). Most of the studies did not report concentrations
of the phosphate ion, although it is substantially lower in this study than that reported
for Heulva.
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Table 4.2 Composition of water-soluble ions of PM10 from some studies around world (ng/m3)
This Current
Study

Chan et al.
1997
(Calculated
)

Sampling
Site

Brisbane,
Australia

Brisbane,
Australia

Sampling
Period

Dec 2002 to
Dec 2003

Sep 1993 to
Aug 1994

ClNO3SO42FBrNO2PO4-3
NH4+
Na+
K+
Ca2+
Mg2+
N A= Not Analysed
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1467
928
975
53
13
36
1
24
1623
207
273
173

1330
NA
NA
NA
NA
NA
NA
NA
1224
104
431
186

Wang and
Shooter
2001

Quin and
Oduyemi
2003

Wang et
al.
2003

Alastuey et
al.
2006

Kocak et
al.
2007

Chuersuwan et
al.
2008

Auckland,
New
Zealand
Apr 2000
to
May 2000
3376
736
1291
NA
NA
NA
NA
19
2266
112
167
245

Dundee,
UK

Nanjing,
China

Huelva
Spain

Erdemli,
Turkey

Din Dheng,
Bangkok
Thailand
Feb 2002 to
Jan 2003

Dec1999
to
July 2000
980
1107
2154
NA
NA
NA
NA
670
1164
110
779
127

Feb 2001 Jan 2001 to
to
Dec 2001
Dec 2001
1510
1200
9190
1800
18130
5000
370
93.5
NA
NA
NA
NA
NA
500
10810
1400
3770
1300
3410
500
4580
1300
380
300
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Apr 2002
to
Apr 2003
5492
1857
4953
NA
10.9
NA
N,A
850
3434
203
1560
489

2000
1450
2250
NA
NA
NA
NA
620
1880
1210
4790
830

Chapter 4: Results

Page 79

The studies in Table 4.2 were investigated further using PROMETHEE to rank the
studies from the least to the most polluted on the basis of the concentrations of the
major ions, Cl-, NO3-, SO42-, Na+, K+, Mg2+, Ca2+ and NH4+. Figure 4.3 illustrates the
outcome of the ranking. Chan et al.’s (1997) study was not used in this comparison
because the concentrations of NO3-, SO42- and NH4+ were not reported. Figure 4.3
indicates that Brisbane is the least polluted followed by Auckland and Dundee.
Nanjing was found to be most polluted from the studies.

Figure 4.3 PROMETHEE ranking of similar studies of PM10 water-soluble ions.

Action 1= Brisbane, Australia: This work
Action 2 = Auckland, New Zealand: April–May 2000 (Wang et al., 2000)
Action 3 = Dundee, UK: December 1999 to July 2000 (Quin and Oduyemi, 2003)
Action 4 = Nanjing, China: February to December 2001 (Wang et al., 2003)
Action 5 = Huelva, Spain: January to December 2001 (Alastuey et al., 2006)
Action 6= Erdemli,Turkey: April 2002 to April 2003 ( Kocak et al., 2007)
Action 7= Din Dheng, Bangkok Thailand: February 2002 to January 2003
(Chuersuwan et al., 2008)
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COMPOSITIONS OF Pb, Al, Zn, Cu, Fe AND Mn METAL IONS

Fifty-six samples collected from QLD EPA Rocklea air monitoring station, between
September 2003 and August 2004 were analysed for Pb, Al, Zn, Cu, Fe and Mn ions
using the methods detailed in Chapter 3. Al, Fe and Zn were determined in all
samples. Cu, Mn and Pb were in low concentrations and were determined only in
some samples. A summary of the results is presented in Table 4.3, and indicates that
the order of metal ion concentration is Fe > Al > Zn > Cu >Mn > Pb.

Fe, Al and Mn are believed to originate from crustal matter/ soil dust. Al and Fe were
found to be in high concentration in all samples, indicating that the source of metals
in PM10 aerosols in Brisbane originated from crustal matter.

Zn Cu and Pb originate mainly from motor vehicle emissions and industry sources
(Birmili et al., 2006; Pacyna, 1986). It is important to note that Pb was found in very
low concentrations and in some samples only, indicating that the phasing-out of Pb
in petrol in SEQ has had an effect on metal ion concentration in the Brisbane
atmosphere.

Table 4.3 The average metal ion concentration at Rocklea, Brisbane; from
September 2003 to August 2004 (ng/m3)
Zn

Mean ± St Dev
54 ± 41

Maximum
105

Minimum
2

Cu

30 ± 1

120

Pb

4±4

10

Al

230± 20

980

Below
Detection
Below
Detection
1

Fe

410 ± 38

888

5

10 ± 2

100

Below
Detection

Mn

© 2008 A.U. Wathsala Kumar

Page 80

Chapter 4: Results

4.2.1

Page 81

Comparison of Pb, Al, Zn, Cu, Fe and Mn metal ion concentration with
similar studies

The average concentration of Pb, Al, Zn, Cu, Fe and Mn from September 2003 to
August 2004 was compared with those reported for similar studies and this is
summarised in Table 4.4.

With the exception of Chan et al.’s (1997) study, the remainder of these studies
analysed Pb, Al, Zn, Cu Fe and Mn metal ions using methods that were similar to
those used in this study. However, Chan et al. (1997) is the only study conducted in
Brisbane which examined PM10 concentration of some of Pb, Al, Zn, Fe and Mn
ions. Therefore, the results obtained from the study were compared with those
obtained from the present study.

Table 4.4 indicates that the average metal ion concentration from this study is similar
to those reported for studies conducted by Chan et al. (1997), Alastuey et al. (2006)
and Yatkin and Bayram (2008). However, Pb and Al concentrations are significantly
lower in this study than in those three studies. With the exception of Pb and Al, the
result reported for Palermo (Dongarra et al., 2007) has low concentrations of all
metals, in comparison to this study.

Fe and Al ions which are considered to be from crustal matter/ soil dust seem to be
high in all studies. However, this study has significantly lower concentrations of
these metals than cities such as Bangkok (Chuersuwan et al., 2008) and Guangzhou
(Wang et al., 2006), which seem to have a high soil dust content in the atmosphere.

Mn is also associated with crustal matter/ soil dust, and the concentration of Mn is
similar in all the studies except those conducted in Guangzhou and Bangkok which
have comparatively high concentrations of Mn.
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The Pb concentration observed in this study is the lowest reported in all of the
studies. Since the study conducted by Chan et al. (1997), Pb concentration in PM10
has decreased significantly in Brisbane, which is attributable to the gradual phasingout of leaded fuel in Queensland in 2001. Pb concentration is comparatively higher
in Bangkok and Guangzhou cities than in other cities suggesting the higher levels of
traffic-related Pb emissions in those cities than in other cities.

Zn, which is a traffic pollution indicator, has a low concentration in this study and is
similar to the level reported in previous studies conducted in Brisbane. It is also
reported to be low in Huelva (Alastuey et al., 2006) and Izmir (Yatkin and Bayram
2008), and significantly lower than the levels reported in the Bangkok (Chuersuwan
et al., 2008) and Guangzhou (Wang et al., 2006) studies.

Cu concentration is comparatively high in concentration in the Huelva (Alastuey et
al., 2006), Bangkok (Chuersuwan et al., 2008) and Guangzhou (Wang et al., 2006)
study reports. As Cu is related to traffic emissions (Birmili et al., 2006; Pacyna,
1986), it can be concluded that these cities have higher traffic emission problems
than Brisbane.

The studies in Table 4.4 were investigated further using PROMETHEE to rank the
studies from the least polluted to most polluted based on the Pb, Al, Zn, and Mn
concentrations. Figure 4.4 depicts the ranking of these studies using PROMETHEE.
The concentration of Cu was not used because Chan et al. (1997) did not report it in
their study. Figure 4.4 indicates the current study shows Brisbane is the least polluted
followed by Palermo and then Huelva (REFERENCES). Chan et al.’s (1997) study is
ranked 4th mainly because it had a higher Pb concentration than the Huelva (Alastuey
et al., 2006), Palermo (Dongarra et al., 2007) and the current study. The Asian cities
of Bangkok and Guangzhou rated poorly because of their higher metal
concentrations.
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Figure 4.4 PROMETHEE ranking of similar studies of PM10 metal ion concentration

Action 1= Brisbane, Australia: This work
Action 2 = Brisbane, Australia: September 1993 to August 1994 (Chan et al., 1997)
Action 3 = Huelva, Spain: January to December 2001 (Alastuey et al., 2006)
Action 4 = Guangzhou, China: August to September 2004 (Wang et al., 2006)
Action 5 = Palermo, Italy: February to November 2005 (Dongarra et al., 2007)
Action 6= Izmir,Turkey: June 2004 to March 2005 (Yatkin and Bayram 2008)
Action 7= Din Dheng, Bangkok Thailand: February 2002 to January 2003
(Chuersuwan et al., 2008)
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Table 4.4 Composition of Al, Fe, Pb, Zn Cu and Mn of PM10 from selected studies around world (ng/m3)
This Study

Chan et al.
1997
(Calculated)

Alastuey et
al.
2006

Wang et al.
2006

Dongarra et
al.
2007

Yatkin and Bayram
2008

Chuersuwan et
al.
2008

Sampling Site

Brisbane,
Australia

Brisbane,
Australia

Huelva
Spain

Guangzhou,
China

Boccadifalco,
Palermo,
Italy

Izmir,
Turkey

Din Dheng,
Bangkok
Thailand

Sampling Period

Sep 2003 to
Aug 2004

Sep 1993 to
Aug 1994

Jan 2001 to
Dec 2001

Aug 2004 to
Sep 2004

Feb 2005 to
Nov 2005

Jun 2004 to
Mar 2005

Zn

54

64

51

1417

17

185

840

Cu

30

NA

70

60

10

26

90

Pb

4

106

37

403

10

52

180

Al

230

585

780

1608

1132

1119

3020

Fe

410

452

700

66

298

734

2130

Mn

10

11

11

79

7

22

90

NA= Not Analysed
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COMPOSTION OF PAHs

Fifty-six samples collected from QLD EPA Rocklea air monitoring station, from
September 2003 to August 2004, were analysed for 16 US EPA priority PAHs using
the methods detailed in Chapter 3.

A summary of the results are presented in Table 4.5. Thirteen of the 16 US EPA
priority PAHs were found in the samples. BGP reported the highest average
concentration (0.40 ng/m3), followed by IND (0.26 ng/m3) and BBF ((0.20 ng/m3).
Lower molecular weight PAHs such as NAP, ACE and ACY were not detected in
these samples. This maybe because these PAHs are fairly volatile and mainly found
in the gas phase in the atmosphere (Ravindra et al., 2008).

The CPAH which include FLU, PYR, BAA, CHR, BBF, BKF, BAP, BGP and IND,
have all been detected in this study. This indicates that combustion sources such as
petrol, diesel and coal are the main contributors to the PAH concentration in PM10 in
Brisbane.

Previous studies of PAHs in Brisbane are also summarised in Table 4.5. The
concentrations of PAHs that were obtained in this study are much lower than those
reported in previous studies conducted in Brisbane. The main reasons for the lower
concentrations in this study, are that all the other studies were conducted on TSP
(Yang et al., 1991) or TSP and vapour (Muller et al., 1996; Lim et al., 2005),
therefore much higher concentration of PAHs were reported. Furthermore, both
Muller et al. (1996) and Yang et al. (1991) collected samples from roadside sites
where the concentration of PAHs would be much higher due to motor vehicle
emissions. Two of the four sampling sites in Lim et al.’s (2005) study were directly
affected by motor vehicles emissions because they were set up on bus platforms and
busy road intersection Hence, the PAH concentration obtained by Lim et al. (2005)
would be expected to be higher than those observed in the present study.
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Table 4.5 Average composition of PAHs in from some studies conducted in
Brisbane, including the current study. (ng/m3)
This Work

Sampling
Site
Sample
Type
ACE
ACY
ANT
BAA
BBF
BKF
BGP
BAP
CHR
DBA
FLT
FLU
IND
NAP
PHE
PYR

Urban Area

Mean ±
SD
BD
BD
0.05 ±
0.02
0.05
±0.04
0.20
±0.11
0.09
±0.06
0.40
±0.28
0.12
±0.09
0.08
±0.05
0.06
±0.04
0.25
±0.10
0.10
±0.06
0.26
±0.12
B/D
0.12
±0.04
0.14 ±
0.05

PM10
Min Max

Muller et
al.,
1996
Road
side
Vapour
and TSP

Yang et
al,
1991
Road
side
TSP

Lim et
al.,
2005
Urban
area
Vapour
and TSP

BD
BD
BD

BD
BD
0.61

NA
NA
1.71

NA
0.22
NA

0.02
0.04
0.24

0.004

0.41

0.27

0.68

0.30

0.01

1.22

1.20

NA

0.33

BD

0.61

NA

0.53

NA

0.02

1.56

1.49

NA

0.25

0.01

0.98

0.32

0.89

0.19

0.003

0.92

0.61

0.97

0.01

BD

0.23

NA

ND

0.56

0.04

0.36

3.10

NA

0.19

0.01

0.81

NA

0.42

0.16

0.02

1.37

0.63

1.09

0.24

BD
0.03

BD
0.74

NA
19.80

NA
0.26

3.01
0.88

0.01

0.89

3.20

1.03

0.34

B D - Below Detection
N A- Not Analysed
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It is important to note that BAP, which is one of the most carcinogenic PAH
compounds, is lower in concentration in this study than in the other studies.

4.3.1

Comparison of PAH concentration with similar studies

The average concentration of PAHs from September 2003 to August 2004 was
compared with similar studies done around the world, and this is summarised in
Table 4.6. Samples from all these studies extracted and analysed PAHs using similar
methods to those described in this study.

The concentrations of PAHs measured by Thongsaint et al. (2003) are higher than
those in the other three studies, indicating more combustion processes in the study
area.

The concentrations of all the PAHs in the studies conducted by Mantis et al. (2003)
and Rehwagen et al. (2005) are similar to those reported for the current study
although, Mantis et al. (2003) reported slightly higher concentrations of IND, BGP
and BAP. Also, it is important to note that Rehwagen et al. (2005) reported
concentrations for volatile the PAHs, NAP and ACE, although were fairly low in
concentration.

The studies in Table 4.6 were investigated further using PROMETHEE to rank the
studies from the least polluted to the most polluted using CPAH concentrations.
Figure 4.5 depicts the ranking using PROMETHEE. Figure 4.5 indicates this study
shows Brisbane as the least polluted followed by Leipzig (Rehwagen et al., 2005)
and then Athens (Mantis et al., 2003). Bangkok was rated the most polluted,
probably due to high automobile emissions in this city.
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Figure 4.5 PROMETHEE ranking of selected studies of PM10 PAH concentration

Action 1= Brisbane, Australia: This work
Action 2 = Athens, Greece: May 2001 to June 2002 (Mantis et al. 2003)
Action 3 = Leipzig City, Germany: Jan1999 to Dec 2002 (Rehwagen et al. 2005)
Action 4 = Bangkok Uni, Thailand: Nov 1999 to Nov 2000 (Thongsaint et al. 2003)
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Table 4.6 Comparison of the results of selected PAH studies (ng/m3)
THIS

Mantis et al.

Rehwagen

Work

2003

al.

et Thongsaint et al.
2003

2005
Sampling Site

Brisbane

Athens

Leipzig City

Bangkok

Australia

Greece

Germany

University
Thailand

Sampling

Sep

2003 May

2001 Jan1999 to

Period

to

to

Aug 2004

June 2002

Nov 1999 to

Dec 2002

Nov 2000

Sample Number

56

10

56

23

ACE

BD

NA

0.003

0.60

ACY

BD

NA

NA

2.70

ANT

0.05

0.08

0.01

0.60

BAA

0.05

0.07

0.21

1.10

BBF

0.20

0.30

0.33

3.00

BKF

0.09

0.11

0.11

1.80

BGP

0.40

0.58

0.34

10.0

BAP

0.12

0.32

0.15

3.00

CHR

0.08

0.11

0.20

1.10

DBA

0.06

0.09

0.07

1.20

FLT

0.25

NA

0.20

1.70

FLU

0.10

0.13

0.01

0.70

IND

0.26

0.40

0.27

9.00

NAP

B/D

NA

0.03

0.70

PHE

0.12

0.15

0.08

1.10

PYR

0.14

0.16

0.08

1.10

B D - Below Detection
N A- Not Analysed.
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SEASONAL VARIATIONS

SEQ has a subtropical climate with hot summer months from November to April
which are high in humidity and rainfall; and mild clear winter/spring months from
May to October with low rainfall and low humidity. The warmer months also
experience strong sea breezes throughout the day. From July to August the prevailing
westerly winds are common in SEQ and are known to transport inland dust to the
city.

Meteorological parameters such as temperature, wind speed and humidity were
collected every hour in all the QLD EPA monitoring stations. Rainfall was
monitored only at the Rocklea station. The 24hr concentration of these
meteorological variables were calculated and included in the data matrices to
investigate seasonal variations of PM10 components. The average meteorological
conditions for this project at the Rocklea station in 2003 is tabulated in Table 4.7.
This information, was used to evaluate the seasonal variation of water-soluble ions,
selected metal ions and PAH composition.

Table 4.7 Average meteorological conditions in this project

Avg Temp (0C)

Annual Summer

Autumn Winter Spring Summer

2003

2003

2002/2003

2003

2003

2003/2004

20.75

24.99

21.03

15.98

21.35

24.92

Minimum Temp (0C)

5.00

16.70

9.50

5.00

12.51

18.67

Maximum Temp (0C)

32.20

33.90

31.90

28.75

31.80

32.20

2.21

2.73

1.52

1.95

2.57

3.05

Calm %

53.65

41.24

68.98

58.74

46.63

39.51

Humidity %

71.13

72.09

75.43

69.46

67.19

77.62

0.04

0.09

0.10

0.01

0.02

0.04

Wind Speed (m/s)

Rain fall (mm)
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Seasonal variations of water-soluble ions

The seasonal variations of major water-soluble ions are illustrated in Figure 4.6. This
figure shows the average concentration of all the major water-soluble ions found in the
Woolloongabba and Rocklea samples. (Eagle Farm samples were not used to evaluate
seasonal trends because those samples were only obtained during the warmer period of
the year).
Cl- and Na+ were found to show the highest concentration among the soluble ions in
PM10 aerosols in these sampling sites and in all seasons, with the exception of winter.
This suggests that the water-soluble aerosols have a strong marine influence. The higher
concentrations of Cl- and Na+ in warmer months could be related to high temperature
and high precipitation of these marine aerosols. Furthermore, the prevailing sea breeze
in summer transports marine aerosols to SEQ throughout the day, whereas in winter
SEQ experiences only afternoon sea breezes, resulting in low marine aerosol
concentrations.

Ca

2+

, Mg 2+ and K+ follow the same trend where the concentrations of these ions are

higher in the warmer months and lower in the cooler months. This indicates that these
ions have a stronger marine influence than crustal influence.
NO3- concentration is highest in summer; although it is also high during the winter
months. It is important to note that the concentrations of NO3- do not vary throughout
the year as much as those of Cl- and Na+ ions. This suggests that NO3- is mainly from
anthropogenic aerosols.
NO3- is has the highest concentration of the water-soluble aerosols in winter in both
sampling sites. This could be because the lower temperature in winter would favour the
shift from gas phase nitric acid to the particle phase nitrate, which could lead to a
relatively higher concentration of NO3- in colder months. The high concentration of
NO3- in summer can be related to the reaction of nitric acid with sea-salt to form NaNO3.
This could also be related to the high correlation of NO3- and Na+ in Table 4.2.

© 2008 A.U. Wathsala Kumar

Page 91

Chapter 4: Results

Page 92

SO4-2 concentration is highest in summer indicating that it has a marine aerosol source in
warmer months. However, SO4-2 concentration is relatively higher in winter than in
spring and autumn, and this may be due to an increase in the formation of secondary
SO4-2 during winter months.
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Figure 4.6 Seasonal variation of major water-soluble ions at Rocklea and
Woolloongabba
Seasonal Variation of Woolloongabba Major water soluble ions
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Seasonal variations of Metal ions

The seasonal variation of Pb, Al, Zn, Cu, Fe and Mn metal ions are illustrated in Figure
4.7. This figure shows the average concentration of all metal ions in the Rocklea
samples in different seasons from spring 2003 to autumn 2004.

The only metal ions that show seasonal trends in this study are Fe and Al. These ions,
which are related to crustal matter, are higher in concentration in the autumn and winter
months. This could be due to resuspension of soils during these dry seasons and the
transportations of inland dust through strong westerly winds.

The other metal ion concentrations did not show a significant seasonal variation. This
could be attributed to the low concentrations and the stability of these ions. For example,
Pb, Zn, Cu and Mn are related to anthropogenic sources especially motor vehicle and
industrial emissions, which do not necessarily change from one season to another.

Figure 4.7 Seasonal Variation of Metal Ions
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Seasonal variations of PAHs

The seasonal variations of PAHs are illustrated in Figure 4.8. This depicts seasonal
variation of six PAHs, BGP, FLT, IND, PYR, PHE and BAP, which recorded the
highest average concentrations of this study.

Overall, all of these PAHS, but especially BGP and IND, showed seasonal variations
with relatively higher concentrations in winter and lower concentration in summer. The
other four did show a similar trend however the concentration differences of the seasons
were not always significant.

Lower concentrations of PAHs in summer could be due to higher temperature, increased
sunlight intensity and high ozone levels that can degrade PAHs in the atmosphere. Also,
increased rainfall in summer months can increase the wet deposition of PAHs. Apart
from meteorological factors, the use of domestic heating can also increase PAHs in
winter.

Figure 4.8 Seasonal Variation of BGP, FLT, IND, PYR, PHE and BAP
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SUMARRY

Na+ and Cl- recorded the highest concentrations in all samples, suggesting a strong
influence of marine aerosols in the water-soluble ions in PM10 in Brisbane. Watersoluble ion concentration of this study was similar to previous the studies done in
Brisbane and Auckland.

Comparing water-soluble ions at the three sites indicated that Woolloongabba had
more marine influences, followed by Eagle Farm and Rocklea. However, PCA
results indicated that overall water-soluble concentrations in these sites were similar.

Al and Fe were found to be in high concentration in all samples, suggesting that the
source of metals in PM10 aerosols in Brisbane are of crustal origin. Comparison with
similar studies indicated that this study produced similar results to previous studies
done in Brisbane and Huelva, Spain.

BGP was reported as having the highest average concentration PAH, followed by
IND and BBF. Lower molecular weight PAHs such as NAP, ACE and ACY were
not detected in these samples. The PAHs observed in this study were lower than in
previous studies done in Brisbane. Comparison of the current study to similar studies
down around the world, this study was most similar to Athens and Leipzig City.

Seasonal variations observed in this study are:
•

All water-soluble ions were higher in warmer months and lower in colder
months.

•

Al and Fe higher in colder months and lower in warmer months. Other metal
ions did not show any seasonal variation.

•

PAHs were higher in winter and lower in summer.
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Chapter 5: Source Identification

5

5.1

INTRODUCTION

This chapter identifies the sources of the water-soluble ions, metal ions and PAHs that
were reported in Chapter 4. The data reported in Chapter 4 indicated that marine
aerosols, crustal matter/mineral dust, motor vehicle exhausts and secondary aerosols are
the main contributors to water-soluble ions, metal ions and PAHs in PM10 in Brisbane.
This chapter will use PCA, diagnostic ratios and correlation coefficients to identify
sources. These different methods of source identifications compliment each other and
can be used together for more accurate source identification.

PCA is a popular method used in many studies for source identification of chemical
components of aerosols (Baez et al., 2007; Espinosa et al., 2004; Ravindra et al.,2008).
More information about PCA can be found in Chapter 2, section 2.7.1. Using SIMCA
software PCA of water-soluble ions, metal ions (Pb, Al, Zn, Cu, Fe and Mn) and PAHs
were analysed. Meteorological data such as temperature, humidity, wind speed and
rainfall, supplied by the QLD EPA, were also added to the data matrix. Using the
loading plots of the PCA analyses, it is possible to identify the source of the aerosols
reported in this study by identifying clusters and observing their relationship with other
clusters.

Diagnostic ratios are used widely to identify sources of PAHs (Bi et al., 2003; Lodovici
et al., 2003), marine aerosols fractions (Hedge et al., 2007; Karthikeyan and
Balasubramanian, 2006) and some metal ions (Lim et al., 2005; Chan et al., 1997) (See
Chapter 2, section 2.7.2 and Chapter 3, section 3.6.) Correlation coefficients of watersoluble ions are widely used to identify the relationship between these ions (Hedge et
al., 2007; Kocak et al., 2004). (See Chapter 2, section 2.7.2.)
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INDENTYING SOURCES OF WATER-SOLUBLE IONS

In addition to PCA, diagnostic ratios and correlation coefficients formulas were used to
calculate non-marine fractions (nss) of SO42-, K+, and Ca2+ ions (see Chapter 2, section
2.7.2).

5.2.1

PCA of PM10 water-soluble ion concentrations

PCA was conducted on water-soluble ions to observe the relationship between the data
and identify the sources using these relationships. A data matrix of the concentration of
all the water-soluble ions (Cl-, NO3-, SO42-, Na+, K+, Mg2+, Ca2+ , F-, Br-, NO2-, PO4-3
and NH4+) and meteorological parameters (temperature, wind speed, % calmness and
humidity) were used for the PCA. Sample averages from all three sites from December
2002 to August 2004 were used in this PCA, two PCs were identified.

The loading plot in Figure 5.1 illustrates all the water-soluble ions that were analysed in
this study. Cl-, Na+, Mg2+; K+, SO42-, Ca2+ and NH4+ form a major cluster indicating that
these ions are from a similar source and/or they transported similarly in the atmosphere.
This major cluster, which includes sea-salt, indicates the predominance of marine
aerosols in the area.
Within the large cluster Cl-, Na+ and Mg2+ and K+, SO42-and NH4+ are grouped into two
smaller sub-groups. This depicts the correlation coefficient in Table 5.1, showing these
ions are more closely related to ions in the smaller cluster than the other ions in the
larger cluster. Hence, it could be surmised that Cl-, Na+ and Mg2+ are mostly from
marine, whereas K+, SO42-and NH4+ are from marine and other sources (such as biomass
burning or industrial emissions). The non-marine aerosols (nss) fraction of K+ and SO42are calculated in section 5.2.2.
Ca2+ sits slightly away from all the other ions in the major cluster. This indicates that
non-marine Ca2+ (nss Ca2+) originates from another source.
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NO3- is separate from all the other variables (ions) indicating that it is not related to
marine sources. Therefore, it can be concluded that NO3- is mainly from anthropogenic
sources.
NO2- is directly opposite NO3- in the plot indicating as one species increases, the other
decreases in the atmosphere. Increasing and decreasing NO3- and NO2- can be related to
HNO3 and HNO2 in the atmosphere.
Br-, F- and PO4-3 are all sitting close to the origin, showing that these ions have very
little impact on the overall variance.

Figure 5.1 Loading Plot of all water-soluble ions from Dec 2003 to Aug 2004

H4

5.2.2

Correlation and ratios between PM10 water-soluble ion concentrations.

The correlation coefficients were calculated of all analysed water-soluble ions, from all
three stations from December 2002 to August 2004. Table 5.1 shows the correlation
coefficients of this data set.
As expected, sea-salt associated ions such as Cl- and Na+ illustrate strong correlation
coefficients (r > 97) between one another, denoting they primarily originate from marine
aerosols. The sea water ratio for Cl-and Na+ is used regularly to identity if these ions are
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from marine sources. The Cl- /Na+ for this study is 0.91, even though it is lower than the
sea water ratio (1.16-1.8), however it is similar to many studies such as Karthikeyan and
Balasubramanian (2006) who reported Cl- /Na+ as 0.97 and also Hedge et al. (2007),
who reported Cl- /Na+ as 0.92. The loss of Cl- could be due to fractionisation of sea-salt
and modification by non-marine aerosols (such as acidic species).

The strong positive correlation of Cl- and Na+, and also the strong positive
correlation of Na+ with other ions such as K+, Mg2+ and Ca2+ (r = 0.94, 0.97 and 0.74),
suggests that marine aerosols are the predominant source of water soluble ions in
SEQ, which compliments the PCA in section 5.2.1

K+, Mg2+ and Ca2+ are strongly correlated to each other (r > 0.72). This indicates that
K+, Mg2+ and Ca2+ have not only marine but crustal origins. Species formulas can be
used to identify the non-marine aerosol fractions of K+ and Ca2+. These formulas
assume all Na+ are from sea-salt.
nss K+ = [K+] - [Na+]0.2516
nss Ca2+ = [Ca2+] - [Na+]0.0385
The calculated nss K+ value is 146ppm, which is 71% of the total K+ concentration.
The calculated nss Ca2+ is 210ppm, which is more than 77% of the total average Ca2+
concentration. This indicates that the majority of Ca2+ and K+ come from sources
other than marine aerosols. Using the PCA in section 5.2.1 it could be concluded that
the Ca2+ are from crustal matter and the K+ are from wood smoke (mainly from bush
fires and biomass burning).

SO42- is correlated with sea-salt related ions (r > 0.57) as well as NO3-and NH4+ ions
(r > 0.55) which are related to anthropogenic sources. These correlations show that
SO42- has both natural and anthropogenic origins. The concentration of non-marine
aerosols of SO42- (nss SO42-) was calculated using nss SO42- = [SO42-] - [Na+] 0.0373.
The calculated nss SO42- is 565ppm which is 61% of the total average SO42-,
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indicating that the majority of SO42- comes from sources other than marine aerosols,
most likely anthropogenic sources.

NO3- has a strong correlation between SO42-, NH4+ and NO2- illustrating that it is
from anthropogenic sources. Furthermore, it is highly correlated with Na+ indicating
reactions with marine aerosols to form NaNO3.
Br-, F- and PO4-3 are correlated with Cl- indicating they might be of marine origin.
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Table 5.1 Correlation coefficient of all water-soluble ions of all three stations from December 2002 to Aug 2004
ClCl- 1.00
NO3-

NO3-

SO4-

PO4-

F-

Br-

Na+

K+

Ca2+

Mg2+

NH4+

NO2-

-0.38

0.57

0.84

0.58

0.50

0.97

0.89

0.69

0.96

-0.11

-0.13

1.00

0.77

0.47

0.29

-0.21

0.56

0.65

0.44

0.55

0.55

0.50

0.77

0.31

-0.20

0.88

0.92

0.74

0.88

0.78

0.84

1.00

0.10

0.47

-0.41

-0.31

-0.03
1.00

0.38

SO4-2
PO4-3
FBrNa+
K

+

1.00

1.00

-0.37

0.33

-0.38

0.41

-0.29
0.45

0.39

0.31

0.29

-0.13

-0.11

-0.13

-0.14

0.11

-0.13

1.00

0.94

0.74

0.97

0.19

0.72
1.00

0.92
0.79

1.00

2+

Ca

Mg2+

1.00

NH4+
NO2-
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-0.21

0.11
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INDENTIFY SOURCES OF Pb, Al, Zn, Cu, Fe AND Mn

PCA and diagnostic ratios were used to identify the sources of PM10 Pb, Al, Zn, Cu, Fe
and Mn identified in this study.

5.3.1

PCA and Pb, Al, Zn, Cu, Fe and Mn

A data matrix of Pb, Al, Zn, Cu, Fe and Mn ion concentrations, and meteorological
parameters (temperature, wind speed, % calmness, rainfall and humidity) of the
Rocklea data set from September 2003 to August 2004 were used for the PCA, two
PCs were identified.

The loading plot in Figure 5.2 illustrates all the metal ions reported in this project.
Al, Cu, Fe and Mn are in a predominant cluster, illustrating that these ions are related
to each other, and indicating a crustal origin.

Zn sits alone further away from the origin, illustrating that is has a significant impact
in the reported data .It can be concluded that Zn is not from a crustal origin; it most
likely originates from automobile emissions and industrial sources.

Pb sits close to the origin of this plot indicating that it has minimum effect on the
other ions and it is not related to the other ions.

It is possible to identify the sources of Pb and Zn using diagnostic ratios which is
shown in the next section (section 5.3.2).
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Figure 5.2 Loading plot of Metal ions from Rocklea September 2003 to August 2004

5.3.2

Diagnostic Ratios and Pb, Zn, and Cu

Automobile emissions are assumed to be the most common anthropogenic source, of
Pb, Zn, and Cu in the atmosphere. Using previously known ratios for Cu/Zn and
Br/Pb it is possible to identify the sources of these metals. Table 5.2 summarises the
ratios calculated for these metals.

The Cu/Zn ratio obtained in this study (0.55) depicts that these ions could not be
from any of the sources that are in the table as it is not similar in value. This
indicates Cu and Zn emissions are not related to each other, which can also be
observed in the Figure 5.2. Hence it can be conclude that Cu is from natural sources
and Zn can be industrial or automobile source.

The Br/Pb ratio indicates that these elements are not from automobile exhaust or
petrol emissions. The reason a high Br/Pb ratio has been obtained is the extremely
low concentration of Pb in the particulates. Therefore, it can be concluded that the
phasing-out of leaded petrol has reduced the amount of Pb in the atmosphere.
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Table 5.2 Diagnostic Ratios obtained in this study

Diagnostic Ratio Value

Emission
Sources

References

Cu/Zn

0.21-0.23

Petrol

0.01

Diesel

0.12

LPG

0.98-1.53

Industrial

Cadle et al.,
1999; Lim et al.,
2005; Lorenger
et al., 1996;
Popsecu et al.,
1999

0.39

Automobile
exhaust

Ratios
form this
study
0.55

2.5
Br/Pb

0.48
Petrol

5.4

Chan et al.,
1997; Cohen et
al.,
1994;
Harrison
and
Sturges, 1983

INDENTIFY SOURCES OF PAHs

PCA and diagnostic ratios were used to identify the sources of PAHs in this project.
It is important to note that NAP, ACE and ACY was omitted from source
identification, as no values were reported for these PAHs in this study.

5.4.1

PCA of PAHs

A data matrix of the 13 PAHs reported in this study and meteorological parameters
(temperature, wind speed, % calmness, rainfall and humidity) of the Rocklea data set
from September 2003 to August 2004 were used for the PCA, two PCs were identified.

The loading plot in Figure 5.3, illustrates these 13 PAHs concentrations. All the PAHs
except ANT are in one big cluster, showing that they are from similar sources and/or
they have similar transporting methods.
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ANT which is derived from coal-tar is not very readily found in fuel emissions as the
other PAHs that are in the loading plot in Figure 5.3. Furthermore diagnostic ratios in
Table 5.3 illustrates that ANT reported in this study is related to wood combustion.

From the diagnostic ratios in Table 5.3, it can be concluded that the large cluster in
Figure 5.3 is related to fuel emissions, demonstrating that theses are the predominant
source of PAHs in SEQ.

Figure 5.3 Loadings plot for PAHs

5.4.2

PAH ratios to identify sources

Diagnostic ratios that were calculated from the results of this study are summarised in
Table 5.3 (see Chapter 2, section 2.7.1 and Chapter 3, section 3.6.3).

The values obtained for ratios IND/ (IND+BGP), FLU/ (FLU+PYR), BGP/ BAP and
CPAH/ Total PAH; indicate that the main source of these PAHs (FLU, PYR, BAA,
CHR, BBF, BKF, BAP, BGP and IND) is diesel combustion.
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The ratio BAA/ (BAA+CHR) indicates the source of these PAHs could be from petrol.
The value obtained for BAP/ (BAP+CHR) lies in the middle of both petrol and diesel
emission sources, indicating that it could be the result of a mixture of both sources. FLT/
(FLT+PYR) and PHE/(PHE+ANT) values indicate wood combustion is also an
important source of PAHs in this area.

PCA and diagnostic ratios indicate that fuel combustion, especially diesel is the major
source of PAHs in the area. Wood combustion is also an important source for PAHs
especially for ANT.

Table 5.3 PAH diagnostic ratios obtained in this study

Diagnostic Ratio

Value

Emission Sources

References

This
study

IND/(IND+BGP)

0.18

Automobiles/Traffic

Grimmer

0.37

Diesel

al.(1983);

0.56

Coal

Kovourus

0.62

Wood Burning

(2001); Ravindra et

et
0.39
et

al.

al.(2006a,b);
Ravindra

et

al.

(2008)
BAA/(BAA+CHR)

FLU/(FLU+PYR)

0.37

Petrol

Ströher et al.(2007)

0.54

Wood Carbonisation

0.48

Wood Combustion

0.45

Diesel

0.50

Motor Oil

>0.5

Diesel

Fang et al.(2004);

<0.5

Petrol

Mandalakis

0.38

0.41

et

al.(2002); Rogg et
al.(1993 a,b);
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Diagnostic Ratio

Value

Emission Sources

References

FLT/(FLT+PYR)

0.43

Petrol

Ströher et al.(2007)

This
study
0.64

0.56

Wood Carbonisation

0.67

Wood Combustion

0.36

Motor Oil

0.73

Petrol

Pandey et al.(199);

0.60

0.5

Diesel

Park et al. (2002);

BAP/(BAP+CHR)

Ravindra

et

al.

(2008)
PHE/(PHE+ANT)

Ströher et al.(2007)

0.71

Diesel

Manoli

3.33

0.4

Motor Oil

(2004); Mantis et

0.91

Road Dust

al. (2005)

FLU/PYR

0.6

Automobile

Neilson(1998)

0.71

CPAH/ Total PAH

0.78

Diesel

Manoli et al. (2004)

0.75

0.72

Motor Oil

0.82

Road Dust

BGP/ BAP
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SUMMARY OF IDENTIFIED SOURCES

A combination of PCA, diagnostic ratios and correlation coefficients were use to
identify the source of water soluble ions, metal ions and PAHs that were reported in
Chapter 4. These results indicate that:

•

The major source of water soluble ions is marine aerosols;

•

The major source of the metal ions analysed is crustal matter;

•

The major source of PAHs are fuel emissions, particularly diesel.

It can be concluded from the results that Cl-, Na+ and Mg2+ ions are mainly from marine
sources. K+, SO42-, and NH4+ are from both marine and anthropogenic sources. K+ is
from wood smoke. Ca2+ originates from both marine and crustal matter. NO3-and NO2are from secondary aerosols. F-, Br- and PO4-3 are marine aerosol related.

Al, Cu, Fe and Mn are found to be from crustal matter. Zn is from industrial or motor
vehicle emissions. Pb, found in low concentrations, was not from petrol emissions.

All the PAHs except ANT are from fuel emissions. ANT is from wood combustion.
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6

6.1

SUMMARY

Four sets of PM10 samples were collected from Woolloongabba, Rocklea and Eagle
Farm. Meteorological data such as temperature, rainfall, humidity and wind speed were
also collected by QLD EPA at each site.

The description of the samples sets and the parameters analysed for is below:


Eagle Farm from December 2002 to March 2003, Teflon filters. Sampling was
carried out every 6th day and one half of the filter was used to determine watersoluble ions.



Rocklea from December 2002 January 2004, Teflon filter. Sampling was carried
out every 6th day and one half of the filter was used to determine water-soluble
ions.



Woolloongabba from December 2002 January 2004, Teflon filter. Sampling was
conducted every 6th day and one half of the filter was used to determine watersoluble ions.



Rocklea from September 2003 to August 2004, Glass fibre. Sampling for a week
after every 6th week; half of each filter was used to determine PAHs; one quarter
for water-soluble ions and one quarter for metal ion analyses.

Water-soluble ions were extracted with water using ultrasonications. The extracts were
then analysed for inorganic anions and ammonium ions using IC and inorganic cations
using ICP-AES. Cl-, NO3-, SO42-, Na+, K+, Mg2+, Ca2+ were high in concentration and
determined in all the samples. F-, Br-, NO2-, PO4-3 and NH4+ ions were lower in
concentration and determined in some samples only.

The filter used for the metal ion analyses were extracted using hot acid extraction
method with HNO3 and HCl. These samples were then analysed for Pb, Al, Zn, Cu Fe
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and Mn using ICP-AES. Al, Fe and Zn were determined in all samples. Cu, Mn and Pb
were in low concentrations and found to be above the detection limits only in some
samples.

PAHs were extracted with acetonitrile using an ultrasonic bath followed by HPLC/UV
analysis of the 16 US EPA priority PAHs. BGP reported the highest average
concentration but NAP, ACE and ACY were not detected. in the samples

A combination of PCA, diagnostic ratios and correlation coefficients was used to
identify the sources of the water-soluble ions, metal ions and PAHs. PCA was also used
to identify site variations. Furthermore, PROMETHEE and GAIA was be used to rank
the results obtained in this study with results obtained from comparable studies carried
out around the world.

6.2

CONCLUSIONS

6.2.1

Water-soluble ions



All of the water-soluble samples analysed recorded high Na+ and Clconcentrations suggesting a strong influence of marine aerosols on the levels
of water-soluble ions in PM10 aerosols in Brisbane.



Comparing the water-soluble ions in the 3 sites, Woolloongabba was found to
have more marine influence, followed Eagle farm and Rocklea. However, the
overall water-soluble concentrations in all of these sites were similar.

6.2.2



Metal Ions

Al and Fe were found to be in high concentration in all samples, signalling
crustal matter as the predominant source of metals in the PM10 aerosols in
Brisbane.

© 2008 Wathsala Kumar

Page 111

Chapter 6: Summary and Conclusions



Page 112

The Pb concentrations obtained in this study is lower than that obtained in all
other studies that were previously carried out at Brisbane. Thus it is evident
that the Pb concentration of PM10 in Brisbane has decreased significantly
since the study conducted by Chan et al. (1997). This is mainly due to the
gradual phasing out of leaded fuel in Queensland.

6.2.3



PAHs

The combustion PAHs (CPAH) have all been detected in this study.
Indicating that combustion sources such as petrol, diesel and coal are the
main contributors to PAHs in Brisbane in PM10 aerosols.

6.2.4



Seasonal variations

All water-soluble ions were higher in the warmer months and lower in colder
months.



Al and Fe levels are higher in the colder months and lower in warmer
months. Other metal ions did not show any seasonal variation.



6.2.5

PAHs were higher in winter and lower in summer.

Source Identification

A combination of principal component analysis and comparison of diagnostic ratios
showed that the:


Major source of water-soluble ions is marine aerosols.



Major source of the metal ions analysed is crustal matter.



Major source of PAHs is fuel emission, particularly diesel emission.
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FUTURE DIRECTION

It is important for QLD EPA to continue to monitor the PM levels in South East
Queensland, and to expand the routine monitoring process to include the
monitoring of the levels of chemical species such PAHs and metal ions.



Identify the industrial and automobile sources of harmful chemical species in
PM and formulate policies that lead to the reductions of these species in the air.



Plan cities and new dwellings which have less reliance on the use of private
motor vehicles.



Educate the general public on the dangers of PM pollution and the mitigation
measures.



It is important for public good that PM levels and the levels of the various
harmful chemical species in PM should be accessible to the public the QLD
EPA a web site.
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Appendix A: Characteristics of Filter types used for particle sampling and
chemical Analysis (Chow, 1995)

Filter type

Ringed

Filter

sizes Characteristics

(mm)

Chemical

Physical

methods

-Low blank levels

-Thin membrane

Gravimetry,

-Low blank weight

-High particle
collection efficiency

Teflon 25

membrane

37
47

-Low hygroscopic
tendency
-Inert to gas absorption

Analyses

-High flow resistance
-Melts at ~600C

XRF, PIXE,
NAA, AAS,
ICP/AES,
ICP-MS, IC

-Cannot be
accurately sectioned
-Multiple pore sizes
available
Teflon membrane- 47
polypropylene

-Low blank levels

-Thin membrane

-High blank weight

-High particle
collection efficiency

backed
-Inert to gas absorption
-High background
levels for PIXE and
XRF

Gravimetry,
PIXE, XRF,
NAA, AAS,

-Melts at ~600C

ICP/AES,

-High flow resistance

ICP-MS, IC

-Thin pure nylon
membrane

IC

-Low hygroscopic
tendency

Nylon membrane

25
37
47

-Low blank weight
-Low hygroscopic
tendency
-High HNO3 collection

-High flow resistance
-Melts at ~600C

efficiency
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Silver membrane

25
37

-Resistant to chemical
attack
-Passive adsorption of
organic vapours

-Thin membrane

Gravimetry

-High flow resistance
-Melts at ~3500C

-High blank weight
-Low hygroscopic
tendency
Cellulose

esters 37

membrane
(cellulose

47
nitrate

mixed esters and
cellulose acetate

Poly-carbonate

47

membrane

-Dissolved by several
organic solvents

-Thin membrane

-Negligible ash content

-Multiple pore size
available

-Hygroscopic

-High flow resistance

-Low blank weight

Melts at ~700C

-Low blank levels

-Smooth, thin surface
with straight
capillary holes

-Low blank weight
-Low hygroscopic
tendency

Gravimetry,
SEM, TEM

Gravimetry,
XRF, PIXE
and SEM

-Multiple pore sizes
available
-Used for particle
size classification
-Low particle
collection efficiency
for some pore sizes
-Retains static charge
-Moderate flow
resistance
Melts at ~600C

Pure quartz filter

25
37
47
203 x 254

-Contains large
variable quantities of
Al and Si

-Edges of filter flake
in holders

-Low blank levels for
ions
-Passive absorption of
organic vapours
-Little

absorption

of

ICP/AES,
ICP-MS, IC

-High particle
collection efficiency
-Moderate flow
resistance
-Melts at > 9000C

HNO3
-Low hygroscopic
Mixed quartz filter 203 x 254
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(quartz filters with
5%

variable quantities of
Na, Al and Si plus
variable levels of other
metals

borosilicate

content)

-Passive adsorption of
organic vapours

collection efficiency

XRF, PIXE,

-Low flow resistance

AAS,

-Becomes brittle on
heating

ICP/AES,
ICP-MS, IC

-Can melt at ~5000C

-Little adsorption of
HNO3
-High blank weight
-Low hygroscopic
tendency
Teflon-coated
glass

37
fibre 47

(borosilicate glass
fibre

mat

-Low blank levels for
ions

with

surface layer

-Inert to absorption of
HNO3

-Low flow resistance
-High particle
collection efficiency

Gravimetry,
IC

-Melts at ~600C

-High blank weight

of

-Low

Teflon)

hygroscopic

tendency
Glass

fibre 203 x 254

(borosilicate glass

-Adsorbs HNO3 and organic vapours

-Low flow resistance

fibre)

-High blank levels

-High particle
collection efficiency

-High blank weight

-Melts at ~5000C

-Low hygroscopic
tendency
Cellulose

fibre 25

(paper filter)

-High mechanical
strength

Gravimetry,

37

-Low blank levels
(high purity)

47

-High blank weight

-Low particle
collection efficiency

NAA, AAS,

-Variable flow
resistance

ICP-MS, IC

-Hygroscopic
-Adsorbs gases,
particularly water
vapour

XRF, PIXE,

ICP/AES,

-Burns at ~1500C

* Abbreviations are explained in the Abbreviations list on page vii
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